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ABSTRACT

We assayed the activity of the DNA repair protein O6-methylguanine-

DNA methyltransferase (MGMT) in 60 human brain tumors to assess the
effects of tumorigenesis in brain on DNA repair capability. Activity was
not detectable (<0.5 fmol/10* cells, i.e., <300 molecules/cells) in 27% of

the tumors. Measurable MGMT varied by more than 2 orders of magni
tude, 0.5-104.1 fmol/106 cells. Mean tumor MGMT levels did not differ

between the sexes but did vary widely between diagnostic groups. A sig
nificant inverse correlation was observed between tumor MGMT activity
and patient age. We also assayed MGMT activity in overlying, histologi-
cally tumor-free brain resected with 25 tumors. Of these samples, 52%

had no detectable MGMT activity, and the remainder had activity com
parable to that in tumors ranging from 0.7-21.8 fmol/106 cells. MGMT

activity in normal brain was also inversely correlated with patient age. For
15 of 25 (60%) paired samples, tumor activity was 2 to >38-fold greater

than that of normal brain; for 4 pairs (16%) tumor activity was 2.5 to
17-lcild lower than that of normal brain; the remaining 6 (24%) had no

detectable activity in both tumor and normal tissue. These differences in
the magnitudes and distributions of activities for tumor versus normal
brain tissue were significant (/' = 0.02), demonstrating that tumorigenesis

in brain is often accompanied by marked elevation of MGMT.

INTRODUCTION
In vitro studies have shown that the DNA repair protein MGMT3

(EC 2.1.1.63) protects tumor cells from the cytotoxic effects of O6-

alkylguanine adducts induced by chemotherapeutic mono- and bifunc-

tional alkylating agents (1). Mammalian MGMT is an M, 22,000
protein which catalyzes the transfer of small alkyl adducts, preferably
methyl groups, from the Oh position of guanine to an internal cysteine,

yielding 5-alkyl cysteine and guanine (reviewed in Ref. 2). In addi
tion, MGMT reacts in vitro with /V',O6-ethanoguanine, the precursor

of CENU-induced DNA interstrand cross-links (3). MGMT opens the

exocyclic ethano ring of this product and becomes covalently linked
via an ethyl group to the N] position of guanine (4). The formation of

the MGMT-DNA adduci prevents formation of interstrand cross-links
which are closely associated with CENU-induced cytotoxicity (5, 6).

It remains to be determined whether this reaction occurs in vivo and
what effect it would have on CENU sensitivity.

The correlation observed between MGMT level and the CENU
sensitivity of numerous mammalian cell lines and tumor xenografts
(reviewed in Ref. 2) demonstrates a role for MGMT in limiting CENU
cytotoxicity. Additional evidence that MGMT can be a major deter
minant of resistance to CENU cytotoxicity is provided by the greater
sensitivity of some cell lines lacking detectable MGMT activity and of
some tumor lines and xenografts depleted of MGMT by treatment
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with substrate analogues or monofunctional alkylating agents
(reviewed in Ref. l).

MGMT activity of normal and neoplastic human brain specimens
has been reported in several studies (7-11). The values for normal
brain and primary brain tumors are similar and vary up to 40-fold for
normal tissue (7-9, 11) and 100-fold for tumors (7, 8, 10, 11). To date,

there has been no paired comparison of the MGMT content of normal
and neoplastic brain from the same patient. For this reason, it has not
been possible to assess the effect of malignant transformation and
tumor progression on the MGMT activity in brain. Because MGMT
levels vary widely, it is possible that large changes in MGMT accom
pany tumorigenesis and that these changes have significance for re
sponse to treatment with alkylating agents. For example, loss of all
detectable MGMT activity could enhance sensitivity to alkylating
agents. Conversely, elevation of MGMT might mediate resistance to
these agents.

We assayed MGMT activity in 60 human brain tumors and, for 25
of these cases, in overlying, histologically normal brain to determine
whether MGMT content varied with diagnosis and patient character
istics. Comparison of MGMT activity in neoplastic and normal tissue
from the same patient allowed us to evaluate the effects of tumori
genesis on MGMT content in brain. Our results revealed wide vari
ation in MGMT content in individual tissue samples as well as in
mean MGMT levels between specific tumor types. Although mean
tumor and normal brain MGMT levels did not differ between males
and females, MGMT activity in both neoplastic and normal tissue
decreased with age. Our results showed that elevation of MGMT is
frequently associated with tumorigenesis in human brain.

