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ABSTRACT

The resistance of human tumor strains in culture to cell killing by
alkylating nitrosoureas is correlated with their levels of the DNA repair
activity O6-methylguanine-DNA methyltransferase. Strains with the
Mer- phenotype have no activity and are extremely sensitive. However,
the relationship between the sensitivity of human tumors in vivo and
transferase levels is not known, and even the existence of Mer- human

tumors in vivo has been questioned. In this study 73 human tumor and
normal tissue samples from brain, lung, and ovary were assayed for
transferase levels and methylpurine glycosylase activity. For each organ,
transferase levels varied over 100-fold, and Merâ€”tumors were detected
in each group. There was no correlation between transferase and glyco
sylase levels, indicating that the absence of transferase in some tumor
samples was not an artifact due to necrosis or inactivation of enzymes in
the extract.

INTRODUCTION

Alkylating nitrosoureas are important in the chemotherapy
of cancer. A critical determinant of their effectiveness is the
ability of tumor cells to repair DNA damage by MGMT3 (1,
2). This repair protein transfers alkyl groups from the O6

position of guanine to an internal cysteine residue, thereby
inactivating itself in a stoichiometric reaction. A correlation
has been found between MGMT levels in human tumor cells in
culture and resistance to cell killing by alkylating agents (1, 3).
Human tumor strains with the Mer- phenotype lack MGMT

gene expression and are hypersensitive to cell killing by alkyl
ating agents (1,4). Human tumors produced in nude mice from
cultured cells by xenograft were cured more easily by nitroso-
urea chemotherapy when the tumors were Merâ€”than when
they were Mer-t- (5-7).

The existence of Mer- human tumors in vivo remains uncer
tain (2). Wiestler et al. (8) surveyed human brain tumors and
found some level of MGMT activity in each sample, but Frosina
et al. (9) found 2 Merâ€”brain tumors among 27 samples

analyzed. It is important to note the wide interindividual vari
ation, which parallels the variation in human tumor strains (1).
MGMT levels were lower among lung cancer patients than
among melanoma or normal controls, suggesting that low
MGMT levels may predispose to oncogenic transformation and
that some lung tumors may also be low in MGMT (10). No
studies have examined ovarian tumors for MGMT levels despite
the prevalence and morbidity of ovarian cancer.

We have measured MGMT activity in 63 primary human
tumor samples from the brain, lung, and ovary, and found a
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wide range of DNA repair levels, including several Mer-

tumors.

MATERIALS AND METHODS

Tumor Collection and Preparation. A total of 73 human tissue samples
remaining after surgery and pathological examination were obtained
from Long Island Jewish Medical Center, New Hyde Park, NY. The
29 brain, 22 lung, and 22 ovarian specimens were taken directly from
the operating room within 15 min of surgery; placed in Dulbecco's
modified Eagles' medium with 10% dimethyl sulfoxide; stored at
-70Â°C;and transported for less than 30 min on dry ice. An extract was

prepared from every tumor collected, and all samples properly collected
from November 1989 to November 1990 were analyzed.

A 1-cnv' piece was cut from each mass, washed with phosphate-
buffered saline, minced, and placed in 3 ml of phosphate-buffered saline
with 10 mivi EDTA. After brief low speed centrifugation, the tumor
was resuspended in 1 ml of 70 mM 4-(2-hydroxyethyl)-l-piperazine-

ethanesulfonic acid (pH 7.1), 1 mM dithiothreitol, 1 mM EDTA, and
5% glycerol. Following 10 s sonication (Heat Systems Ultra-sonifier,
Farmingdale, NY) and debris removal by centrifugation, the extract
was dialyzed overnight against 50 mM Tris (pH 7.2)-100 mM NaCl-0.1
mM phenylmethylsulfonyl fluoride-5% glycerol-10 mM /3-mercaptoeth-
anol-1 mM EDTA and stored at -70Â°C. Each sample was assayed after

dialysis without freezing and again after freezing and thawing.
Protein and DNA Concentration. The protein concentration in each

extract was determined by the Bradford reaction (Bio-Rad, Rockville
Centre, NY) using chicken ovalbumin as the standard. The DNA
concentration in each extract was measured by fluorescence (Hoefer
TK-100 fluorometer) using Hoechst dye 33258 at 0.1 fig/ml and calf
thymus DNA as the standard.

