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Abstract
Purpose The DNA repair protein, O6-alkylguanine-
DNA alkyltransferase (AGT), is a primary source of
tumor resistance to agents such as temozolomide and
chloroethylnitrosoureas that form DNA lesions at the
O6-position of guanines. To increase the eYcacy of
these drugs, pseudosubstrate inactivators of AGT such
as O6-benzylguanine have been developed. A novel
inactivator of AGT, O4-benzylfolic acid (O4-BFA), has
been reported which is more potent and water soluble
than O6-benzylguanine. Previous studies have sug-
gested that uptake of O4-BFA is mediated by the folate
receptor (FR), and, thus, its use may be limited to cells
expressing FR.
Methods We measured AGT activity in cell extracts
from a panel of brain tumor cells exposed to O4-BFA.

Inactivation of AGT by O4-BFA was measured in cells
grown without folic acid as well as in cells grown in
folic acid-containing media. Competitive binding stud-
ies were performed using puriWed FR to determine its
aYnity for O4-BFA.
Results The observed IC50 for O4-BFA in brain
tumor cell lines ranged from 0.2 to 1.3 �M for cells
grown in media containing 2.3 �M folic acid. At this
concentration, folic acid would saturate the FR and the
FR would be unable to take up O4-BFA. When cells
were grown in folic acid free media, there was at most a
50% decrease in the observed IC50s, indicating that the
FR was not essential for O4-BFA uptake. Competitive
binding studies using puriWed FR conWrmed that the
IC50 for O4-BFA is »180 times greater than folic acid,
i.e., it has a very weak aYnity for FR.
Conclusion These results indicate that O4-BFA has
potentially broad use as an inactivator of AGT as its use
is not limited to tumors expressing high levels of FR.

Keywords AGT · Folate receptor · Malignant 
glioma · Medulloblastoma

Abbreviations
AGT O6-alkylguanine-DNA-alkyltransferase
BCNU 1,3-bis(2-chloroethyl)-1-nitrosourea
O6-BG O6-benzylguanine
O4-BFA O4-benzylfolic acid
FR Folate receptor

Introduction

The prognosis for a patient with malignant glioma
remains bleak, with a median survival of 12–15 months

S. P. Johnson (&) · H. S. Friedman
Department of Surgery, Duke University Medical Center, 
Box 2616, Durham, NC 27710, USA
e-mail: stewart.johnson@duke.edu

B. A. Kamen
Department of Pediatric Hematology/Oncology, 
Cancer Institute of New Jersey, UMDNJ/Robert Wood 
Johnson Medical School, New Brunswick, NJ 08901, USA

D. D. Bigner
Department of Pathology, Duke University Medical Center, 
Durham, NC 27710, USA

H. S. Friedman
Department of Medicine, Duke University Medical Center, 
Durham, NC 27710, USA

H. S. Friedman
Department of Pediatrics, Duke University Medical Center, 
Durham, NC 27710, USA
123



884 Cancer Chemother Pharmacol (2007) 60:883–889
[27]. Current therapy for malignant glioma employs
temozolomide, an imidazole tetrazinone whose mecha-
nism of action is similar to that of dacarbazine,
whereby it forms the active methylating agent, 3-
methyl-(triazen-1-yl)imidazole-4-carboxamide [12].
After an initial observation that patients with high
grade gliomas responded to temozolomide [19, 20], a
phase 2 trial of temozolomide prior to radiation ther-
apy in the treatment of newly diagnosed high grade gli-
oma demonstrated striking activity [10], a result that
has subsequently been conWrmed in both recurrent [32,
33] and newly diagnosed tumors [26, 27, 32, 33]. Never-
theless, it was clear from these studies that a signiWcant
proportion of tumors do not respond to temozolomide
therapy.