MATERIALS AND METHODS

Reagents. A/-[3H]methy-/V-nitrosourea (16 Ci/mmol) was from Amersham

(Arlington Heights, IL). Calf thymus DNA, deoxyribonuclease, collagenase.
and protease were from Sigma (St. Louis, MO). Fetal bovine serum was from
Hyclone (Logan, UT), and DMEM was from GIBCO-BRL (Gaithersburg,

MD).
Procurement of Tissue. Tumors were obtained from 60 informed patients

undergoing operations for primary and recurrent brain neoplasms at the Uni
versity of Washington Medical Center and Children's Hospital and Medical

Center between June 1991 and August 1992. For 25 of the patients, histolog
ically tumor-free brain at least 2-3 cm from the tumor margin was also
obtained. The specific type of tumor was obtained from the final neuropathol-

ogy report which includes routine flow cytometric analysis of fraction of
proliferating cells. Basic demographic information was obtained from the
patients' medical records.

Immediately after resection, tumor and brain were placed in ice-cold

DMEM supplemented with 15% fetal bovine serum. Tissue was transported to
the laboratory within minutes when the operation was performed at the Uni
versity of Washington Medical Center and within 90 min for specimens ob
tained at Children's Hospital and Medical Center. We have successfully estab

lished cell lines from tumors held overnight on ice in supplemented DMEM.
We have also found identical MGMT activities in aliquots of the same tumor
processed either immediately after arrival in the laboratory or after being held
overnight on ice in supplemented DMEM. These observations demonstrate that
our protocol for transporting specimens preserves cellular viability and MGMT
activity.
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Tissue Disruption. Transport medium was removed by aspiration, and the
specimen was placed in a Petri dish. After blood vessels and necrotic tissue

were removed, the sample was finely minced with scalpel blades and sus

pended in HBSS. The larger pieces were disrupted by repeated passage through
a 10-ml pipet and serial passage through 18- and 20-gauge needles. After
transfer to a screw cap flask, the suspension was digested for l h at 37Â°Cwith

0.4% collagenase. 2% protease type IV from Streptomyces caespitosus, and
0.2% bovine pancreatic deoxyribonuclease II. The suspension was passed
through a 60-/xm mesh, and freed cells were pelleted by centrifugation. Con

taminating erythrocytes were eliminated by hypotonie lysis, and debris was
removed by repeated washes with HBSS. After the washed pellet was resus-

pended in 30 ml of HBSS, cell titer was determined using a hemocytometer.
Cell yields ranged from approximately 0.5-1.5 X IO6 cells/g of tumor and
2.5-5.0 X IO6 cells/g of normal brain. The cells were pelleted, frozen in liquid
nitrogen, and stored at -80Â°C.

Cell Extracts. Extracts were prepared as described by Domoradzki et al.
(12). Frozen cell pellets were resuspended at 1.0-3.0 x IO7 cells/mL in

ice-cold 50 ITIMTris-HCl (pH 7.5), 1 HIMdithiothreitol. and 0.1 mw EDTA and
disrupted by four 15-s intervals of sonication. Debris was pelleted by centrif
ugation at 10,000 x g for 5 min at 4Â°C.The pellet was resuspended in one-half

volume of buffer, and the sonication was repeated. After centrifugation as
described above, the second supernatant was added to the first, and debris was
pelleted by centrifugation at 100,000 X g for 60 min at 4Â°C.Aliquots of
supernatant were frozen in liquid nitrogen and stored at -80Â°C.