MGMT Activity Assay. The substrate was calf thymus DNA al-
kylated with Â¿V-[3H]methyl-A'-nitrosourea(4.4-17.7 Ci/mmol; Amer-

sham Corp., Arlington Heights, IL; Moravek Biochemicals, Brea, CA)
in 0.1 M ammediol with 10 mM EDTA, pH 10.1. The MGMT assay
was previously described (11). Briefly, 250, 500, 1000, and 2000 Mgof
extract were incubated with 0.75 pmol O6-[3Hlmethylguanine (~25,000
cpm) in DNA for 60 min at 37Â°C.Each set of assays included bovine

serum albumin as a negative control and contained at least one sample
with MGMT activity. Proteins were precipitated and DNA was depu-
rinated by heating in 5% trichloroacetic acid at 80Â°Cfor 30 min. The

proteins were collected on Whatman GF/C filters and radioactivity was
measured by scintillation counting. The MGMT activity was calculated
from the counting efficiency and specific activity of the substrate, and
a minimum of four measurements were averaged for each extract.

MPG Activity Assay. The same substrate from the MGMT assay
was used for the MPG assay. The assay was described elsewhere (12).
Briefly, 250 and 500 Mgof each extract were incubated with 2500 cpm
of [3H]DNA at 37Â°Cfor 15 min. Each set of assays included bovine

serum albumin as a negative control and an extract of Escherichia coli
as a positive control. Released methylpurines were collected in the
supernatant by ethanol precipitation and the radioactivity was meas
ured. In initial experiments methylpurines were identified in the super
natant by high-performance liquid chromatography using a Whatman
SCX column and isocratic elution with 10 mM ammonium formate
(pH 4)-10% acetonitrile at 2 ml/min. MPG activity was calculated
from the counting efficiency and specific activity; duplicate measures
were averaged and expressed as pmol methylpurine released/mg pro-
tein/h.
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Table 1 A/G'A/7"activity in human tissue samples

MGMT activity in extracts of human normal and tumor samples expressed as
average pmol MGMT/ng DNA for all assays. Diagnoses drawn from the patients'

pathology reports. SEM calculated from all assays of each organ type.

BrainTumorGlioblastoma

multiformeAstrocytomaMeningiomaGangliogliomaPituitary

adenomaOligodcndrogliomaAdenocarcinomaLymphomaNormalLungTumorAdcnocarcinomaSquamous

carcinomaLymph
node-adenocarcinomaAdenosquamous
carcinomaBronchial

alveolarcarcinomaMesotheliomaLarge

celllymphomaNormalOvaryTumorPapillary

serouscarcinomaUndifferentiated
carcinomaMixed

mesodermalcarcinomaM
IN limnscystadenocarcinomaClear

cellcarcinomaFibroma/thccomaEndometrioid

adenocarcinomaBenignNo.

of
samples2927983221112221564111117222165431111pmol

MGMT/ng
DNA Â±SEM0.00720.00310.00420.00200.00210.00150.00060.00480.00300.00650.06530.00400.00310.00230.00500.00000.00050.00820.00190.00200.00590.01830.01910.02450.02820.00790.02020.00380.00780.00970.0015Â±

0.0039Â±0.0011Â±

0.0047

Total 73 0.0097 Â±0.0022

Spearman Test of Rank Correlation. The relation between MGMT
activity per unit protein and per unit DNA and the relation between
MGMT activity and MPG activity in the extracts was analyzed by the
Spearman test of rank correlation, using Z0.oi= 2.33 for the rejection
rule (13).