The antitumor activity of temozolomide is a direct
consequence of DNA methylation. Temozolomide
produces three major methyl adducts in DNA,
N7-methylguanine, N3-methyladenine, and O6-methyl-
guanine. Of these, the primary cytotoxic lesion is
O6-methylguanine although there is some evidence
that N-methylpurines also contribute to temozolomide
toxicity [17]. During replication or repair synthesis,
DNA polymerase pairs thymine rather than cytosine
with O6-methylguanine. DNA mismatch repair recog-
nizes this and initiates unsuccessful repair of the mis-
match. Repetitive cycles of futile mismatch repair lead
to growth arrest and apoptosis [3]. Resistance to tem-
ozolomide by tumors has been attributed primarily to
two mechanisms: direct removal of the methyl adduct
on the O6 position of guanine by O6-alkylguanine-
DNA alkyltransferase (AGT) [6, 9, 29] and tolerance
to the DNA methylation because of a defect in DNA
mismatch repair [8, 16].

Because defects in DNA mismatch repair appear to
be relatively rare in adult gliomas [1], elevated levels of
AGT are believed to be more critical to the response to
temozolomide in these tumors. Recently, a large study
using the methylation status of the AGT promoter,
where a methylated promoter correlates with low
expression of AGT, found a relationship between
AGT expression and survival in patients with newly
diagnosed glioblastoma multiforme treated with sur-
gery, radiation, and temozolomide [27]. AGT can be
pharmacologically depleted by the use of pseudosub-
strates as its reaction with O6-methylguanine transfers
the methyl to an active site cysteine, inactivating the
protein [15]. One such agent that has been used clini-
cally is O6-benzylguanine (O6-BG). In an early study,
the combination of carmustine and O6-BG proved to
be limited by the marked enhancement of carmustine-
induced myelosuppression [11, 22]. Temozolomide is
far less myelosuppressive than carmustine, although in

combination with O6-BG could be given at only 50% of
the dose used for monotherapy. Even with this limita-
tion, restoration of temozolomide sensitivity was
observed in 15% of patients with anaplastic astrocy-
toma [23].

The use of O6-BG in therapy of brain tumors, partic-
ularly for regional delivery, is limited by its inactivating
potency and low solubility in water. Recently, a group
of 2-amino-O4-benzylpteridine derivatives has been
described as potent inactivators of AGT [18]. One of
these, O4-benzylfolic acid (O4-BFA), has solubility in
water of 10–20 mg/ml as compared to the 0.1 mg/ml of
O6-BG and a 40-fold increase in AGT depletion
in vitro compared to O6-BG. In this report, we demon-
strate that O4-BFA inactivated cellular AGT in a
broad range of brain tumor cell lines and that cellular
uptake is not likely to be mediated by the folate recep-
tor.

Materials and methods

Reagents

O4-benzylfolic acid was the gift of Robert C. Moschel
(National Cancer Institute, Frederick, MD, USA) and
was synthesized as described previously[18]. It was pre-
pared as a 10 mM stock in 20 mM Tris base and stored
at ¡140°. Tritiated folic acid, 2-deoxy-D-glucose and
probenecid were obtained from Sigma (St. Louis, MO,
USA). Tritiated folic acid (range of 30–40°C mmol) was
purchased from Moravek (Brea, CA, USA). Cell culture
reagents were from Invitrogen (Carlsbad, CA, USA).

Cell culture

LN-18 and T98G were obtained from the Duke Uni-
versity Cell Culture Facility and cultured in Dulbecco’s
modiWed Eagle’s medium and Eagle’s minimum essen-
tial medium with Earle’s salts, respectively, containing
10% fetal bovine serum. DAOY, D341 MED and D54
TR were cultured in Improved MEM Zinc Option
(Richter’s modiWcation) supplemented with 10% fetal
bovine serum [5]. The temozolomide-resistant line D54
TR was generated by treating D54 MG with serially
increasing amounts of temozolomide. For experiments
comparing the eVectiveness of O4-BFA in folic acid
free versus folic acid containing medium, cells were
propagated in RPMI 1640 without folic acid containing
10% dialyzed fetal bovine serum or in RPMI 1640 con-
taining 10% fetal bovine serum. MA104 cells (green
monkey kidney tubule cells) were cultured in folic acid
free medium as previously described [13, 14, 28].
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AGT assay

The AGT activity of the cells was determined as previ-
ously described [4]. The enzyme activity was deWned as
the femtomoles of O6-[3H]methylguanine removed
from 3H-methylated calf thymus DNA per milligram
protein. Protein concentration was determined using
the Bio-Rad protein assay with bovine serum albumin
as standard.