MGMT Assay. DNA containing Otl-[3H]methylguanine was prepared as

described by Brent (5) by reacting double-stranded calf thymus DNA with
/V-['H]methyl-/V-nitrosourea. Approximately 5% of incorporated label was at

the O6 position of guanine as demonstrated by fractionation of bases released

from alkylated DNA by acid hydrolysis.
Activity was assayed using a modification (13) of an established protocol

(14) which measures the transfer of radioactivity from alkylated DNA to
protein. Saturating amounts of radiolabeled DNA ( 1.25 fig containing 5.500-
17,000 dpm) were mixed with volumes of cell extract equivalent to 0.1-1.5 X
IO6 cells. After the reaction volume was adjusted to 0.1 mL with 50 min

Tris-HCl (pH 7.5), 1 mM dithiothreitol, and 0.1 min EDTA, the assay mixture
was incubated at 37Â°Cfor 15 min. The reaction was terminated by adding

trichloroacetic acid to a final concentration of 4.2%. The mixture was heated
at 80Â°Cfor 90 min in order to hydrolyze the W-glycosylic linkage of alkylated
bases remaining in the DNA. After the mixture was cooled to 0Â°C,it was

poured onto a glass fiber filter under suction, and the filter was washed 5 times
with 2 ml of ice-cold 5% trichloroacetic acid and 2 times with 5 ml of 95%

ethanol. The filters were dried and counted in 5 ml of scintillation fluid
(Ecolume; Amersham) to quantitate acid-insoluble radioactivity. Counting ef

ficiency was 16.1%. MGMT activity was normalized to cell number to ensure
comparability of values obtained from different samples.

The lower limit of detection of the assay was 0.5 fmol/106 cells (approxi

mately 300 molecules of MGMT per cell). Specimens with MGMT activity
below the limit of detection were designated Mer, i.e., Atohyl repair minus.
For statistical analysis. Mer samples were assigned an MGMT activity of 0
fmol/106 cells. To ensure that statistical significance was not the result of this

arbitrary assignment, selected analysis was recalculated with Mer samples
assigned a value of 0.49 fmol/106 cells. This alternative value for nondectable

activity had no effect on our results.
We verified this assay for extracts prepared from cells isolated from tissue

by demonstrating that (a) the transfer of radioactivity is sensitive to protease
digestion; (b) transfer of radioactivity is prevented by O6-benzylguanine, a

potent inhibitor of MGMT (15); and (r) transferred radioactivity migrates on
a sodium dodecyl sulfate-polyacrylamide gel with an M, of 22,000, identical

with that reported for MGMT ( 16). A number of controls demonstrated that the
wide range of tumor and normal brain MGMT activities was not due to
degradation during extraction or assay of MGMT activity: (a) mixed extracts
of high and low activity samples yielded additive amounts of MGMT activity;
(b) inclusion of the protease inhibitors aprotinin. leupeptin, and pepstatin

during extraction and assay of MGMT had no effect on activity; (c) assay of
extracts prepared from mixtures of MGMT-proficient cultured medulloblas-

toma cells and of tumor cells lacking detectable MGMT activity yielded
activity expected of the cultured cells; and (d) lÃ¡clatedehydrogenase activity
was detected in specimens lacking detectable MGMT activity. Furthermore.

lÃ¡clatedehydrogenase activity did not correlate with MGMT levels in tumors
or normal brain (/â€¢= 0.07 and 0.37, respectively).

MGMT activity was assayed only in subcortical normal brain to optimize
the comparison of neoplastic and normal tissue. Subcortical brain is composed
predominantly of the normal glial precursors of glial brain tumors. Use of
subcortical brain minimized the contribution of neurons to the MGMT activity
of normal tissue specimens.

Statistical Analysis. Standard statistical procedures were used to charac
terize MGMT activity and to evaluate potential differences in activity by
diagnostic group and patient characteristics. These included the method of X2,

Fisher exact test, t test (paired and unpaired), sign test, and Pearson correlation
coefficients (17). All procedures were conducted using SPSS-PC (SPSS, Inc..

Chicago. IL) and Epi Info on an IBM PC (Epi Info version 5.0, April 1990.
Public Domain Software for Epidemiology and Disease Surveillance, Centers
for Disease Control, Epidemiology Program Office, Atlanta, GA).