RESULTS

Human brain, lung, and ovary tumor samples large enough
after pathological examination for extract preparation were
collected as soon as possible after surgery and carefully stored
and handled. Occasionally normal tissue became available dur
ing the course of surgery. Extracts from all such samples over
a 12-month period were analyzed for MGMT activity fresh and
then later after freezing, and the results are shown in Table 1,
grouped by diagnosis. The MGMT level for each sample is
shown in Fig. 1. Fig. 1 and Table 1 represent 344 individual
measurements averaging 5 assays/tissue sample (range, 2-12),
with a median standard error for the MGMT level in each
sample of 24% for pmol MGMT/mg protein and 29% for pmol
MGMT/jtig DNA. MGMT activity varied over 100-fold among
individual samples, as reported for cultured strains and primary
samples (1).

Brain and lung tumor samples on the average had comparable
MGMT levels, both less than the ovary. Normal brain and lung
tissue have comparable levels, which are among the lowest in
the body (14). We identified 6 primary brain tumor samples,
two lung tumor samples, and two normal lung samples without
MGMT activity (Merâ€”), after assaying up to 2 mg of cell
protein in a single assay. Four of the Merâ€”brain tumors were

glioblastoma multiforme. Several other brain tumor samples

showed levels less than the standard error of the assay. Among
the four Mer- lung samples, one normal and one tumor sample

came from the same patient with adenocarcinoma, consistent
with the observation that MGMT levels were lower in normal
tissue of lung cancer patients than in melanoma patients or
healthy controls (10). The single Mer- ovarian cancer was a

mucinous cystadenocarcinoma, although other ovarian samples
also had very low MGMT activity.

Comparisons of MGMT activity in extracts of different cell
types are complicated by the varying DNA and protein content
of cells of different tissues (2). This was examined by calculating
for each sample the MGMT activity per unit DNA and per unit
protein. For all samples taken together the two measures were
highly correlated as determined by the Spearman test of rank
correlation (z = 6.67), suggesting that either expression of
MGMT activity was representative. The relationship between
these two values for each tumor type is plotted in Fig. 2. The
slope of the line relating these two measures varied by less than
2-fold among the three tumor types, while the slope for normal
lung tissue was considerably greater.

Measurements of low activity in tissue samples are com
pounded by the artifacts of inactivity due to necrosis or general
enzyme inactivation during sample handling. We have ap
proached this problem by measuring a second DNA repair
enzyme activity, MPG release of methylpurines, which has
thermal lability comparable to MGMT (15). The plot of MPG
activity against MGMT activity in 21 tumor samples (chosen
to represent the range of MGMT levels) is shown in Fig. 3. No
statistically significant correlation was found between these two
activities by the Spearman test of rank correlation (z = 1.69).
If either necrosis or inactivation was responsible for the absence
of MGMT activity in Mer- tumor samples, then we would

have expected the MPG activities to be low also and the two
activities would show significant rank correlation. This was not
observed.

DISCUSSION

In vitro and preclinical studies indicate that MGMT activity
can affect the inherent chemosensitivity of tumors. However,
these models may not correlate with in vivo responses to anti-
neoplastic drugs. To define the role of MGMT in cancer treat
ment we thought it first necessary to establish the level of this
DNA repair protein in human tumors.

Our results demonstrate that MGMT can be measured in
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Fig. 1. MGMT activity in human tissue samples. Each symbol represents the
average of four measurements for each sample. Open symbols, tumor samples;
closed symbols, normal or benign tissue samples.
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Fig. 2. Relationship between MGMT activity measured per ng DNA and per
mg protein. Symbols as in Fig. 1. The lines were drawn by linear regression
analysis and the slopes are: top (brain). 0.683: middle (lung tumor), 0.474 (lung
normal), 1.910: bottom (ovary), 0.847.

extracts of human tumors and normal tissue provided that
samples are carefully collected at the time of surgery. The
biochemical assay used in this study has been utilized previously
to measure MGMT activity in both human tumor cells and
their derived cell strains. Interestingly, there was a correlation
between MGMT levels expressed as either activity per cellular
DNA or cellular protein, with no evidence to prefer one expres
sion over the other as has been suggested by others (2). The
high glycoprotein content of some ovarian malignancies did not
affect this finding.