Binding of O4-BFA by folate receptor

Analysis of O4-BFA binding to folate receptor (FR)
was done in two ways. First, a competitive radio-ligand
binding assay using partially puriWed human placental
FR in a cell free system was performed as follows [2, 13,
14, 28]. Using methodology detailed previously [2, 13]
increasing amounts of either folic acid or O4-BFA were
added to vials containing approximately 4 pmol of [3H]-
folic acid in a buVer of 0.05 M potassium phosphate, pH
7.5, containing 1 mg/ml of charcoal treated albumin and
then approximately 3 pmol of folic acid binding activity
(folate receptor) was added (Wnal volume was 0.5 ml).
After 30 min room temperature incubation, the bound
and free ligand were separated by absorption of the lat-
ter using charcoal coated with albumin. In order to
facilitate data analysis, instead of merely presenting
bound [3H]-folic acid versus competitor, a reciprocal
plot in which the dpm bound in a sample/dpm in vial
with no competitor was calculated and graphed versus
the competitor. This normalizes the data and allows a
linear regression to be done [2]. At Y = 2, X is the value
at which the competitor blocks 50% of the binding of
the radioligand (i.e., IC50). We also measured direct
inhibition of binding of radiolabeled folic acid to the
surface of MA104 cells in vitro. Using methodology
well detailed [2, 13, 14], MA104 cells that bind approxi-
mately 2 pmol of folic acid/106 cells were incubated
with increasing concentrations of O4-BFA for one hour
at 37° and then 10 nM [3H]-folic acid was added for
10 min to saturate surface receptor. Again, the graph is
a reciprocal plot of radioligand bound versus O4BFA so
that at Y = 2, X equals the IC50 for the competing com-
pound. These experiments were performed in duplicate
and the data presented are representative of several
independent determinations. The observed error was
less than 10% between the points.

Inhibition of cell growth

Cell viability after exposure to temozolomide was
determined as follows. Cells (D54 TR) were trypsi-
nized and incubated with or without 10 �M O4-BFA

for 4 h at 37°. Cells were pelleted and suspended at a
concentration of 5,000–10,000 cells per ml. Temozolo-
mide was added at the indicated concentrations from a
100 mM stock (in DMSO) and the cells were plated in
quadruplicate in 96 well plates at 0.1 ml per well. After
7 days, the culture medium was replaced and 10 �l of
Cell Counting Kit-8 (Dojindo, Gaithersburg, MD,
USA), which contains a water soluble formazan dye,
were added. After additional incubation for 2–3 h at
37°, the absorbance was read using a BioTek (Winoo-
ski, VT, USA) Synergy HT plate reader set at a wave-
length of 450 nm. The data presented is representative
of four independent experiments.

Statistical analysis

GraphPad Prism 4.0 was used to determine IC50 values
using a sigmoidal dose response plot and to determine
statistical signiWcance of results.

Results

Time course of AGT inactivation by O4-BFA

To determine how rapidly cellular AGT was inacti-
vated, we treated the DAOY medulloblastoma cell
line with 0.5, 2, or 8 �M O4-BFA and harvested the
cells over a 6 h period. The AGT activity of the cellular
extracts prepared at each time point was assayed. As
shown in Fig. 1, inactivation of AGT by 0.5 �M O4-
BFA begins to plateau at 4 h, and the AGT activity is
almost completely inactivated by 2 and 8 �M O4-BFA
at 1 and 2 h, respectively.

Fig. 1 Time course of AGT inactivation by O4-BFA. DAOY
cells were treated with 0.5, 2, or 8 �M O4-BFA in RPMI contain-
ing 10% fetal bovine serum and harvested at the indicated times.
AGT levels were determined as described in Methods. Error bars
represent standard deviation
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Inactivation of AGT by O4-BFA in multiple cell lines

We have investigated the inactivation of AGT by
O4-BFA in the medulloblastoma cell lines, DAOY and
D341 MED, the glioblastoma multiforme cell lines,
T98G and LN-18, and an in vitro-derived, temozolo-
mide-resistant malignant glioma cell line, D54 TR.
(The parent cell line of D54 TR, D54 MG, has AGT
activity below the limits of detection). As shown in
Table 1, the IC50 values ranged from 0.3 to 1.3 �M
when the cells were grown in normal media which con-
tains 2.3 �M folic acid. At this concentration of folic
acid, the FR is saturated.

