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Abstract

Background: Risk factors for adult glioma in the San
Francisco Bay Area include well-known demographic fea-
tures such as age and race/ethnicity, and our previous studies
indicated that these characteristics are associated with the
TP53 mutation status of patients’ tumors. We enlarged our
study to assess the relationships of risk factors with TP53 as
well as epidermal growth factor receptor (EGFR) and murine
double minute-2 (MDM2) gene amplification and expression
and the germ line Leu84Phe polymorphism in the DNA
repair protein O6-methylguanine-DNA-methyltransferase
(MGMT). MGMT expression may depend on the TP53
status of cells.
Methods: Molecular analyses were carried out on 556
incident astrocytic tumors. MGMT genotype data were
collected on germ line DNA from 260 of these cases.
Results: The tumor data confirm the inverse relation-
ships between TP53 mutation and MDM2 (P = 0.04) or
EGFR (P = 0.004) amplification and that patients whose
tumors contain TP53 mutations are younger than those
without (P < 0.001). Although there was little difference in
age of patient by EGFR amplification or expression among
glioblastoma multiforme cases, EGFR gene amplification
was associated with much older age of onset of anaplastic
astrocytoma; for example, EGFR-amplified anaplastic astro-

cytoma cases were on average 63 years old compared with 48
years for nonamplified cases (P = 0.005). An increased
prevalence of TP53 mutation positive glioblastoma multi-
forme was noted among nonwhites (African American
and Asian) compared with whites (Latino and non-Latino;
P = 0.004). Carriers of the MGMT variant 84Phe allele
were significantly less likely to have tumors with TP53
overexpression (odds ratio, 0.30; 95% confidence interval,
0.13-0.71) and somewhat less likely to have tumors with any
TP53 mutation (odds ratio, 0.47; 95% confidence interval,
0.13-1.69) after adjusting for age, gender, and ethnicity.
Interestingly, EGFR gene amplification and EGFR protein
overexpression were also inversely associated with the
MGMT 84Phe allele.
Conclusions: Our results are consistent with ethnic varia-
tion in glioma pathogenesis. The data on MGMT show
that an inherited factor involving the repair of methylation
and other alkylation damage, specifically to the O6

position of guanine, may be associated with the develop-
ment of tumors that proceed in their development without
TP53 mutations or accumulation of TP53 protein and
possibly also those that do not involve amplification
of the EGFR locus. (Cancer Epidemiol Biomarkers Prev
2005;14(7):1774–83)

Introduction

Malignant gliomas in adults are highly heterogeneous tumors
of which etiology is unknown for the vast majority of cases.
Molecular characterization of gliomas may help to identify
causal factors by establishing more homogeneous categories of
disease. In a previous study of 164 adults with glioma, we
reported that several hallmark risk factors for primary brain
tumors were associated with the TP53 status of patients’
tumors. TP53 mutations in tumors were more common among
nonwhites versus whites and women (1). Also, patients with
such tumor mutations were on average 6 years younger at
glioma diagnosis than those whose tumors did not have TP53
mutations (1). This finding is consistent with other observa-
tions and a well-established model of gliomagenesis that posits
both ‘‘primary’’ and ‘‘progressive’’ subtypes of glioblastoma

multiforme (2-7). Briefly, the progressive form of glioblastoma
multiformes developing from low-grade astrocytoma or
anaplastic astrocytoma generally occurs at earlier ages and
has a higher prevalence of TP53 mutations than de novo
glioblastoma multiformes.

The predominate type of TP53 mutation in gliomas is base
pair transition (e.g., G>A and C>T; ref. 8). The causes of the
transition mutations in brain tumors are unknown but it has
been noted that DNA alkylation at the O6 position of guanine
commonly produces these alterations (9, 10) and that alkylating
agents are known neurocarcinogens (11). Furthermore, somatic
inactivation of the DNA repair protein O6-methylguanine-
DNA-methyltransferase (MGMT), which specifically repairs
alkylation damage at O6-guanine, is associated with TP53 G>A
transitions in human cancers (12, 13). Several germ line
polymorphisms have been identified in MGMT (14-17) includ-
ing Leu84Phe, which has been shown to affect repair activity.
Other common heritable MGMT alterations occur at codon 53
in exon 3 and codons 143, 178, and 197 in exon 5. Limited
studies of phenotypes associated with these single-nucleotide
polymorphisms have not revealed marked alterations in the
repair function of MGMT variants expressed in vitro (18, 19).
However, the codon 143 variant was associated with a 2-fold
increased risk for lung cancer in one case-control study (20).
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Among melanoma patients, increased expression of the MGMT
protein was associated with the MGMT 84Phe variant (19).
Interestingly, in a Japanese study, MGMT 84Phe carriers were
significantly overrepresented among primary de novo glioblas-
toma multiforme cases compared with controls (21).

Although great attention has been given to TP53 mutations in
glioma, by far the most common form of the disease (i.e.,
glioblastoma multiforme) arises in older individuals as a
primary malignancy and these tumors more often contain
epidermal growth factor receptor (EGFR) amplification than
TP53 mutations (22). Many of these TP53 wild-type tumors with
EGFR overexpression show abnormal TP53 protein accumula-
tion (23), which also indicates a disruption in the function of
TP53. The mechanisms giving rise to this aberrant TP53
accumulation in the absence of mutation are obscure (24, 25).
One possible mechanism is through the amplification of the
murine double minute-2 (MDM2) gene (3, 26, 27). Another
possibility involves PTEN loss through deletion or methylation
that would activate AKT, leading to increased expression of
MDM2 and concomitant decreased function of TP53 (28-30). In
the present study, we investigated interrelationships between
TP53 mutation and protein expression and the amplification
and expression of MDM2 and EGFR and their associations with
age and race/ethnicity. Because of the importance of MGMT in
repair and TP53 mutations, we also examined associations of
patients’ tumor markers with constitutive genotypes for MGMT
Leu84Phe (Leu/Leu, Leu/Phe, and Phe/Phe). We chose to
focus on this candidate single-nucleotide polymorphism both
because it is the only polymorphism in MGMT previously
associated with glioma risk (21) and information from a study of
expression (19) allowed us to formulate the hypothesis that if
84Phe increases MGMT expression, then 84Phe carriers may be
less likely to have tumors with TP53 mutation.

Materials and Methods

Subjects. Details of case-control ascertainment for these two
series of subjects have been presented in detail elsewhere
(31-33). We ascertained all adults newly diagnosed with glioma
(International Classification of Diseases for Oncology, mor-
phology codes 9380-9481) in six San Francisco Bay Area
counties (Alameda, Contra Costa, Marin, San Mateo, San
Francisco, and Santa Clara) from August 1991 to April 1994
(series 1) and from May 1997 to August 1999 (series 2). Cases
were ascertained within a median of 7 weeks of diagnosis using
the Northern California Cancer Center rapid case ascertainment
system. Age-, gender-, ethnicity-, and frequency-matched con-
trols were obtained through random digit dialing (described in
detail elsewhere; refs. 31, 34). We began collecting blood
specimens from willing subjects partway through the first
series and asked all participants in series 2 to donate either a
blood and/or buccal specimen. Table 1 shows the number of
subjects for the current study. All subjects signed study consent
forms and the study was approved by the Committee on
Human Research of University of California San Francisco.

Neuropathology Review. Pathology specimens were obtained
from diagnosing hospitals and all tumors were reviewed by the
study neuropathologist; Richard Davis reviewed cases diag-
nosed between 1991 and 1994 and Kenneth Aldape reviewed
cases diagnosed between 1997 and 1999. Tumors were classified
according to the WHO criteria described by Kleihues et al. (35,
36). Glioblastoma multiforme corresponds to WHO grade 4,
anaplastic astrocytoma to WHO grade 3, and astrocytoma to
WHO grade 2. The corresponding International Classification of
Diseases for Oncology (2nd edition) codes are 9440 and 9401 for
glioblastoma multiforme and anaplastic astrocytoma. For
astrocytoma, there is not an exact correspondence between the
WHO criteria grade 2 and the International Classification of
Diseases for Oncology (2nd edition) code 9400.

