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Glioblastoma (GB) often has loss of heterozy-
gosity on the chromosomes, 1p, 10p, 10q, 11p, 17p,
19q, 22q, and several others. In the case of chromo-
some 12q; however, it remains to be seen whether
LOH occurs. Apaf-1, the apoptotic protease activat-
ing factor-1, located at chromosome 12q22-23, is a
major effecter of the p53 mediated apoptosis pathway,
and Apaf-1 inactivation due to chromosome 12q22-
23 LOH and hypermethylation may be involved in
some of the neoplasms in malignancy. However, lit-
tle is known about the frequency of the 12q22-23
LOH or the state of Apaf-1 in GB. To elucidate their
involvement in GB, we analyzed a series of 33 GBs
for chromosome 12q22-23 LOH, Apaf-1 mRNA
expression, and Apaf-1 protein expression, using
microsatellite analysis, reverse transcription (RT) -
PCR analysis, and immunohistochemical (IHC)
analysis, respectively. We also evaluated if and how
the 12q22-23 LOH correlated with the p53 gene
mutation and EGFR gene amplification. Chromo-
some 12q22-23LOH was detected in 14 (42%) of 33
cases. Among the examined cases with LOH at
12q22-23, a low expression of Apaf-1 mRNA was
detected in 9 (69%) of 13 cases, and a low expression
of Apaf-1 protein was detected in 12 (86%) of 14
cases. The 12q22-23 LOH was significantly correlat-
ed with low expression of mRNA and protein
(p<0.05, p<0.001 respectively). The p53 gene mutation
and EGFR gene amplification were found in 13
cases (39%) and 8 cases (24%), respectively, and
these gene alterations were inversely correlated.
However, 12q22-23 LOH had no correlations with the
p53 gene mutation or EGFR gene amplification. Six
of 9 GBs (67%) with neither p53 gene mutation nor
EGFR gene amplification tested positive for 12q22-
23 LOH. These GBs are likely to belong to another
subset independent from the 2 common genetic
subsets in GB (one with p53 gene mutation and
without EGFR gene amplification, and the other with
EGFR gene amplification and without p53 gene
mutation). Twenty-three (70%) out of the 33 GBs
with the 12q22-23 LOH also tested positive for Apaf-
1 inactivation or p53 gene mutation. This high fre-

quency of alterations in the apoptosis-associated
factors prompts a speculation that abrogation of the
Apaf-1 and p53 mediated apoptosis pathway may
play an important role in the tumorigenesis of GB. 

Introduction
Glioblastoma (GB) is one of the most aggressive

brain tumors (WHO grade IV). Despite progress in sur-
gery and adjuvant therapy, patients with GB still have a
dismal prognosis (6, 25). Malignant transformation in GB
involves a stepwise accumulation of genetic alterations,
such as amplification of the EGFR, CDK4, and MDM2
and inactivation of p53, Rb, and PTEN (23, 25, 45).
Moreover, loss of heterozygosity (LOH) has been
reported to frequently occur on chromosomes, 1p, 10p,
10q, 11p, 17p, 19q, 22q, and others, and that on chro-
mosome 10 has been confirmed to be a common and spe-
cific gene alteration (10, 43). It was recently suggested
that GB can be divided into a few subsets based on
these gene alterations (22, 26). Given that the p53 gene
mutation and EGFR gene amplification occur in a
mutually exclusive manner, they are considered separate
subsets independent from each other (24, 44, 45). Clin-
ically, GB with the p53 gene mutation occurs in
younger patients and in a majority of secondary GBs that
develop through malignant progression from diffuse
astrocytoma WHO grade II or anaplastic astrocytoma. On
the other hand, GB with EGFR gene amplification
occurs in older patients and generally in primary GB (30,
39, 43-45, 47). 

Apaf-1, the apoptotic protease activating factor-1, is
a major effecter of p53-mediated apoptosis pathway.
Apaf-1 is derived from a 27-exon gene located on chro-
mosome 12q22-23, and it is activated by cytochrome c
from mitochondria. Apaf-1 activation leads to caspase-
9 activation and initiation of a protease cascade. Apaf-
1 is broadly expressed in numerous tissue types, includ-
ing adult spleen, leukocytes, kidney, lung, and brain. In
light of its apoptotic activity, Apaf-1 is classed as one of
the tumor suppressors (2, 4, 19, 31, 36, 49, 50). A recent
investigation found that Apaf-1 inactivation with the
12q22-23 LOH plays an important role in tumorigene-
sis of certain tumors, and that the abrogation of the
apoptosis pathway due to Apaf-1 inactivation leads to
severe chemoresistance (18, 37). However, the status
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of Apaf-1 expression and relationship between Apaf-1
expression and p53 remain unclear in GB. Furthermore,
little is known about the frequency of chromosome 12q
LOH, the site of the Apaf-1 gene (32, 43, 48). To eluci-
date the involvement of those alterations in GB, we
analyzed a series of 33 GBs for the chromosome 12q22-
23 LOH, Apaf-1 mRNA expression, and Apaf-1 protein
expression using microsatellite analysis, reverse tran-
scription (RT)-PCR analysis, and immunohistochemical
(IHC) analysis, respectively. We also evaluated if and how
the 12q22-23 LOH correlated with the p53 gene muta-
tion and EGFR gene amplification. 