A previous study had suggested that O4-BFA was
taken up by the �-FR [18]. Since all the FR would be
saturated with folic acid at 2.3 �M folic acid and
unavailable for uptake of O4-BFA, to assess any pos-
sible role for the FR in uptake, we also measured the
IC50 for O4-BFA inactivation of AGT in cells grown
in folic acid free medium (Table 1). The IC50 values
ranged from 0.14 to 1.45 �M and were generally
lower than the values for the each cell line grown in
folic acid. We compared these results with the inacti-

vation of AGT by O4-BFA in a cell line that
expresses high levels of �-FR, the KB carcinoma cell
line. Again, the observed IC50 was somewhat less in
cells grown in folic acid free medium although this
diVerence did not reach statistical signiWcance. The
IC50 was similar for KB cells maintained in folic acid
free medium for 10 or 16 days, 0.13 and 0.16 �M,
respectively.

Binding of O4-BFA by folate receptor

In order to more precisely determine the potential
importance of the FR for O4-BFA uptake by FR posi-
tive cells, we Wrst directly compared the binding of
O4-BFA and folic acid by determining an IC50 for
both compounds in a cell free binding assay using
human placental FR. As seen in Fig. 2a, when increas-
ing amounts of folic acid are incubated with a Wxed
amount of [3H]-folic acid, 50% inhibition of binding
was calculated to be 3.39 pmol of folic acid which was
as expected since the amount of the radiolabeled
ligand was approximately 3 pmol. However, 50%
inhibition by O4-BFA was not attained until 625 pmol
(t1.25 �M) of O4-BFA (Fig. 2b). The ratio of
O4-BFA/folic acid inhibition is approximately 180/1.
Since the O4-BFA solution was 0.73% folic acid by
HPLC and spectral analysis, the results here could
simply be the result of the folic acid contamination of
the O4-BFA as that would calculate to a folic acid
level of 4.5 pmol, which is very similar to the 3.39
determined to be the IC50 for folic acid. Similar
results were obtained when either O4-BFA or folic
acid were pre-incubated with MA104 cells in vitro
(Fig. 3). O4-BFA was incubated with the cells for 1 h
in order to saturate cell surface receptors and then
the cells were exposed to a short pulse of [3H]-folic
acid. As compared to near complete blocking of bind-
ing at a concentration of 2–5 nM folic acid, 50% inhi-
bition of binding by O4-BFA was calculated to be
approximately 265 nM.

Table 1 Concentrations of O4-BFA required to inactivate 50%
of cellular AGT (IC50) in cells grown in the presence or absence
of folic acid

Cells were grown at least 48 h in the absence of folic acid before
treatment with O4 -BFA. Cells were treated for 4 h with
O4 -BFA prior to harvesting. Data is the average of at least two
determinations of each IC50 value

Cell line Cell type IC50 (�M): 
cells grown 
in 2.3 �M 
folic acid

IC50 (�M): 
cells grown 
in absence 
of folic acid

DAOY Medulloblastoma 0.21 0.17
D341 MED Medulloblastoma 0.32 0.43
D54 TR Malignant glioma 0.27 0.14
LN-18 Glioblastoma 0.82 0.63
T98G Glioblastoma 1.45 1.26
KB Carcinoma 0.16 0.15

Fig. 2 Competitive binding of 
folic acid (panel a) or O4-BFA 
(panel b) with [3H]-folic acid 
by human placental folate 
receptor. The IC50 for folic 
acid was 3.39 pmol and for  
O4-BFA, 625 pmol
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EVect of O4-BFA on cell growth inhibition 
by temozolomide

The cell line, D54 TR, was derived by treating D54 MG
with serially increasing levels of temozolomide. As a
result of this, the D54 TR cells express high levels of
AGT (approximately 800 fmol/mg) whereas the parent
line expresses negligible levels of AGT (data not
shown). As shown in Fig. 4, pretreatment of D54 TR
with either O6-BG or O4-BFA had no long term eVect
on cell growth. At 400 �M temozolomide, the drug had
little eVect on cells that were not pretreated with an
AGT pseudosubstrate. At this concentration of tem-
ozolomide, inactivation of cellular AGT with either
O6-BG or O4-BFA caused a signiWcant decrease in cell
growth.