Paraffin-Embedded Tissue–Derived DNA Extraction. For
DNA extraction, Dr. Aldape (the neuropathologist of the
study) mounted one section of each tumor block for routine
H&E staining to find areas with maximal appearance of tumor
tissue. We gross dissected tumor section with disposable
scalpels to ensure all sections used for DNA extractions
contained more than 80% tumor tissue. Adjacent four 50-Am
microtome sections of paraffin blocks were made, and placed
in a 1.5 mL Eppendorf tube. These were deparaffinized after
heating in a 65jC water bath for 10 minutes by serial washes
with xylene and absolute alcohol. After the final alcohol wash,
the tube was centrifuged at 10,000 � g for 5 minutes and the
pellet speed dried. The pellet was resuspended in 50 AL of
buffer consisting of 500 mmol/L KCl, 100 mmol/L Tris-HCl,
1.0% Triton X-100 with 4.5% NP40, 4.5% Tween 20, and 5 AL of
10 mg/mL proteinase K. Samples were incubated for 1 hour at
55jC, then for 10 minutes at 95jC to inactivate the proteinase.
The insoluble material was pelleted by centrifugation, super-
natant DNA content was determined by fluorometer, and PCR
was done on aliquots of 20 to 50 ng of DNA. Disposable
microtome blades were changed between each block to
eliminate DNA cross-contamination.

TP53, EGFR, and MDM2 Immunohistochemical Staining.
Staining was done as previously described (37). Five-micron
sections were deparaffinized in histologic grade xylene for 10
minutes and rehydrated through sequential 95% to 70% ethanol
and placed in PBS. Microwave antigen retrieval was done by
placing the slides in 50 mmol/L citrate buffer (pH 6.0) and
microwaving for 12 minutes, and then given two to three
5-minute washes in PBS. Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide in PBS/0.05% Tween 20 or
3% hydrogen peroxide in methanol for 10 to 20 minutes.
Sections were then washed two to three times in PBS and
blocked for 20 minutes in the appropriate serum from the same
species as the secondary antibody diluted to 10% in PBS. The
anti-TP53 (DO-7, Dako, Carpinteria, CA) mouse monoclonal
antibody, 1:150 diluted in PBS/10% serum, was applied to the
sections in a humid chamber for 2 hours at room temperature or
overnight at 4jC. After washing two to three times in PBS, the
secondary antibody was applied per directions in a kit from
Vector Labs (Burlingame, CA). Briefly, biotinylated anti-mouse
was diluted in 10% normal horse serum/PBS (1:200) and
sections incubated at room temperature for 30 minutes.
Detection of the antibody was done with 3,3V-diaminobenzidine
for 1 to 5 minutes. For EGFR and MDM2, primary antibodies
used were anti-EGFR (Ab-1, clone 528) and anti-MDM2 (Ab-1),
both from Oncogene Research Products (San Diego, CA).
Sections were then counterstained with light hematoxylin and
mounted. Scoring for TP53 or MDM2 was for nuclear staining
on a four-point scale from 0 to 3. A score of 0 indicated no
staining, 1 indicated less than 5% of nuclei with positive
staining, 2 indicated 5% to 30% positive nuclei staining, and
3 indicated greater than 30% positive nuclei staining. Scoring for
EGFR was for membrane/cytoplasmic staining on a three-point
scale, where 0, no staining; 1, weak/focal staining; and
2, strong/diffuse staining.

TP53 Mutation Analyses. PCR-single strand conformation
polymorphism assay and DNA sequencing were used to
determine the frequency of TP53 mutations. Briefly, oligonu-
cleotide primers for PCR amplification of fragments of exons 5
to 8 were synthesized by Operon Technology, Inc. (Alameda,
CA). Sequences for primers used were 5V-gttcacttgtgccctga-3V
and 5V-agccctgtcgtctct-3V for exon 5, 5V-ctctgattcctcactg-3V and
5V-ccagagaccccagttgcaaacc-3V for exon 6, 5V-tgcttgccacaggtct-3V
and 5V-acagcaggccagtgt-3V for exon 7, and 5V-aggacctgatttccttac-
3V and 5V-tctgaggcataactgc-3V for exon 8. PCR products were
generated in a 30 AL reaction mixture including 50 ng
DNA, 20 Amol/L deoxynucleotide triphosphate, 10 mmol/L
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Tris-HCl (pH 9.0), 1.5 mmol/L MgCl2, 0.1% Triton X-100, 10
pmol of each primer, 1 unit Taq (Perkin-Elmer Cetus, Norwalk,
CT), and 0.2 ACi [33P]dCTP (DuPont New England Nuclear,
Boston, MA). DNA with known TP53 mutation was included
as positive control. The PCR reaction was carried out using 35
cycles (94jC for 30 seconds, annealed for 30 seconds at various
temperature as indicated in Table 1, and 72jC for 1 minute) on
a Perkin-Elmer 9600 thermal cycler. Three microliters of PCR
product were mixed with 2 AL of 0.1 N NaOH and then mixed
with 5 AL of gel loading buffer solution from United States
Biochemical Corp. (Cleveland, OH) and heated at 94jC for 4
minutes. Samples were kept on ice and loaded immediately
onto 6% nondenatured polyacrylamide gel supplemented with
10% glycerol. Gels were run at room temperature for 20 hours
and exposed for 16 hours for autoradiographic detection of
bands. Direct sequencing of PCR fragments for both DNA
strands was done on all tumor DNAs with aberrant migration
patterns on single strand conformation polymorphism gel to
determine the corresponding DNA sequences using dsDNA
cycle sequencing system from Life Technologies (Gaithers-
burg, MD).

EGFR and MDM2 Gene Amplification. EGFR and MDM2
amplification was measured by a quantitative PCR method
(ABI 7900) using the generic DNA binding dye SYBR Green I,
which has been shown to be equivalent to TaqMan to assess
gene copy number (38). Quality control measures for the real-
time SYBER green assay included running triplicate determi-
nations for both the target (EGFR or MDM2) and control genes
(GAPDH). The patient DNA was extracted from paraffin-
embedded tumor tissue in parallel with normal DNA extracted
from paraffin-embedded normal tissue. Cell line DNAs served
as positive and negative controls for amplification that were
run with each experiment. We used the cell lines A431
(amplified for EGFR), HT29 (negative EGFR amplification),
Rh18 (MDM2 amplified), and Rh30 (negative MDM2 ampli-
fication). A431 and HT29 were obtained from the American
Type Tissue Culture Association. Rh18 and Rh30 were
generously provided by Dr. Peter Houghton of St. Jude
Children’s Research Hospital (Memphis, TN).

Real-time PCR. Primers for real-time PCR were designed by
using Primer Expression version 1.5 software (Applied Bio-
systems, Foster City, CA). The housekeeping gene GAPDH was
used as an internal control for differences in DNA concentra-

tion. For each sample, the gene of interest and GAPDH were
both amplified in triplicate, and results were analyzed by using
Sequence Detector version 1.7 and Dissociation curve version
1.0 software (Applied Biosystems). Relative quantification was
done with the standard curve method, and gene amplification
levels were normalized by dividing by GAPDH levels in each
sample. A cutoff of three copies was considered amplified.
Haploid copy numbers were compared by DDCT method (38)
for the mean cycle threshold (CT) of the reaction triplicates as
follows: 2�DDCT = [(1 + E)�DCTgene] / [(1 + E)�DCTreference gene],
where E is the efficiency of the PCR reaction (set at default value
0.95), DCTgene is the difference in threshold cycle value
between test sample and calibrator sample (BT71) for the gene
under investigation (test gene), and DCTreference gene is
difference in threshold cycle value between test sample and
calibrator sample (BT71) for reference gene (GAPDH). Primers
were EGFR forward: 5VCCGCATTAGCTCTTAGACCCA,
EGFR reverse: 5VGAATGCAACTTCCCAAAATGTGC,
MDM2 forward: 5VTCCCCGTGAAGGAAACTGG, MDM2
reverse: 5VTTTCGCGCTTGGAGTCG, GAPDH forward:
5VCTCCCCACACACATGCACTTA, GAPDH reverse:
5VCCTAGTCCCAGGGCTTTGATT.