Materials and Methods

Tissue samples. Tumor and blood samples were
obtained from 33 patients with GB. All of the cases
were treated and followed up at the Department of Neu-
rosurgery, Kanazawa University Hospital, Japan,
between 1986 and 2002. All of the tumor specimens
were examined microscopically and graded according to
the guidelines of the World Health Organization
(WHO) (21). All tumor specimens were microdissected
with the aid of a microscope. Genomic DNA from
leukocytes and tumor tissues was extracted by standard
methods.

Analysis of LOH at chromosome 12q22-23. LOH at
chromosome 12q22-23 was studied by PCR-based
microsatellite analysis. Two microsatellite markers
located both end of Apaf-1 locus, D12S1657 at cen-
tromere side and D12S393 at telomere side (27, 37),

were purchased from Sigma Genosis (Hokkaido,
Japan). All primers were labeled with Cy5 (Amersham
Pharmacia Biotech) at the 5� end (Table 1). Fluorescent
PCR products were separated on a Long Ranger acry-
lamide gel (Takara, Tokyo, Japan), and analyzed on an
automated DNA sequencer (Amersham Pharmacia
Biotech Model ALFred). A quantitative analysis of the
signal intensity was carried out with the fragment
analysis program (Amersham Pharmacia Biotech;
AlleleLinks version 1.00). LOH was defined by calcu-
lating the allelic ratio (AR) of both normal (N) and
tumor (T) DNA according to the following formula: AR
= (N2/N1)/(T2/T1), where AR is the ration of the peak
height of the longer allele (N2 or T2) to that of the
shorter allele (N1 or T1). An LOH was indicated when
the ratio was greater than 1.3 or smaller than 0.7, pre-
senting loss of the shorter or longer allele, respectively
(35, 41).

RT-PCR analysis for Apaf-1. The mRNA was
extracted from the frozen tissue samples using the
RNeasy Mini kit (QIAGEN, Hilden, Germany). Five of
33 tissue samples were not available for RNA extraction.
Random hexamer-primed single-strand cDNA was syn-
thesized using the First strand cDNA synthesis kit
(Amersham Pharmacia Biotech, Tokyo, Japan) accord-
ing to the manufacturer’s instructions. Ten �l of cDNA
were employed for PCR. The analysis of beta actin was
used as measure for ubiquitous gene expression. The
Apaf-1 specific primers for a 149 bp fragment encom-
passing exons 22-24 including boundary regions were
purchased from Sigma Genosis (Table 1). The products
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Gene Senseprimer sequences Antisenseprimer sequences Product size (bp)

SHGC-17541 (D12S393) 5�-ATTAATGCCAGGACATTAAACG-3� 5�-CCTCACACAATGTTGTAAGGG-3� 249

AFMb293ye5 (D12S1657) 5�-TCCTAAAGATGGTGTGCAT-3� 5�-AAGTTCCAATGTTAGTGAACC-3� 150-160

p53 exon 5a 5�-TCAACTCTGTCTCCTTCCTC-3� 5�-CTGTGACTGCTTGTAGATGG-3� 155

p53 exon 5b 5�-GTGGGTTGATTCCACACCCC-3� 5�-AACCAGCCCTGTCGTCTCTC-3� 162

p53 exon 6 5�-AGGCCTCTGATTCCTCACTG-3� 5�-AGAGACCCCAGTTGCAAACC-3� 168

p53 exon 7 5�-GGCCTCATCTTGGGCCTGTG-3� 5�-GAGGCTGGGGCACAGCAGGCCAGTG-3� 191

p53 exon 8 5�-AATGGGACAGGTAGGACCTG-3� 5�-ACCGCTTCTTGTCCTGCTTG-3� 225

EGFR 5�-AGCCATGCCCGCATTAGCTC-3� 5�-AAAGGAATGCAACTTCCCAA-3� 110

IFNG 5�-GCAGAGCCAAATTGTCTCCT-3� 5�-GGTCTCCACACTCTTTTGGA-3� 85

Apaf-1 (for RT-PCR) 5�-GATGGAACAGTGAAGGTATGG-3� 5�-CTCCAGATCTTTGCAGTCTTGTC-3� 149

beta actin 5�-TCATGAGGTAGTCAGTCAGG-3� 5�-AGCCATGTACGTTGCTATCC-3� 182

EGFR, epidermal growth factor receptor; IFNG, interferon gamma; Apaf-1, apoptotic protease activating factor-1