Discussion

DNA alkylators such as temozolomide, nitrosoureas,
and dacarbazine are widely used in the treatment of
glioblastoma, astrocytoma, melanoma, and other neo-
plasias. Resistance to these agents is frequently linked
to expression of the DNA repair protein, AGT. To
improve the eYcacy of these drugs, small molecule
inactivators of AGT have been developed. The proto-
typical inactivator is O6-BG which serves as a pseudo-
substrate for AGT. After binding O6-BG, AGT
transfers the benzyl moiety to its active site cysteine,
leading to ubiquination of the protein followed by
degradation [21, 31]. In this manner, O6-BG pharma-
cologically ablates the AGT protein from cells. Co-
treatment of O6-BG with temozolomide or BCNU
increased their ability to inhibit tumor growth in
xenograft studies [7, 25]. Unfortunately, in clinical
studies with O6-BG and BCNU, increased myelotoxic-
ity was observed so that the dose of BCNU had to be
lowered below an eVective concentration [22]. Less
myelotoxicity was seen in a clinical trial of the combi-
nation of O6-BG and temozolomide [23]. An alterna-
tive inactivator of AGT that is currently in clinical
trials is lomeguatrib [6-(4-bromo-2-thienyl) methoxy
purin-2-amine]. The combination of this drug with
alkylating agents has also been associated with
increased myelotoxicity [24].

Additional inactivators of AGT have been recently
described including O4-BFA [18]. This compound,
when compared to O6-BG, has increased solubility in
water and increased potency in vitro against AGT.
Because O4-BFA markedly increased the sensitivity of
KB cells, which express high levels of FR, to BCNU,
but, for cell lines with lower levels of FR expression,
had less eVect on BCNU sensitivity, it was suggested
that its use would be restricted to tumors with high lev-
els of FR expression. This could prove problematic for
its use in increasing the eYcacy of alkylating agents in
brain tumors, as FR expression has previously been
shown to be heterogeneous in these tumors [30]. Our
in vitro studies indicated that O4-BFA has a very low
or even no signiWcant aYnity for FR compared to folic
acid and the naturally occurring serum folate, 5-meth-
yltetrahydrofolate, (sub-nanomolar and nanomolar
respectively vs. �M). Thus, it would seem unlikely that
FR plays a critical role vis-à-vis speciWcally targeting
FR positive cells compared to FR negative cells if incu-
bated in the physiological range of serum folate (only
20–40 nM). Indeed, when the eVects of O4-BFA were
compared in cells grown in folic acid-free medium ver-
sus normal (2.3 �M folic acid) medium, there was, at

Fig. 3 Inhibition of binding of [3H]-folic acid by O4-BFA on
MA104 cells. Half inhibition by O4-BFA was calculated to be
approximately 265 nM. Folic acid blocks nearly all binding at only
2 nM (data not shown)

Fig. 4 EVects of the AGT inactivators, O4-BFA and O6-BG, on
growth inhibition of D54 TR cells by temozolomide (TMZ)
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most, a twofold increase in concentration of O4-BFA
required to inactivate AGT in the presence of folic
acid.

Previously characterized inactivators of AGT have
exhibited some degree of myelotoxicity when adminis-
tered with DNA alkylators. A possible method for
avoiding this toxicity is regional depletion of AGT by
intratumoral administration or by such means as dos-
ing directly into a resection cavity. Preliminary studies
using O6-BG have not shown any increased response to
temozolomide or BCNU in tumor-bearing rats (unpub-
lished results). Because of its increased solubility in
water, O4-BFA may be particularly eVective in such a
strategy since local concentrations at levels suYcient to
inactivate AGT in any residual tumor tissue can be eas-
ily achieved. The utility of this approach is currently
under investigation.

Acknowledgment This work was supported by NIH Grant
5P50CA108786 and the Pediatric Brain Tumor Foundation.