RESULTS

Patient Characteristics. Patients ranged in age from 1 to 79 years
(28.7 Â±2.9 years, mean Â±SE) (Table 1). Approximately half (46.7%)
were male. Thirty-seven of the tumors (61.7%) were astrocytic glio-
mas, the most frequent human brain tumor diagnosis. Medulloblas-

toma, a common pediatrie brain neoplasm ( 18), accounted for 16.7%
of the tumors. Other diagnoses individually accounted for <10% of
the total. Patients from whom normal brain was obtained were older
(35.7 Â±4.2 years; range, 3-67 years) and were distributed differently

with respect to diagnosis. These differences were primarily due to the
inability to obtain normal brain from patients with medulloblastoma.

MGMT Activity in Tumors. The 60 tumor samples were highly
heterogeneous with respect to MGMT content, ranging from <0.5-
104.1 fmol/106 cells (Table 1). Notably, 27% (16 of 60) had no
detectable activity (Mer phenotype, i.e., <0.5 fmol/106 cells or <300

molecules/cell). The variation in MGMT activity among the samples
is similar to the interindividual variability observed in a variety of
normal and neoplastic human tissues (7-11, 14). The MGMT activity
of all tumors was 8.9 Â±2.1 fmol/106 cells (Table 2). Tumor MGMT
activity was fairly similar for males (10.2 Â±4.0 fmol/106 cells) and
females (7.6 Â±1.9 fmol/106 cells) but was higher for patients <20

years old than for those who were older than 20 years (13.2 Â±4.3
versus 5.2 Â±1.3 fmol/106 cells; P = 0.058). This elevation of MGMT
activity in younger patients (8.8 Â±3.2 fmol/106 cells) persisted rel
ative to older patients (4.5 Â±1.3 fmol/106 cells) even when medullo

blastoma was excluded from the analysis (P = 0.16).

MGMT levels for various diagnostic groups varied from 2.6 Â±1.5
fmol/106 cells for glioblastoma to 19.8 Â± 10.3 fmol/106 cells for

medulloblastoma (Table 2). All glioma groups included Mer tumors,
with glioblastoma containing the largest fraction (7 of 13 glioblasto-

mas, 54%, Table 1). Medulloblastoma was notable in that none of the
10 specimens was Mer compared to the 15 of 47 (32%) of glial
tumors. The proportion of Mer tumors in the various diagnostic
groups was similar to that observed in an earlier study (11). The
proportion of Mer tumors was lower in children (19%) than adults
(30%) and lower in females (19%) than males (32%), although these
differences were not statistically significant.

No strong correlation (r = 0.13) was found between the fraction of

cells in S phase and MGMT activity in 26 tumors, indicating that the
proliferative state of human brain tumors is not predictive of MGMT
levels. Table 1 includes 8 recurrent tumors from patients who had
received radiotherapy and, in four cases, CENU-based chemotherapy
prior to reoperation. The range of activities (<0.5-12.0 fmol/106

cells) of the recurrent tumors is within that observed for the initial
tumors of the other 52 patients. These results are consistent with the
repeated finding that exposure of cultured human cells to DNA-
damaging agents does not elevate MGMT content (19-21).
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Table 1 MGMTai'livit\ in tumor and normal human brain

MGMT activity(fmol/106 cells)

Patient12911811312713213812013715215414913Â«11210212813414311410714215815(1108105154126130104133139155160145148156157144124141114122lift10311714(1121101151146131133ill153KM147125123115no106Age(yr)/sex44/FI.VM5/F9/F40/F41/F2/M13/M5/F15/M35/F.VM39/F4/F32/F34/M49/F22/F44/F44/M41/F37/M35/M2X/M64/M72/F66/F66/M74/M67/F79/M32/M54/M54/M63/M6/M43/M6/M9/M5/M37/F12/F10/M7/M6/F4/MI/M36/F22/F56/F46/F12/M6/Fll/F3/MI/Fll/F42/F12/F35/FDiagnosisAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAstrocytomaAna.

astro.Ana.
astro.Ana.
astro.Ana.
astro.Ana.
astro.Ana.
astro.Ana.
astro.Ana.
astro.Ana.
astro.Ana.