This study extends previous investigations on a limited selec
tion of brain tumors to measure MGMT activity in a diverse
group of human malignancies (8, 9). The data demonstrate a
100-fold range of MGMT activity for each organ. This range
of activity is comparable with previously published data on
human tumor strains (1). Moreover, a complete absence of
MGMT activity was found in all tumor types; specifically, 22%
of primary brain tumors had no detectable MGMT which also
approximates findings from in vitro models (1).

These results contrast with a previous study of 23 tumors
from human brain where all specimens displayed MGMT ac
tivity (8), but tumors of glial origin were underrepresented and
no glioblastomas were included. Glial tumors are the most
common histolÃ³gica! type of malignant brain tumors. In our
study 66% of the brain tumors were of glial origin, as opposed

to 23% reported by Wiestler et al. Further, glioblastoma mul
tiforme, the most common glial tumor in adults, represented
33% of our brain specimens but none in the study of Wiestler
et al. Recently, a survey of 27 brain tumors detected two lacking
MGMT activity and great heterogeneity in MGMT levels (9).
Our studies agree that glioblastomas appear to have more
activity on the average than astrocytomas. However, we did not
find the clear differences in MGMT levels among brain tumor
types that Frosina et al. reported.

Cisplatin is widely used in the treatment of ovarian and lung
cancer. We investigated MGMT levels in these tumors in part
because of reports that MGMT in cell lines is inactivated by
cisplatin (16) and that the extent of cisplatin and nitrosourea
cross-linking in cell lines is weakly correlated (17). MGMT
levels were low and even absent in some tumors from both
lung and ovary. This may provide an opportunity to define the
role for MGMT measurement in predicting response to
chemotherapy.

MGMT deficiency has been suggested as a risk factor in the
development of lung cancer, particularly in young patients (10).
Four samples in this study lacked MGMT activity. In one case
of a 72-year-old woman with lung cancer both the patient's

normal tissue and her tumor tissue lacked MGMT activity. The
normal tissue of a 77-year-old woman lacked activity in a second
case, but the tumor was too small for analysis. No normal lung
tissue was obtained in a third case of nodal metastasis in a 53-
year-old female. Additional samples of both normal and tumor
tissue must be collected to establish the significance of this
correlation.

The methodology used in surveying human tumors is impor
tant in obtaining data representative of the patient population.
All tumors, regardless of size, must be included to avoid selec
tion bias, and great care must be taken in their rapid collection
and preservation. The collected tumors should be drawn from
the major histological types. Finally, a second enzyme should
be assayed in each extract to guarantee the integrity of the
biochemical measurements of MGMT activity.

Analysis of MGMT in human tumor specimens may open
the way to test new treatment options. In vitro studies indicate
that MGMT protects tumor cells from nitrosoureas and per
haps cisplatin. and cytotoxicity may be enhanced by the detec
tion of tumors deficient in this protein. To take advantage of
the heterogeneity of tumor MGMT levels, therapeutic consid
eration can be given to the use of modulating agents, O6-
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Fig. 3. Relation between MGMT activity and MPG activity in human tumor
samples. MGMT activity expressed as pmol O'-methylguanine (O6-;V/cG"ua)/mg

protein and MPG activity expressed as pmol methylpurines released/mg protein/
h. Each symbol represents a tumor sample (8 brain, 6 lung, and 7 ovary samples)
in which both MGMT and MPG were measured.
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benzylguanine and streptozotocin, for lowering MGMT and
enhancing susceptibility to cytotoxic therapy (2).

The molecular cause of the Merâ€”phenotype is not known.
Mer- human cancer-derived cell lines contain intact MGMT
genes (18) but lack MGMT mRNA (4, 18). Studies of this
mRNA in our human tumor specimens are under way in our
laboratory.
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