References

1. Alonso M, Hamelin R, Kim M, Porwancher K, Sung T, Par-
har P, Miller DC, Newcomb EW (2001) Microsatellite insta-
bility occurs in distinct subtypes of pediatric but not adult
central nervous system tumors. Cancer Res 61:2124–2128

2. Burger HG, Lee VW, Rennie GC (1972) A generalized com-
puter program for the treatment of data from competitive
protein-binding assays including radioimmunoassays. J Lab
Clin Med 80:302–312

3. D’Atri S, Tentori L, Lacal PM, Graziani G, Pagani E, Benin-
casa E, Zambruno G, Bonmassar E, Jiricny J (1998) Involve-
ment of the mismatch repair system in temozolomide-
induced apoptosis. Mol Pharmacol 54:334–341

4. Dolan ME, Moschel RC, Pegg AE (1990) Depletion of mam-
malian O6-alkylguanine-DNA alkyltransferase activity by
O6-benzylguanine provides a means to evaluate the role of
this protein in protection against carcinogenic and therapeu-
tic alkylating agents. Proc Natl Acad Sci USA 87:5368–5372

5. Friedman HS, Colvin OM, Kaufmann SH, Ludeman SM, Bull-
ock N, Bigner DD, GriYth OW (1992) Cyclophosphamide
resistance in medulloblastoma. Cancer Res 52:5373–5278

6. Friedman HS, Dolan ME, Moschel RC, Pegg AE, Felker
GM, Rich J, Bigner DD, Schold SC Jr (1992) Enhancement
of nitrosourea activity in medulloblastoma and glioblastoma
multiforme. J Natl Cancer Inst 84:1926–1931

7. Friedman HS, Dolan ME, Pegg AE, Marcelli S, Keir S, Cati-
no JJ, Bigner DD, Schold SC Jr (1995) Activity of temozolo-
mide in the treatment of central nervous system tumor
xenografts. Cancer Res 55:2853–2857

8. Friedman HS, Johnson SP, Dong Q, Schold SC, Rasheed BK,
Bigner SH, Ali-Osman F, Dolan E, Colvin OM, Houghton P,
Germain G, Drummond JT, Keir S, Marcelli S, Bigner DD,
Modrich P (1997) Methylator resistance mediated by mis-
match repair deWciency in a glioblastoma multiforme xeno-
graft. [erratum appears in Cancer Res 1997 Nov
1;57(21):4973]. Cancer Res 57:2933–2936

9. Friedman HS, Kokkinakis DM, Pluda J, Friedman AH, Cok-
gor I, Haglund MM, Ashley DM, Rich J, Dolan ME, Pegg

AE, Moschel RC, McLendon RE, Kerby T, Herndon JE, Big-
ner DD, Schold SC Jr (1998) Phase I trial of O6-benzylgua-
nine for patients undergoing surgery for malignant glioma. J
Clin Oncol 16:3570–3575

10. Friedman HS, McLendon RE, Kerby T, Dugan M, Bigner
SH, Henry AJ, Ashley DM, Krischer J, Lovell S, Rasheed K,
Marchev F, Seman AJ, Cokgor I, Rich J, Stewart E, Colvin
OM, Provenzale JM, Bigner DD, Haglund MM, Friedman
AH, Modrich PL (1998) DNA mismatch repair and O6-alkyl-
guanine-DNA alkyltransferase analysis and response to
Temodal in newly diagnosed malignant glioma. J Clin Oncol
16:3851–3857

11. Friedman HS, Pluda J, Quinn JA, Ewesuedo RB, Long L,
Friedman AH, Cokgor I, Colvin OM, Haglund MM, Ashley
DM, Rich JN, Sampson J, Pegg AE, Moschel RC, McLendon
RE, Provenzale JM, Stewart ES, Tourt-Uhlig S, Garcia-Turn-
er AM, Herndon JE 2nd, Bigner DD, Dolan ME (2000)
Phase I trial of carmustine plus O6-benzylguanine for patients
with recurrent or progressive malignant glioma. J Clin Oncol
18:3522–3528