MGMT Genotyping. MGMT-L84F genotype was deter-
mined using an allelic discrimination 5V-nuclease assay
(TaqMan) on the ABI PRISM 7000 Sequence Detection System
(Applied Biosystems) in 96-well format. TaqMan primers and
probes were designed using the Primer Oligo Design
Software v2.0 (Applied Biosystems). Primers employed
for the amplification of MGMT-L84F were MGMT-L84F
forward: CCCGAGGCTATCGAAGAGTTC and MGMT-L84F
reverse: CCGACCTTGCTGGAAAACG. Probes used for
detection of MGMT-L84F single-nucleotide polymorphism
were vic-ATGGTGAAGAGCCGG-NFQ and fam-ATGGT-
GAAAAGCCGG-NFQ.

Statistical Analyses. Fisher’s exact and m2 tests were used to
evaluate associations between the presence of tumor markers
and subject’s age, race, gender, and glioma histopathologic
subtype. Logistic analyses were used to estimate the odds ratio
(OR) for association of variables and markers in multivariate
analyses. Log-linear analyses were conducted to evaluate
whether joint proportions of markers differed from expected
assuming independence. Statistical analyses were conducted
using SAS software for personal computers.

Table 1. Description of people with astrocytic tumors from the San Francisco Bay Area Adult Glioma Study, 1991-2000

All astrocytic cases, n (%) Astrocytic cases with tumor results, n (%)

N = 667 N = 556

Gender
Male 371 (56) 322 (58)
Female 296 (44) 234 (42)

Histology
Glioblastoma multiforme 519 (78) 441 (79)
Anaplastic 105 (16) 86 (15)
Astrocytoma
Astrocytoma 43 (6) 29 (5)

Race
White 549 (82) 463 (83)
Latino 38 (6) 35 (6)
Nonwhite 80 (12) 58 (10)

Age
Median 59 59
Mean 58.8 59.2
SE 0.58 0.63

MGMT Leu84Phe genotype N = 305 N = 260
CC (wt/wt) 236 (77) 200 (77)
CT (wt/var) 63 (21) 55 (21)
TT (var/var) 6 (2) 5 (2)
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Results

Tissue Specimens. Tumor tissues sufficient for molecular
studies were available for 556 of 667 (83%) subjects with
astrocytic tumors and of these, 260 provided blood or buccal
specimens for studies of germ line DNA. As shown in Table
1, the distribution of our overall case population was almost
identical with respect to gender, histology, race/ethnicity,
age, and MGMT genotype as 83% of cases with sufficient
tumor material for marker evaluation. Although the popula-
tion was mostly of white race/ethnicity (82%), we did collect
extensive data on 35 white Latino and 58 nonwhite cases.
Genotype frequencies for MGMT Leu84Phe among 526
controls were 80% Leu/Leu, 18% Leu/Phe, and 2% Phe/
Phe, very similar to that observed for the astrocytic glioma
cases (Table 1).

Relationship of Tumor Markers to One Another and
Histology. Table 2 shows that the frequencies of presence or
absence of each of the markers varied significantly by
histologic grade and, as expected, TP53 mutations were about
2-fold more common among astrocytoma and anaplastic
astrocytoma tumors compared with glioblastoma multiforme.
Conversely, EGFR amplification and overexpression were
most common in glioblastoma multiformes. The most preva-
lent genetic alteration in glioblastoma multiforme was EGFR
amplification (36% of tumors) and the most common abnormal
protein expression was TP53 (83%). For both anaplastic
astrocytoma and astrocytoma, the most common genetic
alteration was TP53 mutation (36% for anaplastic astrocytoma
and 29% for astrocytoma) and the most common abnormal
protein accumulation was TP53 (73% for anaplastic astrocyto-
ma and 75% for astrocytoma).

Table 3 shows the pairwise relationships [estimated as ORs
and 95% confidence intervals (95% CI)] among the tumor
markers in glioblastoma multiforme patients. We limited these
analyses of associations of markers to glioblastoma multiforme
because of the relatively large numbers of subjects with this
diagnosis. Also, note that numbers of subjects for different
combinations differ because not all markers were available for
each subject due to limited tumor specimens or inadequate
quality of some specimens for all marker analyses. We
observed highly statistically significant associations between
TP53 mutation and TP53 protein overexpression with a trend
of increasing strength of association across expression levels.
ORs for mutation increased from the medium expression level
(5-30% of cells express TP53) to the high level (>30% of cells
express TP53). These trends were not significantly affected by
the few tumors (n = 3) that contained truncating mutations in
TP53 that were also immunohistochemically negative. Ampli-
fications of the MDM2 and EGFR loci were both inversely

associated with TP53 mutation. EGFR protein overexpression
was also inversely related to TP53 mutation and the most
intense immunohistochemical staining for TP53 protein but
not for any or moderate TP53 protein overexpression. The
amplification of MDM2 was marginally associated with
MDM2 protein accumulation; some MDM2 protein–positive
tumors did not show detectable MDM2 amplification, which
itself was relatively uncommon (9.0% overall). In contrast,
most of the tumors that overexpressed EGFR protein (n = 42)
also had EGFR amplification (n = 33); amplified tumors were
25 times more likely to overexpress protein detectable by
immunohistochemistry.

Given the relatively large numbers of glioblastoma multi-
forme subjects available with all tumor markers, patterns
of combinations of markers are also of interest (Fig. 1A and B).
Of the eight possible combinations of presence or absence of
tumor genetic alterations (TP53 mutation, EGFR and MDM2
amplification), only three combinations individually held 10%
or more of tumors (Fig. 1A); specifically, 46% of tumors had no
detectable TP53 mutation nor MDM2 or EGFR amplification,
31% of tumors had EGFR amplification only, and 12% of
tumors had TP53 mutation only. There was at least one tumor
for other possible combinations, except that no tumors had
alterations in all three genes. Of the eight possible combina-
tions of presence or absence of tumor accumulation of TP53,
EGFR, or MDM2 proteins, only three combinations individu-
ally held 10% or more of tumors (Fig. 1B); 31% of tumors
had accumulation of both TP53 and MDM2; 30% of tumors had
accumulation of TP53, EGFR, and MDM2; and 13% had
accumulation of TP53 only. From 3% to 9% of tumors had each
of the other five possible patterns of accumulation. Log-linear
models suggest significant two-way deviations from indepen-
dence: there were significantly fewer tumors containing both
EGFR amplification and TP53 mutations (P = 0.004) than
expected based on chance. We noted that in those uncommon
tumors that did contain both EGFR amplification and TP53
mutation (10 of 368, 2.7%), the spectrum of TP53 mutation was
not different from the more common tumors (43 of 368, 11.7%)
that carried only TP53 mutation and no EGFR amplification
(data not shown). We also found fewer tumors with both
MDM2 amplification and TP53 mutation (P = 0.09) than
expected. There were significantly more tumors than expected
overexpressing both MDM2 and TP53 proteins. Among 345
glioblastoma multiforme tumors in which all six tumor
markers were measured, only 2 of 64 possible combinations
of presence or absence of the marker contained 10% or more of
tumors. Specifically, 68 tumors (20%) had no TP53 mutation
nor MDM2 or EGFR amplification with accumulation of both
TP53 and MDM2, but not EGFR, proteins; 64 tumors (19%) had
only EGFR amplification accompanied by accumulation of

Table 2. Comparison of prevalence of tumor markers by histologic type, San Francisco Bay Area Adult Glioma Study,
1991-2000

Glioblastoma Anaplastic astrocytoma Astrocytoma P

positive/total n (%) positive/total n (%) positive/total n (%)

TP53 mutation* 62/409 (15) 27/76 (36) 7/24 (29) <0.001
TP53 immunohistochemistry

c
365/438 (83) 62/85 (73) 21/28 (75) 0.05

EGFR amplificationb 140/386 (36) 14/68 (21) 2/18 (11) 0.005
EGFR immunohistochemistryx 194/412 (47) 27/82 (33) 3/27 (11) <0.001
MDM2 amplificationk 38/386 (10) 1/68 (1) 3/20 (15) 0.05
MDM2 immunohistochemistry{ 292/415 (70) 34/81 (42) 5/27 (19) <0.001

*TP53 mutation versus no mutation.
cTP53 immunohistochemistry, any stain (1, 2, or 3) vs no stain (0).
bEGFR amplified (copy number >3.0) vs nonamplified (copy number V 3.0).
xEGFR immunohistochemistry, any stain (1, 2, 3) vs no stain (0).
kMDM2 amplified (copy number >3.0) vs nonamplified (copy number V 3.0).
{MDM2 immunohistochemistry, any stain (1, 2, 3) vs no stain (0).
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TP53, EGFR, and MDM2 proteins. There were other 34 possible
combinations of the six markers represented in at least one
tumor, with numbers (and percentages) of tumors in each of
the 34 combinations ranging from 1 (0.29%) to 27 (7.8%; data
not shown).