astro.GlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaMedullo.Medullo.Medullo.Medullo.Medullo.Medullo.Medullo.Medullo.Medullo.Medullo.Oligoden.Oligoden.Oligoden.Oligoden.Oligoden.EpendymomaEpendymomaEpendymomaEpendymomaAstroblastomaGangliogliomaGerminomaMeningiomaTumor3.6

+0.66.8
Â±0.712.3

Â±1.03.9
Â±0.83.2

Â±0.61.6
+0.26.2
Â±0.72.1

Â±0.5N.D.N.D.N.D.2.312.0

Â±3.548.3
Â±4.23.8

Â±0.42.8
Â±0.70.8
+0.16.5
Â±0.818.9

Â±3.90.8N.D.N.D.I8.8Â±2.127.5

Â±3.6N.D.4.1

Â±0.13.4
Â±0.918.6

Â±4.23.1
Â±0.51.4
Â±0.1N.D.N.D.N.D.N.D.N.D.N.D.0.6

Â±0.24.4
Â±0.80.9
+0.211.6

Â±1.25.1
Â±0.249.4

Â±1.846.9
Â±4.28.4
Â±0.81
.4 Â±0.45.3

Â±0.8104.1+9.5N.D.N.D.3.4

Â±0.72.7
Â±0.314.8
Â±3.1N.D.37.0

Â±3.0N.D.4.3

Â±1.14.5
Â±1.310.3
Â±1.716.5
Â±1.620.1

Â±0.3NormalN.D.5.3

Â±1.0N.D.0.7N.D.N.D.N.D.N.D.N.D.1.3

Â±0.37.9
Â±1.4N.D.N.D.2.3

Â±0.4N.D.5.8

Â±1.5N.D.N.D.8.6

Â±1.5N.D.0.9

Â±0.26.2

Â±1.81.5
Â±0.521.8
Â±2.91.0

Â±0.2T/N>3.20.4>4.64.0>I3>37.8>l.614.53.5>6.88.1>2.8<0.08<0.063.82.4<0.31.716.5

MGMT activity was assayed by quantitating the transfer of radioactivity from a DNA substrate containing O6-[3H|methylguanine to protein in cell extracts. The mean and SD of

activity were calculated from at least three independent assays. Extracts contained no detectable (N.D.) activity if the amount of radioactivity transferred was <50% of the unincubated
control. Tumors obtained from patients 112. 136. 139, 142. 143, 144, 14S,and 150 were recurrent. All of these patients received radiotherapy, and four (139, 143, 144, and 148) also
received CENU-based chemotherapy prior to their second surgery.Ana. astro., anaplastic astrocytoma; Medullo.. medulloblastoma; Oligoden., oligodendroglioma; T/N, ratio of tumor
to normal brain MGMT activity.

MGMT Activity in Normal Brain. The MGMT activities of 25
specimens of histologically tumor-free brain overlying tumor ranged
from <0.5-21.8 fmol/106 cells. Large variation in activity was also

found for the samples of normal brain included in earlier studies,
although no Mer samples were observed (7-9, 11). Notably, 52% of
our normal brain samples were Mer~. The MGMT activity of our

samples was 2.5 Â±1.0 fmol/106 cells. Activity was similar in males
(2.7 Â±0.9 fmol/106 cells) and females (2.3 Â±1.9 fmol/106 cells) and

was higher for patients <20 old than for those who were older than 20
years (6.3 Â±2.8 versus 1.1 Â±0.5 fmol/106 cells, P = 0.01). The
proportion of Mer~ specimens differed slightly between males (43%)

and females (64%) but was significantly lower in patients <20 old
than for those who were older than 20 years (15 versus 67%, P =

0.03)
Comparison of MGMT Activity in Tumor and Paired Normal

Brain. For the 25 paired tissue specimens, tumor MGMT activity was
markedly higher than that of normal brain (7.1 Â±2.1 versus 2.5 Â±1.0
fmol/106 cells, P = 0.01, t test for paired data). This trend was

consistent across all diagnostic groups (Table 2), although the differ
ence in the activities of tumor versus normal was not always statisti
cally different. The effects of tumorigenesis on MGMT activity in
brain were further elucidated by categorizing the paired specimens
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Table 2 MGMT levels (fmol/K/* cells) in tumor and normal human brain