12. Horspool KR, Stevens MF, Newton CG, Lunt E, Walsh RJ,
Pedgrift BL, Baig GU, Lavelle F, Fizames C (1990) Antitu-
mor imidazotetrazines. 20. Preparation of the 8-acid deriva-
tive of mitozolomide and its utility in the preparation of
active antitumor agents. J Med Chem 33:1393–1399

13. Kamen BA, Caston JD (1986) Properties of a folate binding
protein (FBP) isolated from porcine kidney. Biochem Phar-
macol 35:2323–2329

14. Lewis CM, Smith AK, Nguyen C, Kamen BA (1998) PMA
alters folate receptor distribution in the plasma membrane
and increases the rate of 5-methyltetrahydrofolate delivery in
mature MA104 cells. Biochimica et Biophysica Acta
1401:157–169

15. Lindahl T, Sedgwick B, Sekiguchi M, Nakabeppu Y (1988)
Regulation and expression of the adaptive response to alky-
lating agents. Ann Rev Biochem 57:133–157

16. Liu L, Markowitz S, Gerson SL (1996) Mismatch repair muta-
tions override alkyltransferase in conferring resistance to
temozolomide but not to 1,3-bis(2-chloroethyl)nitrosourea.
Cancer Res 56:5375–5379

17. Liu L, Nakatsuru Y, Gerson SL (2002) Base excision repair as
a therapeutic target in colon cancer. Clin Cancer Res 8:2985–
2991

18. Nelson ME, Loktionova NA, Pegg AE, Moschel RC (2004)
2-amino-O4-benzylpteridine derivatives: potent inactivators
of O6-alkylguanine-DNA alkyltransferase. J Med Chem
47:3887–3891

19. Newlands ES, Blackledge GR, Slack JA, Rustin GJ, Smith
DB, Stuart NS, Quarterman CP, HoVman R, Stevens MF,
Brampton MH et al (1992) Phase I trial of temozolomide
(CCRG 81045: M&B 39831: NSC 362856). Br J Cancer
65:287–291

20. O’Reilly SM, Newlands ES, Glaser MG, Brampton M,
Rice-Edwards JM, Illingworth RD, Richards PG, Kennard C,
Colquhoun IR, Lewis P et al (1993) Temozolomide: a new oral
cytotoxic chemotherapeutic agent with promising activity
against primary brain tumours. [erratum appears in Eur J
Cancer 1993;29A(10):1500]. Eur J Cancer 29A(7):940–942

21. Pegg AE, Boosalis M, Samson L, Moschel RC, Byers TL,
Swenn K, Dolan ME (1993) Mechanism of inactivation of hu-
man O6-alkylguanine-DNA alkyltransferase by O6-benzyl-
guanine. Biochemistry 32:11998–12006

22. Quinn JA, Pluda J, Dolan ME, Delaney S, Kaplan R, Rich
JN, Friedman AH, Reardon DA, Sampson JH, Colvin OM,
Haglund MM, Pegg AE, Moschel RC, McLendon RE, Prov-
enzale JM, Gururangan S, Tourt-Uhlig S, Herndon JE 2nd,
123



Cancer Chemother Pharmacol (2007) 60:883–889 889
Bigner DD, Friedman HS (2002) Phase II trial of carmustine
plus O6-benzylguanine for patients with nitrosourea-resistant
recurrent or progressive malignant glioma. J Clin Oncol
20:2277–2283

23. Quinn JA, Desjardins A, Weingart J, Brem H, Dolan ME,
Delaney SM, Vredenburgh J, Rich J, Friedman AH, Reardon
DA, Sampson JH, Pegg AE, Moschel RC, Birch R,
McLendon RE, Provenzale JM, Gururangan S, Dancey JE,
Maxwell J, Tourt-Uhlig S, Herndon JE 2nd, Bigner DD,
Friedman HS (2005) Phase I trial of temozolomide plus
O6-benzylguanine for patients with recurrent or progressive
malignant glioma. J Clin Oncol 23:7178–7187

24. Ranson M, Middleton MR, Bridgewater J, Lee SM, Dawson
M, Jowle D, Halbert G, Waller S, McGrath H, Gumbrell L,
McElhinney RS, Donnelly D, McMurry TBH, Margison GP
(2006) Lomeguatrib, a potent inhibitor of O6-alkylguanine-
DNA-alkyltransferase: phase I safety, pharmacodynamic,
and pharmacokinetic trial and evaluation in combination
with temozolomide in patients with advanced solid tumors.
Clin Cancer Res 12:1577–1584