Tumor Markers and Age at Diagnosis. Table 4 shows
associations of age of patient with TP53 and other markers.
Patients whose tumors had TP53 mutation were on average
8 years younger at diagnosis among all astrocytic cases.
The lower grade anaplastic astrocytomas with TP53
mutations were 10 years younger on average compared with
cases that did not have mutations and the glioblastoma
multiforme cases with TP53 mutations were 4 years younger
on average. In contrast, the ages of TP53 immunohistochemi-

cally positive and negative cases were not markedly different
from one another for glioblastoma multiforme but were so for
anaplastic astrocytomas. Anaplastic astrocytoma patients with
TP53 immunohistochemically positive tumors were about
8 years younger than those with negative immunohistochem-
istry. Average ages of glioblastoma multiforme cases whose
tumors had EGFR amplification or overexpression were
not statistically significantly different from those without
these features. However, the mean age of anaplastic
astrocytoma cases with EGFR amplification or immunohis-
tochemically overexpressing tumors was 15 and 5 years older,
respectively, than patients whose tumors did not have EGFR
amplification or accumulation. Also noteworthy is that
the average age for patients with anaplastic astrocytoma
with EGFR amplification (63 years old) was very similar to

Table 3. Matrix of associations of molecular markers in tumors histologically classified as glioblastoma multiforme; the
San Francisco Bay Area Adult Glioma Study, 1991-2000

TP53
immunohisto-
chemistry, all*

TP53
immunohisto-
chemistry, med

c

TP53
immunohisto-
chemistry, high

b

MDM2
amplificationx

MDM2
immunohisto-
chemistryk

EGFR
amplification{

EGFR
immunohisto-
chemistry**

TP53 mutation
cc

4.7 (1.4-15.3) 7.2 (2.2-23.8) 15.9 (4.7-53.7) 0.16 (0.02-1.2) 0.91 (0.49-1.7) 0.37 (0.19-0.75) 0.49 (0.27-0.90)
0.01 <0.001 <0.001 0.04 0.75 0.004 0.02
N = 407 N = 288 N = 181 N = 372 N = 387 N = 375 N = 384
(66, 279, 3, 59) (66, 165, 3, 54) (66, 65, 3, 47) (284, 33, 54, 1) (94, 237, 17, 39) (193, 126, 45, 11) (167, 161, 38, 18)

TP53 immunohisto- bb bb 1.0 (0.41-2.6) 2.1 (1.2-3.5) 0.98 (0.56-1.7) 0.99 (0.59-1.7)
chemistry, all* bb bb 1.0 0.01 1.0 1.0

bb bb N = 384 N = 414 N = 384 N = 411
bb bb (56, 6, 290, 32) (30, 39, 93, 252) (40, 23, 205, 116) (37, 33, 181, 160)

TP53 immunohisto- bb 1.0 (0.40-2.7) 2.1 (1.2-3.7) 0.80 (0.44-1.4) 0.92 (0.54-1.6)
chemistry, medc bb 1.0 0.01 0.54 0.78

bb N = 272 N = 296 N = 272 N = 294
bb (56, 6, 189, 21) (30, 39, 60, 167) (40, 23, 143, 66) (37, 33, 123, 101)

TP53 immunohisto- 0.73 (0.24-2.2) 2.1 (1.1-3.9) 0.44 (0.22-0.88) 0.60 (0.33-1.1)
chemistry, highb 0.57 0.02 0.03 0.12

N = 172 N = 184 N = 172 N = 185
(56, 6, 102, 8) (30, 39, 31, 84) (40, 23, 87, 22) (37, 33, 75, 40)

MDM2 amplificationx 2.2 (0.91-5.6) 0.77 (0.37-1.6) 0.54 (0.26-1.1)
0.09 0.59 0.11
N = 365 N = 379 N = 362
(97, 230, 6, 32) (218, 125, 25, 11) (169, 157, 24, 12)

MDM2 immunohisto- 1.1 (0.70-1.8) 1.5 (0.97-2.3)
chemistryk 0.63 0.08

N = 365 N = 407
(66, 165, 35, 99) (71, 48, 143, 145)

EGFR amplification{ 25.0 (13.5-46.2)
<0.001
N = 364
(179, 55, 15, 115)

NOTE: Associations measured by raw OR and 95% CI (first line of each cell). Fisher’s exact two-sided P value on second line of each cell. Values in bold: P < 0.10.
* TP53 immunohistochemistry, no stain (0) vs any stain (1, 2, or 3).
cTP53 immunohistochemistry, no stain (0) vs at least medium stain (2 or 3); stain = 1 omitted.
bTP53 immunohistochemistry, no stain (0) vs highly stained (3); stain = 1 or 2 omitted.
x MDM2 nonamplified (copy number V 3.0) vs amplified (copy number > 3.0).
k MDM2 immunohistochemistry, no stain (0) vs any stain (1, 2, 3).
{ EGFR nonamplified (copy number V 3.0) vs amplified (copy number > 3.0).
**EGFR immunohistochemistry, no stain (0) vs any stain (1, 2, 3).
ccTP53 no mutation versus any mutation.
bbNo statistics calculated for these association because the variables are subsets of one another. See coding table legend.
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the average age at diagnosis for glioblastoma multiforme
patients, regardless of tumor EGFR status (62 years old).
MDM2 overexpression was associated with somewhat greater
age among patients.

Tumor Markers and Race/Ethnicity. We also examined
molecular characteristic of tumors by race/ethnicity. Only
tumor TP53 mutation status and EGFR protein accumulation
significantly varied by race/ethnicity. In particular, African
Americans, Asians, and those of other ethnicity had a higher
proportion of tumors with TP53 mutation (17 of 50, 34%) than
Latino and non-Latino whites (79 of 459, 17%): age-adjusted
OR, 2.6 (95% CI, 1.3-4.9); P = 0.005. In contrast, a lower
percentage of African Americans, Asians, and those of other
ethnicity had tumors with EGFR expression (15 of 52, 29%) than
Latino and non-Latino whites (209 of 469, 44%): age-adjusted
OR, 0.51 (95% CI, 0.27-0.96); P = 0.04. Interestingly, tumor

MDM2 amplification was nearly twice as common among
Asians (4 of 19 tumors, 21%) compared with other ethnic
groups in which 6% to 11% of tumors had MDM2 amplifica-
tion, but the difference in proportions was not significant.

Tumor Markers and Constitutive MGMT Genotypes. As
noted above, the overall MGMT Leu84Phe genotype fre-
quencies were similar for the 260 cases with tumor markers
and all cases (23% were MGMT 84Phe carriers) and controls
(20% were MGMT 84Phe carriers). Among glioblastoma
multiforme cases, 23%, 11%, and 5% of patients whose
tumors had no TP53 mutation, any TP53 mutation, or only
TP53 G:C transition mutations were MGMT 84Phe carriers
(Table 5). The results are based on small numbers of
observations and cannot be definitive but are consistent
with the hypothesis that the MGMT 84Phe allele is less
common among glioma patients whose tumors contain
G>A or C>T transition type base substitutions.

TP53 overexpression was consistent with the mutation data
and was highly significantly associated with the MGMT 84Phe
variant genotypes (P = 0.006, Table 5). Restricting the analysis
to whites with glioblastoma, the percentages of subjects
carrying MGMT 84Phe were 39% (12 of 31), 20% (11 of 54),
7% (3 of 42), and 13% (5 of 39) for those whose tumors had 0%,
>0% to 5%, >5% to 30%, and >30% of cells staining for TP53
(m2 test comparing four percentages, P = 0.005).

We also examined MGMT 84Phe prevalence according to
both TP53 mutation and expression. Only 1 of 18 (5%) people
with TP53 mutant tumors with intense staining had a 84Phe
allele compared with 12 of 29 (41%) people whose tumors
contained neither TP53 mutation nor staining; this represents
a 7.8-fold difference in carrier prevalence. However, only 8%
(3 of 36) of people had tumors with moderate TP53
expression and no TP53 mutations were MGMT 84Phe
carriers. These results could be interpreted to indicate
that the MGMT 84Phe allele is overrepresented among
cases with no TP53 staining and less common among tumors
with moderate or intense TP53 immunohistochemical
staining.