AllspecimensBy

diagnosisAstrocytoma(N=

14)AnaplasticAstrocytoma(N=

10)Glioblastoma(N=

13)Medulloblastoma(N=

10)Oligodendroglioma(AT

=5)Ependymoma</V

=4)Other(A1

= 4)All

patients
<W=60)Tumor8.9

Â±2.1(0-104.2)7.1

Â±3.1(0-48.3)8.0

Â±3.2(0-27.5)2.6

Â±1.5(0-18.6)19.8

Â±10.3(0.9-104.2)4.2

Â±2.7(0-14.8)10.3

Â±8.9(0-37.0)13.5

Â±2.9(7.1-20.1)Patients

with
normal tissue (N =25)Tumor7.1

Â±2.0(0-37.0)2.0

Â±0.2(1.6-2.3)9.4

Â±3.8(0-27.5)2.9

Â±2.3(0-18.6)6.1

Â±4.5(0-6.2)18.5

Â±18.5(0-37.0)16.5Normal2.5

Â±1.01.8Â±

1.8(0-5.3)1.2

Â±1.0(0-7.9)2.1

Â±2.1(0-8.6)2.3

Â±1.911.7

Â±10.2(1.5-21.8)1.0

The mean and SE of MGMT levels for all tumor and normal specimens and for tumor
and normal specimens categorized by diagnostic group were calculated from the values in
Table 1. Values in parentheses are the range of MGMT activities for each group. Other
diagnoses include one specimen each of astroblastoma. ganglioglioma. germinoma. and
meningioma.

into three groups. As shown in Table 1, for 15 pairs (60%), tumor
activity was 1.7 to >38-fold greater than that of normal brain. For 7

paired specimens, the magnitude of elevation was indeterminate since
the normal brain had no detectable activity. For 4 pairs (16%), tumor
activity was 2.5 to > 17-fold lower than that of normal brain, with 3
of the 4 tumors Mer~. For 6 pairs (24%), both tumor and normal brain

were Mer. Elevation of activity was observed in samples from all
glial tumor groups. For medulloblastoma, this comparison was not
possible since normal brain was not resected with the tumors. The
differences in the magnitudes and the distributions of MGMT activ
ities for tumor versus normal brain were significant (P = 0.02, sign

test for paired data). These findings are consistent with a previous
study in which unmatched samples were used to infer that MGMT
activity of human meningiomas and neurinomas is, on average, higher
than that of normal brain (7). Apparently, elevation of MGMT is
frequent in brain tumors, occurring in approximately two thirds of our
samples but is not a universal phenomena. This dichotomy may have
both etiological and therapeutic significance.

DISCUSSION

Results of previous studies are ambiguous concerning the effects of
tumorigenesis on MGMT levels in brain. Early work indicates that,
with the exception of meningioma and neurinoma, MGMT activity in
brain tumors is comparable to that of normal brain (7, 8). In contrast,
findings from a recent study suggested that the mean MGMT content
of astrocytic gliomas is depressed relative to that of normal brain (11).
The significance of these findings is obscured, however, by the large
variation of MGMT content in neoplastic and normal brain, the small
number of specimens analyzed, and the inability to compare MGMT
activity of malignant and normal tissue from the same patient.

We addressed these limitations by assaying MGMT activity in a
large number of brain tumors (predominantly astrocytic gliomas and
medulloblastomas) and, whenever possible, in normal brain from the
same patient. Our data demonstrated large interindividual variation in
neoplastic and normal brain MGMT content, confirming the findings
of earlier, more limited studies (7-11). The magnitude and distribution

of measurable MGMT activity in our work was similar between
diagnostic groups and between the sexes. Importantly, comparison of
MGMT content of malignant and normal tissue from the same patient
showed that tumorigenesis was frequently (76% of paired specimens)

accompanied by altered MGMT activity. Marked elevation of MGMT
activity in the tumor accounted for 79% of the alterations.