25. Schold SC Jr, Kokkinakis DM, Rudy JL, Moschel RC, Pegg
AE (1996) Treatment of human brain tumor xenografts with
O6-benzyl-2�-deoxyguanosine and BCNU. Cancer Res
56:2076–2081

26. Stupp R, Dietrich PY, Ostermann Kraljevic S, Pica A, Mail-
lard I, Maeder P, Meuli R, Janzer R, Pizzolato G, Miralbell R,
Porchet F, Regli L, de Tribolet N, MirimanoV RO, Leyvraz S
(2002) Promising survival for patients with newly diagnosed
glioblastoma multiforme treated with concomitant radiation
plus temozolomide followed by adjuvant temozolomide. J
Clin Oncol 20:1375–1382

27. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MJ, Belanger K, Brandes AA, Marosi C, Bogdahn
U, Curschmann J, Janzer RC, Ludwin SK, Gorlia T, Allgeier
A, Lacombe D, Cairncross JG, Eisenhauer E, MirimanoV

RO, European Organisation for R, Treatment of Cancer
Brain T, Radiotherapy G, National Cancer Institute of Can-
ada Clinical Trials G (2005) Radiotherapy plus concomitant
and adjuvant temozolomide for glioblastoma. New Engl J
Med 352:987–996

28. Wang X, Shen F, Freisheim JH, Gentry LE, Ratnam M
(1992) DiVerential stereospeciWcities and aYnities of folate
receptor isoforms for folate compounds and antifolates. Bio-
chem Pharmacol 44:1898–1901

29. Wedge SR, Porteous JK, Newlands ES (1996) 3-Aminoben-
zamide and/or O6-benzylguanine evaluated as an adjuvant to
temozolomide or BCNU treatment in cell lines of variable
mismatch repair status and O6-alkylguanine-DNA alkyltrans-
ferase activity. Br J Cancer 74:1030–1036

30. Weitman SD, Frazier KM, Kamen BA (1994) The folate
receptor in central nervous system malignancies of childhood.
J Neuro-Oncol 21:107–112

31. Xu-Welliver M, Pegg AE (2002) Degradation of the alkylated
form of the DNA repair protein, O6-alkylguanine-DNA al-
kyltransferase. Carcinogenesis 23:823–830

32. Yung WK, Prados MD, Yaya-Tur R, Rosenfeld SS, Brada M,
Friedman HS, Albright R, Olson J, Chang SM, O’Neill AM,
Friedman AH, Bruner J, Yue N, Dugan M, Zaknoen S, Levin
VA (1999) Multicenter phase II trial of temozolomide in pa-
tients with anaplastic astrocytoma or anaplastic oligoastrocy-
toma at Wrst relapse. Temodal Brain Tumor Group. [erratum
appears in J Clin Oncol 1999 Nov;17(11):3693]. J Clin Oncol
17:2762–2771

33. Yung WK, Albright RE, Olson J, Fredericks R, Fink K, Pra-
dos MD, Brada M, Spence A, Hohl RJ, Shapiro W, Glantz M,
Greenberg H, Selker RG, Vick NA, Rampling R, Friedman
H, Phillips P, Bruner J, Yue N, Osoba D, Zaknoen S, Levin
VA (2000) A phase II study of temozolomide vs. procarba-
zine in patients with glioblastoma multiforme at Wrst relapse.
Br J Cancer 83:588–593
123


	O4-benzylfolic acid inactivates O6-alkylguanine-DNA alkyltransferase in brain tumor cell lines
	Introduction
	Materials and methods
	Reagents
	Cell culture
	AGT assay
	Binding of O4-BFA by folate receptor
	Inhibition of cell growth
	Statistical analysis

	Results
	Time course of AGT inactivation by O4-BFA
	Inactivation of AGT by O4-BFA in multiple cell lines
	Binding of O4-BFA by folate receptor
	EVect of O4-BFA on cell growth inhibition by temozolomide

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