Figure 1. A. Percentages of tumors with combinations of TP53
mutation and MDM2 and EGFR amplification. B. Percentages of
tumors with combinations of TP53, MDM2, and EGFR protein as
measured by immunohistochemistry. Total within Venn diagram plus
those with no alterations equals 100%. N, total number of
glioblastoma tumors.

Table 4. Associations of tumor molecular markers with age by tumor histology, the San Francisco Bay Area Adult Glioma
Study, 1991-2000

All astrocytic cases Glioblastoma multiforme Anaplastic astrocytoma

n Mean
age

SE P OR* n Mean
age

SE P OR* n Mean
age

SE P OR*

TP53 no mutation 413 61 0.7 347 62 0.7 49 54 2.0
TP53 with any mutation 96 53 1.7 <0.001 0.96

(0.95-0.98)
62 58 2.0 0.02 0.98

(0.96-1.00)
27 44 3.1 0.01 0.95

(0.91-0.99)
TP53 immunohistochemistry,

neg (0)
103 59 1.4 73 61 1.6 23 57 2.8

TP53 immunohistochemistry,
pos (1, 2, 3)

448 59 0.7 0.78 1.00
(0.98-1.01)

365 62 0.7 0.93 1.00
(0.98-1.02)

62 49 2.0 0.04 0.97
(0.94-1.00)

EGFR non amplified
(copy number V 3.0)

316 59 0.9 246 63 0.9 54 48 2.0

EGFR amplified
(copy number >3.0)

156 60 0.9 0.50 1.00
(0.99-1.02)

140 60 1.0 0.06 0.99
(0.97-1.00)

14 63 3.3 0.005 1.08
(1.02-1.14)

EGFR immunohistochemistry,
neg (0)

297 59 0.9 218 62 0.9 55 50 2.2

EGFR immunohistochemistry,
pos (1, 2, 3)

224 60 0.9 0.26 1.01
(1.00-1.02)

194 61 0.9 0.25 0.99
(0.98-1.01)

27 55 2.6 0.14 1.02
(0.99-1.06)

MDM2 non amplified
(copy number V 3.0)

432 59 0.7 348 61 0.7 67 51 1.9

MDM2 amplified
(copy number >3.0)

42 62 2.2 0.17 1.02
(0.99-1.04)

38 64 2.0 0.26 1.02
(0.99-1.04)

1 69 – 0.39 1.05
(0.94-1.2)

MDM2 immunohistochemistry,
neg (0)

192 57 1.1 123 62 1.2 47 51 2.3

MDM2 immunohistochemistry,
pos (1, 2, 3)

331 60 0.8 0.04 1.01
(1.00-1.03)

292 62 0.8 0.58 1.00
(0.98-1.01)

34 52 2.6 0.80 1.00
(0.98-1.03)

NOTE: Boldface values: P < 0.05.
*OR (95% CI) per year of age for people with versus without the marker. OR adjusted for age, race/ethnicity (white vs nonwhite), and gender.

Cancer Epidemiology, Biomarkers & Prevention 1779

Cancer Epidemiol Biomarkers Prev 2005;14(7). July 2005



Finally, we assessed germ line MGMT genotype in
relation to the EGFR status of tumors. Adjusting for series,
gender, age, and race, the MGMT 84Phe allele was
somewhat less common among cases whose tumors
contained EGFR amplification (OR, 0.50; 95% CI, 0.22-1.13)
or overexpressed the EGFR protein (OR, 0.61; 95% CI, 0.29-
1.28), compared with cases whose tumors did not have
alterations in EGFR. No significant associations were noted
for MGMT genotype with any other marker.

Discussion

The histologic, age, and gender distributions of these
population-based cases are similar to those expected based
on U.S. registry data (39). Because brain tumors are
relatively rare, even with many years of accrual, glioblasto-
ma multiforme was the only histologic subgroup with
sufficient numbers of subjects for meaningful comparisons
of tumor markers and constitutive polymorphisms. Another
limitation was that even with rapid case ascertainment, we
obtained blood or buccal specimens from 96 of 305 (31%)
subjects with molecular tumor markers for series 1 and 164
of 251 (65%) for series 2, owing to both the poor survival for
most glioma patients and to our obtaining funding for blood
collection only partway through the first series. Neverthe-
less, this study is among the largest astrocytic glioma series
assembled to date with uniform neuropathology review to
explore etiologic factors associated with molecular sub-
groups of tumors (40).

We chose the TP53 mutational status of tumors as the initial
molecular feature to subclassify gliomas in our Bay Area
glioma population. The current data confirm our previous
observation (1) that TP53 mutations in astrocytic gliomas are
more frequent among individuals of nonwhite race/ancestry
and among those with earlier age of onset.

Because a mutually exclusive relationship may exist
between the disruption of the TP53 pathway and the over-
expression of the EGFR gene within gliomas, we predicted that
EGFR amplification or EGFR overexpression would mark a
group of glioma patients with race/ethnicity and age
characteristics different from those cases whose tumors contain
TP53 alterations. We first explored the relationships of TP53
mutation and expression with EGFR amplification and
expression. The presence of TP53 mutation or high TP53
protein accumulation was strongly inversely associated with
EGFR amplification or expression (as expected). In contrast,
low to moderate TP53 accumulation was only slightly
inversely associated with EGFR amplification or overexpres-
sion. In other words, TP53 expression in up to 30% of nuclei
co-occurred with EGFR amplification and overexpression. This
suggests that some accumulation of TP53 is not mutually
exclusive with EGFR amplification or overexpression but that
TP53 mutation and high TP53 accumulation (usually associ-

ated with mutation) are highly inversely correlated with EGFR
alterations. We also report that the mutation spectrum in the
uncommon tumors that contained both TP53 mutation and
EGFR amplification is typical of TP53 mutations found overall.

Age at diagnosis was strongly associated with EGFR
amplification among patients with anaplastic astrocytomas;
those with versus those without EGFR amplification were 63
years versus 48 years old on average at diagnosis. The marked
differences in age of onset for these anaplastic astrocytomas
could be a clue to a common etiologic factor operating in some
patients with this histologic subtype. Alternatively, it is
possible that anaplastic astrocytomas with EGFR amplification
in these older patients are actually unrecognized glioblastoma
multiforme tumors. This may occur when there is inadequate
biopsy material for detailed pathology study and a lack of
some diagnostic criteria for glioblastoma multiforme; thus, a
default diagnosis of anaplastic astrocytoma may be made. It
also is possible that some anaplastic astrocytomas may only
have the histologic features of grade 3 tumors but the
molecular features of grade 4 tumors. Our observation is
supported by a previous study indicating that patients with
anaplastic astrocytoma tumors showing EGFR amplification
have survival times comparable with glioblastoma multiforme
patients (41). Further study of our finding is warranted as it
suggests that EGFR amplification could be a rapid means of
evaluating some incompletely sampled anaplastic astrocytoma
tumors in older patients and of improving diagnostic accuracy.
If older age onset anaplastic astrocytomas with EGFR
amplification are actually misclassified glioblastoma, it might
in part explain why there is little difference in survival among
older age onset anaplastic astrocytoma versus glioblastoma
multiforme compared with substantial grade differences in
survival among patients of younger age of disease onset (for
example, relative 2-year survival rates for glioblastoma multi-
forme versus anaplastic astrocytoma are 8% versus 32% for
those of ages 45-64 at diagnosis, but 2% versus 6% for those of
ages 65 and over; ref. 42).

Accumulation of the EGFR protein identified by immuno-
histochemistry was also associated with an older age at
disease diagnosis; 55 and 50 years for EGFR immunohisto-
chemically positive and negative tumors, respectively. The
EGFR protein marker, as in the case of immunohistochemical
detection of the TP53 protein, was less strongly related to
differences in age at diagnosis compared with the marker of
molecular alteration at genetic level (i.e., EGFR amplification
or TP53 mutation). Despite a very strong correlation of EGFR
amplification with protein accumulation, it seems that the two
end points are sensitive to different aspects of the age-
dependent risk for glioma. Moreover, the use of TP53
mutation and EGFR amplification to subdivide glioma,
although related to patient age, is complicated by the fact
that both alterations may occur in small cellular compartments
within the same lesion (43). This fact further complicates
efforts to create mutually exclusive categories of glioma.