Studies with cultured cells and regenerating rat liver have shown
that proliferating cells have enhanced levels of DNA repair activities
(22-24), including MGMT (25). However, we found no correlation

between the fraction of tumor cells in S phase and MGMT activity.
This finding demonstrates that the interindividual variation of tumor
MGMT activity is not due to differences in the fraction of proliferating
cells. In addition, it suggests that elevation of MGMT levels accom
panying tumorigenesis is not the result of tumors containing far
greater numbers of proliferating cells than normal brain.

The regulation of MGMT gene expression is incompletely under
stood, making speculation about mechanisms that contribute to the
differences in MGMT content between neoplastic and normal brain
difficult. Studies comparing Mer+ and Mer cell lines suggest that

MGMT gene expression is transcriptionally controlled Ã•26-28). Re
cent evidence indicates that methylation of genomic 5'-regulatory

sequences can determine the steady state level of MGMT mRNA(29).
In addition, tumor MGMT content may be altered by rearrangement or
loss of sequences on chromosome 10, including those for MGMT
(30). Notably, loss of chromosome 10 is a frequent finding in glio-

blastoma (31) and may account for the lower mean MGMT activity
and the higher proportion of Mer~ specimens observed in this group.

Further study is required to ascertain which if any of these putative
mechanisms determine MGMT levels in human brain tumors.

In vitro studies have implicated MGMT as a primary determinant of
tumor resistance to chemotherapeutic alkylating agents (reviewed in
Refs. 1 and 2) including the CENUs frequently used in the treatment
of malignant gliomas (32) and medulloblastoma (18). Our finding that
27% of tumors were Mer~ suggests that an appreciable fraction of

human brain neoplasms could have heightened sensitivity to CENUs
as a consequence of lacking MGMT. The actual level of MGMT in our
Mer~ samples is indeterminate and could approach 300 molecules per

cell (0.5 fmol/106 cells). It is difficult to assess what level of resistance

this small number of molecules might confer. However, even if all
Mer~ tumors possess MGMT levels just under our limit of detection,

they would have approximately 24-fold less activity than the mean of
the Mer+ tumors (11.7 Â±2.7 fmol/106 cells). Conversely, the marked

elevation of MGMT content frequently associated with tumorigenesis
in brain suggests that many human brain tumors could have enhanced
protection against the cytotoxic effects of CENUs. A number of find
ings indicate, however, that MGMT content may not reflect brain
tumor sensitivity to CENUs. For example, two human glioma cell
lines which differ in MGMT activity by 38-fold are equally resistant
to 2-chloroethyl(methylsulfonyl) methanesulfonate (33). More re

cently, we demonstrated that MGMT is not the primary determinant of
sensitivity to BCNU in four medulloblastoma-derived cell lines (13).

We also showed in a separate study that the BCNU sensitivity of 7
human glioma derived cell lines does not correlate with their MGMT
content and that ablation of MGMT activity in these lines with the
inhibitor i/'-benzylguanine (15) does not decrease their resistance to
BCNU.4 These results suggest that CENU resistance in many brain

tumors depends on factors other than MGMT. Determination of the
significance of MGMT activity for CENU therapy will ultimately rest
upon correlation of MGMT level with clinical outcome.

Approximately one half of our patients with brain tumors lack
detectable MGMT activity in their histologically normal brain. A
number of control experiments demonstrated that the lack of detect
able MGMT in these samples was not due to degradation during
transport of tissue, or to artifacts in extraction of cells or assay of
activity ("Materials and Methods"). In preliminary experiments,

4 M. S. Bobola, M. S. Berger, and J. R. Silber, unpublished results.
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MGMT was assayed in brain obtained from 6 patients without tumors
who were operated for epilepsy. Only one of these specimens had
nondectable MGMT activity. To our knowledge the existence of Mer~

normal brain is previously undocumented. The higher frequency of
Mer, histologically tumor-free brain found in our tumor population

suggests a possible role for MGMT in the genesis of brain tumors. It
has been postulated that the majority of human cancers arise from
spontaneous mutagenesis (34). MGMT has been demonstrated to pro
tect against spontaneous (35) and chemical mutagenesis (36-39) and
to prevent nitrosourea-induced tumors in mice (40). Conceivably, the

absence of a DNA repair activity which protects against mutagenesis
contributes to neoplastic transformation in human brain.
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