Table 5. Inverse association of constitutive MGMT Leu84Phe polymorphism with tumor TP53 mutation and
immunohistochemistry among people with glioblastoma multiforme of all races/ethnicity, the San Francisco Bay Area
Adult Glioma Study, 1991-2000

Molecular outcome MGMT Leu84Phe OR (95% CI) P

CC CT or TT

TP53 no mutation 120 35 1.0
TP53 with any mutation 24 3 0.47 (0.13-1.69) 0.25
TP53 no mutation 120 35 1.0
TP53 transition mutation, G/A or C/T only 18 1 0.18 (0.02-1.46) 0.11
TP53 immunohistochemistry, neg (0) 22 13 1.0
TP53 immunohistochemistry, pos (1, 2, 3) 134 25 0.30 (0.13-0.71) 0.006

NOTE: Boldface values: P V 0.10. ORs adjusted for series, gender, age, and race/ethnicity (white vs nonwhite).
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Conventional molecular methods applied to archived paraffin-
embedded tumors, as used here, cannot detect these subtle
effects. It is also noteworthy that independent of these
considerations, the single largest category of glioblastoma
multiformes (46% of tumors) contained neither TP53 mutation
nor EGFR or MDM2 amplification. Thus, although at least two
molecular pathways in gliomagenesis have been recognized
for some time, other important subtypes are likely to exist
(43a). Possibilities include deregulation of the TP53 or related
pathways through loss of other genes such as PTEN and
p14ARF and aberrant methylation of regulatory genes
(increased methylation of tumor suppressing genes or de-
creased methylation of oncogenes; refs. 44-49).

The current study further examined the potential role of
race/ethnicity in the molecular features of adult glioma. Our
results indicated a higher prevalence of TP53 mutations among
50 nonwhite cases compared with 459 white cases that included
33 Latino white individuals. Interestingly, the TP53 mutation
rate among tumors from Latinos seemed similar to that of white
non-Latinos. We also found that EGFR overexpression was less
common and MDM2 amplification was somewhat more
common among nonwhites. These findings further support
the idea that the proportions of glioma cases with different
molecular pathways vary by race/ethnicity. These trends are
based on small numbers and must be viewed cautiously but are
consistent with a shift in molecular subtype of glioma in white
compared with nonwhites on the occurrence of TP53 mutation,
MDM2 amplification, and lower prevalence of EGFR over-
expression. The possibility that race/ethnicity may be associ-
ated with cancer phenotype at the molecular level could open
new avenues for exploring glioma etiology (50).

The occurrence and molecular signature of TP53 mutations
have been proposed as a biomarker of potential carcinogen
exposures in many cancers. In adult glioma, however, the
mutational spectrum has been described as being typical of an
‘‘endogenous’’ pattern of mutation that shows no specific
carcinogen-related alterations or hotspots. Here we observed
the expected distribution of TP53 alterations (i.e., a predom-
inance of base substitution type G>A and T>C transitions).
These account for about 40% of TP53 mutations in this disease.
However, this pattern of mutation is also consistent with
exposure to well-known neurocarcinogens that can induce
these alterations. For example, nitrosamides in animals are
capable of inducing central nervous system cancers (9, 51-53),
and the ability of these compounds to cross the blood-brain
barrier and form alkylation products in DNA, including O6-
methylguanine, is considered crucial. An early event in the
induction of brain tumors by nitrosourea in mice is the loss of
TP53 function (54). Further strengthening the potential link
between O6-methylguanine lesions and the mutational spec-
trum of gliomas are recent studies showing that acquired
MGMT inactivation (via aberrant methylation) within tumors
is associated with increased frequencies of transition type
mutations (e.g., G:C>A:T) in the TP53 gene (12, 13). Consistent
with the hypothesis that the MGMT 84Phe allele is linked with
higher MGMT repair activity (19), we found this allele to be
underrepresented among glioblastoma multiforme cases
whose tumors contained TP53 mutations, although the OR
for those with versus those without transition mutations was
only of borderline statistical significance (i.e., P = 0.11). It is
important to note that MGMT repair is likely to affect the
induction of similar base substitutions within several or many
genes involved in carcinogenesis; thus, it may not be
surprising that analysis of TP53 mutation alone might yield
a modest association with the MGMT single-nucleotide
polymorphism. Transition mutations account for 14% of the
PTEN mutations in glioblastoma multiforme (55) and other
glioma-associated transitions also affect the phosphatidylino-
sitol 3V-kinase (PIK3CA) gene (56).

A stronger association and perhaps more novel observation
was our finding that glioblastoma multiforme patients whose
tumors showed normal TP53 expression (immunohistochem-
istry and mutation negative) were more likely than population-
based controls to carry the putative high activity MGMT
84Phe allele. This is potentially biologically significant given
that other investigators have suggested, based on the strong
interrelationship between MGMT expression and the TP53
status of cells, that TP53 may regulate MGMT activity (57-60).
TP53 wild-type mouse astrocytes showed 5-fold higher levels
of MGMT compared with TP53 knockout mice (61). Primary
human brain tumors with mutant TP53 were shown to have
lower levels of MGMT than nonmutant tumors (62). We
hypothesize that under some conditions, normal TP53
expression might selectively promote the survival of cells
that carry the putative higher activity MGMT 84Phe alleles.
This idea posits a pathway of gliomagenesis that would
maintain normal TP53. Interestingly, EGFR amplification,
which is inversely related to TP53 mutation, was also less
common among MGMT 84Phe carriers, suggesting that
alterations outside both the EGFR and TP53 loci may be
relevant in this potential pathway. We found that 46% of
glioblastoma multiforme cases showed no abnormalities in
the TP53, EGFR, or MDM2 genes. Rodent models of glioma-
genesis have suggested one possibility for this finding. DNA
ploidy changes associated with overexpression of cyclin-
dependent kinase 4 were found in TP53 wild-type and EGFR
nonamplified mouse astrocytic tumors (63). Hyperploidy in
human glioblastoma multiforme is common (64). Hyperploi-
dy may arise under specific selection conditions when
constraints on proliferation and nutrients may make TP53
mutation less advantageous in clonal evolution (65). The
importance of difference in selective pressures determining
tumorigenic pathways has recently been emphasized (66).
Because these observations are based on relatively small
sample size, our conclusions must be considered with some
caution. Although the associations of MGMT Leu84Phe
variants with molecular subtypes of glioblastoma multiforme
observed in this study suggest that this polymorphism may
be directly involved in the pathogenesis of glioma, linkage of
the Leu84Phe variant to other loci affecting MGMT expres-
sion or activity is also a possibility.

There may be clinical implications of the interrelationships
of MGMT genotype, MGMT activity, and TP53 status of the
tumor [i.e., survival differences in glioma patients related to
age may in part reflect the fact that younger patients are more
likely to have tumors that harbor TP53 mutations, which are
more responsive to 1,3-bis(2-chloroethyl)-1-nitrosourea che-
motherapy (61) at least, in part, due to lower MGMT-mediated
repair]. Taken together, these observations emphasize the need
for further study of individual variations of MGMT activity in
the etiology and treatment of adult glioma (67). It will be of
future interest to examine germ line MGMT variation with
MGMT inactivation via methylation in tumors in association
with alterations and expression of TP53 and other glioma
tumor suppressor genes.

In conclusion, TP53 and EGFR, the most widely studied
molecular features of astrocytic brain tumors in adults, define
somewhat overlapping categories of the disease with respect to
age at diagnosis, histology, and other characteristics such as
race/ethnicity. Choosing the best approach in marking
abnormalities in these pathways (i.e., genomic alteration,
protein expression, or both) is complicated and a satisfactory
algorithm does not yet exist despite strong statistical associ-
ations among markers. Given these limitations, however, our
observations indicate that age, race/ethnicity, and inherited
genetic factors are linked to molecular features, and it seems
that applying these markers in molecular epidemiology
studies holds promise in searching out the underlying causes
of these cancers.

Cancer Epidemiology, Biomarkers & Prevention 1781

Cancer Epidemiol Biomarkers Prev 2005;14(7). July 2005



Acknowledgments
We thank Richard Davis, M.D., for pathology review of series 1 cases
and the pathology departments of Alexian Brothers Medical Center,
Alta Bates Summit Medical Center, Brookside, California Pacific
Medical Center, Doctor’s Medical Centers Pinole and San Pablo, Eden
Medical Center, El Camino Hospital, Good Samaritan Hospital,
Alameda County Medical Center Highland Hospital, John Muir
Medical Center, Kaiser Redwood City, Kaiser San Francisco, Kaiser
Santa Teresa, Community Hospital of Los Gatos, Los Medano
Hospital, Marin General Hospital, Merrithew Memorial Hospital,
Mills Peninsula Hospital, Mt. Diablo Medical Center, Mt. Zion
Medical Center, Naval Hospital, O’Connor Hospital, Ralph K Davies
Medical Center, Saint Louise, San Francisco General, San Jose, San
Leandro, San Mateo County, San Ramon Valley, Santa Clara Valley,
Sequoia, Seton Medical Center, St. Francis, St. Lukes, St. Rose,
Stanford, University of California San Francisco, Valley Livermore
Memorial, Veterans Palo Alto, VA Medical Center San Francisco, and
Washington Hospital for providing tumor specimens for review and
molecular analyses.

References
1. Chen P, Aldape K, Wiencke JK, et al. Ethnicity delineates different genetic

pathways in malignant glioma. Cancer Res 2001;61:3949 – 54.
2. Ohgaki H, Schauble B, zur Hausen A, von Ammon K, Kleihues P. Genetic

alterations associated with the evolution and progression of astrocytic brain
tumours. Virchows Arch 1995;427:113 – 8.

3. Schiebe M, Ohneseit P, Hoffmann W, Meyermann R, Rodemann HP,
Bamberg M. Analysis of mdm2 and p53 gene alterations in glioblas-
tomas and its correlation with clinical factors. J Neurooncol 2000;49:
197 – 203.

4. Kleihues P, Lubbe J, Watanabe K, von Ammon K, Ohgaki H. Genetic
alterations associated with glioma progression. Verh Dtsch Ges Pathol
1994;78:43 – 7.

5. Kleihues P, Ohgaki H. Primary and secondary glioblastomas: from concept
to clinical diagnosis. J Neurooncol 1999;1:44 – 51.

6. Kleihues P, Ohgaki H. Phenotype vs genotype in the evolution of astrocytic
brain tumors. Toxicol Pathol 2000;28:164 – 70.

7. Watanabe K, Sato K, Biernat W, et al. Incidence and timing of p53 mutations
during astrocytoma progression in patients with multiple biopsies. Clin
Cancer Res 1997;3:523 – 30.

8. Olivier M, Eeles R, Hollstein M, Khan MA, Harris CC, Hainaut P. The IARC
TP53 database: new online mutation analysis and recommendations to
users. Hum Mutat 2002;19:607 – 14.

9. Setlow RB, Cao EH, Delihas NC. Enzymology of repair of DNA adducts
produced by N -nitroso compounds. IARC Sci Publ 1984;(57):561 – 70.

10. Ronai ZA, Gradia S, Peterson LA, Hecht SS. G to A transitions and G to T
transversions in codon 12 of the Ki-ras oncogene isolated from mouse lung
tumors induced by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
and related DNA methylating and pyridyloxobutylating agents. Carcino-
genesis 1993;14:2419 – 22.

11. Preussmann R. Carcinogenic N-nitroso compounds and their environmental
significance. Naturwissenschaften 1984;71:25 – 30.

12. Esteller M, Risques RA, Toyota M, et al. Promoter hypermethylation of the
DNA repair gene O(6)-methylguanine-DNA methyltransferase is associated
with the presence of G:C to A:T transition mutations in p53 in human
colorectal tumorigenesis. Cancer Res 2001;61:4689 – 92.

13. Wolf P, Hu YC, Doffek K, Sidransky D, Ahrendt SA. O(6)-Methylguanine-
DNA methyltransferase promoter hypermethylation shifts the p53
mutational spectrum in non-small cell lung cancer. Cancer Res 2001;61:
8113 – 7.

14. Ford BN, Ruttan CC, Kyle VL, Brackley ME, Glickman BW. Identification of
single nucleotide polymorphisms in human DNA repair genes. Carcino-
genesis 2000;21:1977 – 81.

15. Inoue R, Abe M, Nakabeppu Y, Sekiguchi M, Mori T, Suzuki T.
Characterization of human polymorphic DNA repair methyltransferase.
Pharmacogenetics 2000;10:59 – 66.

16. Egyhazi S, Ma S, Smoczynski K, Hansson J, Platz A, Ringborg U. Novel O6-
methylguanine-DNA methyltransferase SNPs: a frequency comparison of
patients with familial melanoma and healthy individuals in Sweden. Hum
Mutat 2002;20:408 – 9.

17. Hazra TK, Roy R, Biswas T, Grabowski DT, Pegg AE, Mitra S.
Specific recognition of O6-methylguanine in DNA by active site
mutants of human O6-methylguanine-DNA methyltransferase. Biochem-
istry 1997;36:5769 – 76.

18. Krzesniak M, Butkiewicz D, Samojedny A, Chorazy M, Rusin M.
Polymorphisms in TDG and MGMT genes—epidemiological and func-
tional study in lung cancer patients from Poland. Ann Hum Genet 2004;68:
300 – 12.

19. Ma S, Egyhazi S, Martenhed G, Ringborg U, Hansson J. Analysis of O(6)-
methylguanine-DNA methyltransferase in melanoma tumours in patients
treated with dacarbazine-based chemotherapy. Melanoma Res 2002;12:
335 – 42.

20. Cohet C, Borel S, Nyberg F, et al. Exon 5 polymorphisms in the O6-
alkylguanine DNA alkyltransferase gene and lung cancer risk in non-
smokers exposed to second-hand smoke. Cancer Epidemiol Biomarkers Prev
2004;13:320 – 3.

21. Inoue R, Isono M, Abe M, Abe T, Kobayashi H. A genotype of the
polymorphic DNA repair gene MGMT is associated with de novo
glioblastoma. Neurol Res 2003;25:875 – 9.

22. Yoon KS, Lee MC, Kang SS, et al. p53 mutation and epidermal growth factor
receptor overexpression in glioblastoma. J Korean Med Sci 2001;16:481 – 8.

23. Rubio MP, von Deimling A, Yandell DW, Wiestler OD, Gusella JF, Louis
DN. Accumulation of wild-type p53 protein in human astrocytomas. Cancer
Res 1993;53:3465 – 7.

24. Kraus A, Neff F, Behn M, Schuermann M, Muenkel K, Schlegel J.
Expression of alternatively spliced mdm2 transcripts correlates with
stabilized wild-type p53 protein in human glioblastoma cells. Int J Cancer
1999;80:930 – 4.

25. Sembritzki O, Hagel C, Lamszus K, Deppert W, Bohn W. Cytoplasmic
localization of wild-type p53 in glioblastomas correlates with expression of
vimentin and glial fibrillary acidic protein. J Neurooncol 2002;4:171 – 8.

26. Ghimenti C, Fiano V, Chiado-Piat L, Chio A, Cavalla P, Schiffer D.
Deregulation of the p14ARF/Mdm2/p53 pathway and G1/S transition in
two glioblastoma sets. J Neurooncol 2003;61:95 – 102.

27. Ichimura K, Bolin MB, Goike HM, Schmidt EE, Moshref A, Collins VP.
Deregulation of the p14ARF/MDM2/p53 pathway is a prerequisite for
human astrocytic gliomas with G1-S transition control gene abnormalities.
Cancer Res 2000;60:417 – 24.

28. Mayo LD, Donner DB. The PTEN, Mdm2, p53 tumor suppressor-
oncoprotein network. Trends Biochem Sci 2002;27:462 – 7.

29. Freeman DJ, Li AG, Wei G, et al. PTEN tumor suppressor regulates p53
protein levels and activity through phosphatase-dependent and -indepen-
dent mechanisms. Cancer Cell 2003;3:117 – 30.

30. Chang CJ, Freeman DJ, Wu H. PTEN regulates Mdm2 expression through
the P1 promoter. J Biol Chem 2004;279:29841 – 8.

31. Wiemels JL, Wiencke JK, Sison JD, Miike R, McMillan A, Wrensch M.
History of allergies among adults with glioma and controls. Int J Cancer
2002;98:609 – 15.

32. Wrensch M, Lee M, Miike R, et al. Familial and personal medical history of
cancer and nervous system conditions among adults with glioma and
controls. Am J Epidemiol 1997;145:581 – 93.

33. Krishnan G, Felini M, Carozza SE, Miike R, Chew T, Wrensch M. Occupation
and adult gliomas in the San Francisco Bay Area. J Occup Environ Med
2003;45:639 – 47.

34. Wrensch M, Kelsey KT, Liu M, et al. Glutathione-S-transferase variants and
adult glioma. Cancer Epidemiol Biomarkers Prev 2004;13:461 – 7.

35. Kleihues P, Burger PC, Scheithauer BW. The new WHO classification of
brain tumors. Brain Pathol 1993;3:255 – 68.

36. Kleihues P, Berger PC, Scheithauer BW. Histological typing of tumors of the
central nervous system. WHO international histological classification of
tumors. Berlin: Springer-Verlag; 1993.

37. Simmons ML, Lamborn KR, Takahashi M, et al. Analysis of complex
relationships between age, p53, epidermal growth factor receptor, and
survival in glioblastoma patients. Cancer Res 2001;61:1122 – 8.

38. De Preter K, Speleman F, Combaret V, et al. Quantification of MYCN, DDX1,
and NAG gene copy number in neuroblastoma using a real-time
quantitative PCR assay. Mod Pathol 2002;15:159 – 66.

39. CBTRUS. Statistical report: Primary brain tumors in the United States, 1997 –
2001. Central Brain Tumor Registry of the U.S.; 2004.

40. Ohgaki H, Dessen P, Jourde B, et al. Genetic pathways to glioblastoma: a
population-based study. Cancer Res 2004;64:6892 – 9.

41. Aldape KD, Ballman K, Furth A, et al. Immunohistochemical detection of
EGFRvIII in high malignancy grade astrocytomas and evaluation of
prognostic significance. J Neuropathol Exp Neurol 2004;63:700 – 7.

42. CBTRUS. Statistical report: Primary brain tumors in the United States, 1995 –
1999. Central Brain Tumor Registry of the U.S.; 2002.

43. Okada Y, Hurwitz EE, Esposito JM, Brower MA, Nutt CL, Louis DN.
Selection pressures of TP53 mutation and microenvironmental location
influence epidermal growth factor receptor gene amplification in human
glioblastomas. Cancer Res 2003;63:413 – 6.

43a. Mischel PS, Nelson SF, Cloughesy TF. Molecular analysis of glioblastoma:
pathway profiling and its implications for patient therapy. Cancer Biol Ther
2003 May-Jun;2(3):242 – 7.

44. Yin D, Xie D, Hofmann WK, Miller CW, Black KL, Koeffler HP. Methylation,
expression, and mutation analysis of the cell cycle control genes in human
brain tumors. Oncogene 2002;21:8372 – 8.

45. Nakamura M, Watanabe T, Klangby U, et al. p14ARF deletion and
methylation in genetic pathways to glioblastomas. Brain Pathol 2001;11:
159 – 68.

46. Hesson L, Bieche I, Krex D, et al. Frequent epigenetic inactivation of
RASSF1A and BLU genes located within the critical 3p21.3 region in
gliomas. Oncogene 2004;23:2408 – 19.

47. Horiguchi K, Tomizawa Y, Tosaka M, et al. Epigenetic inactivation of
RASSF1A candidate tumor suppressor gene at 3p21.3 in brain tumors.
Oncogene 2003;22:7862 – 5.

48. Costello JF. DNA methylation in brain development and gliomagenesis.
Front Biosci 2003;8s:175 – 84.

49. Debinski W, Gibo D, Mintz A. Epigenetics in high-grade astrocytomas:
opportunities for prevention and detection of brain tumors. Ann N Y Acad
Sci 2003;983:232 – 42.

TP53, EGFR, MDM2, and MGMT and Race/Ethnicity in Glioma1782

Cancer Epidemiol Biomarkers Prev 2005;14(7). July 2005



50. Wiencke JK. Impact of race/ethnicity on molecular pathways in human
cancer. Nat Rev Cancer 2004;4:79 – 84.

51. Ishida Y, Tamura M, Kanda H, Okamoto K. Histopathological studies of the
nervous system tumors in rats induced by N-nitroso-methyl-urea. Acta
Pathol Jpn 1975;25:385 – 401.

52. Choi BC. N-Nitroso compounds and human cancer. A molecular epidemio-
logic approach. Am J Epidemiol 1985;121:737 – 43.

53. Lijinsky W, Singer GM, Kovatch RM. Similar carcinogenic effects in rats of 1-
ethyl-1-nitroso-3-hydroxyethylurea and 1-hydroxyethyl-1-nitroso-3-ethylurea.
Carcinogenesis 1985;6:641– 3.

54. Oda H, Zhang S, Tsurutani N, et al. Loss of p53 is an early event in induction
of brain tumors in mice by transplacental carcinogen exposure. Cancer Res
1997;57:646 – 50.

55. Zhou XP, Li YJ, Hoang-Xuan K, et al. Mutational analysis of the PTEN gene in
gliomas: molecular and pathological correlations. Int J Cancer 1999;84:150 – 4.

56. Broderick DK, Di C, Parrett TJ, et al. Mutations of PIK3CA in anaplastic
oligodendrogliomas, high-grade astrocytomas, and medulloblastomas.
Cancer Res 2004;64:5048 – 50.

57. Harris LC, Remack JS, Houghton PJ, Brent TP. Wild-type p53 suppresses
transcription of the human O6-methylguanine-DNA methyltransferase
gene. Cancer Res 1996;56:2029 – 32.

58. Nutt CL, Chambers AF, Cairncross JG. Wild-type p53 renders mouse
astrocytes resistant to 1,3-bis(2-chloroethyl)-1-nitrosourea despite the absent
of a p53-dependent cell cycle arrest. Cancer Res 1996;56:2748 – 51.

59. Rafferty JA, Clarke AR, Sellappan D, Koref MS, Frayling IM, Margison
GP. Induction of murine O6-alkylguanine-DNA-alkyltransferase in re-

sponse to ionising radiation is p53 gene dose dependent. Oncogene 1996;
12:693 – 7.

60. Grombacher T, Eichhorn U, Kaina B. p53 is involved in regulation of the
DNA repair gene O6-methylguanine-DNA methyltransferase (MGMT) by
DNA damaging agents. Oncogene 1998;17:845 – 51.

61. Nutt CL, Loktionova NA, Pegg AE, Chambers AF, Cairncross JG. O(6)-
methylguanine-DNA methyltransferase activity, p53 gene status and BCNU
resistance in mouse astrocytes. Carcinogenesis 1999;20:2361 – 5.

62. Russell SJ, Ye YW, Waber PG, Shuford M, Schold SC Jr, Nisen PD. p53
mutations, O6-alkylguanine DNA alkyltransferase activity, and sensitivity to
procarbazine in human brain tumors. Cancer 1995;75:1339 – 42.

63. Holland EC, Hively WP, Gallo V, Varmus HE. Modeling mutations in the G1
arrest pathway in human gliomas: overexpression of CDK4 but not loss of
INK4a-ARF induces hyperploidy in cultered mouse astrocytes. Genes Dev
1998;12:3644 – 9.

64. Salmon I, Kiss R. Relationship between proliferative activity and ploidy level
in a series of 530 human brain tumors, including astrocytomas, meningio-
mas, schwannomas and metastases. Hum Pathol 1993;24:329 – 35.

65. Chikatsu N, Nakamura Y, Hiroyuki Sato H, Toshiro Fujita T, Shigetaka
Asano S, Toru Motokura M. p53 mutations and tetraploids under r- and K-
selection. Oncogene 2002;21:3043 – 9.

66. Tomlinson I, Bodmer W. Selection, the mutation rate and cancer: ensuring
that the tail does not wag the dog. Nat Med 1999;5:11 – 2.

67. Gerson SL. MGMT: its role in cancer aetiology and cancer therapeutics. Nat
Rev Cancer 2004;4:296 – 307.

Cancer Epidemiology, Biomarkers & Prevention 1783

Cancer Epidemiol Biomarkers Prev 2005;14(7). July 2005