Table 1. Oligonucleotide primers.



were separated by electrophoresis on 2% agarose gels and
visualized by ethidium bromide staining. A quantitative
analysis of the signal intensity was carried out with a pub-
lic domain soft, NIH Image (NIH, United States,
http://rsb.info.nih.gov/nih-image/). To determine
mRNA expression, the ratio of coamplified Apaf-1 to beta
actin PCR product was compared tumor and normal
brain. Loss or markedly reduction of amplification of the
Apaf-1 is noted when the coamplified Apaf-1/beta actin
PCR product ratio of tumor was less than 30% of that of
normal brain. (29, 42). The Apaf-1/beta actin PCR
product ratios were mean values obtained from 3 inde-
pendent experiments.

Immunohistochemical (IHC) Apaf-1 staining. The
antibody to Apaf-1 (2E12) was purchased from
SILENUS (Boronia, Australia). Immunohistochemical
analysis was examined using the avidin-biotin (ABC)
technique. Tissue sections of colon and kidney were
used as positive controls for Apaf-1. Negative controls
were made by omitting the primary antibody during the
immuno-staining and using phosphate-buffered saline
PBS. A tumor was scored as positive if unequivocal
cytosol staining was observed, in more than 20% of the
tumor cells. 

Analysis of p53 gene. p53 gene was analyzed by flu-
orescent based-SSCP and direct sequencing (17). The 5
pairs of sense and antisense primers for exons 5 to 8 of
p53 gene were used. All primers were labeled with Cy5
(Amersham Pharmacia Biotech) at the 5� end (Table 1).
The materials with variant SSCP were reamplified and
sequenced bidirectionally. Sequence analysis was carried
out with a semiautomated sequencer 3100 Genetic Ana-
lyzer (Applied Biosystems).

Analysis of EGFR gene. EGFR amplification was
analyzed with a differential PCR method as described
previously with some modifications (46). In brief, a
149-bp fragment of EGFR gene was coamplified with an
85-bp fragment of interferon gamma (IFNG) gene. One
primer of each pair was labeled with indodicarbo-
cyamine (Cy5) fluorescent dye (Amersham Pharmacia
Biotech) at the 5� end (Table 1). Fluorescent PCR prod-
ucts were separated on a Long Ranger acrylamide gel
(Takara, Tokyo, Japan), and analyzed on an automated
DNA sequencer (Amersham Pharmacia Biotech Model
ALFred). A quantitative analysis of the signal intensity
was carried out with the fragment analysis program
(Amersham Pharmacia Biotech; AlleleLinks version
1.00). To determine the variation in the ratio of EGFR to

IFNG gene PCR products in normal DNA, we studied 56
genomic DNA samples from peripheral lymphocytes. The
mean ratio and standard deviation (SD) of the coampli-
fied EGFR/IFNG was 1.015 and 0.115. All EGFR/
INFG ratios greater than twice the mean of the EGFR/
INFG ratio plus three SDs were taken as evidence of
EGFR gene amplification. All values in our series of con-
trol DNAs were within the range of the mean value ± 3
SD.

Results
Clinical and genetic findings in patients with GB are

summarized in Table 2.

Analysis of LOH at chromosome 12q22-23 and
Apaf-1 expression. Using 2 microsatellite markers, we
examined a total of 66 polymorphic loci at chromosome
12q22-23 and obtained 46 (70%) informative results.
LOH at chromosome 12q22-23 was detected in 14
(42%) of 33 cases (Figure 1).We also used RT-PCR to
examine 28 cases with available mRNA. Low expression
of Apaf-1 mRNA was detected in 12 (43%)  of 28 cases
(Figure 2). In an IHC analysis of 33 cases, 17 (52%)
showed positive reactivity restricted to the cytosol of the
tumor cells, and 16 (49%) showed a negative reactivity
that means low expression of the Apaf-1 protein (Figure
3). Among 14 cases with the LOH at 12q22-23, low
expression of Apaf-1 mRNA was detected in 9 (69%) of
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Figure 1. Representative LOH analyses illustrating allelic loss
of 12q22-23 at marker D12S1657 in case 27 (A) and D12S393
in case29 (B). Note the data from blood (upper panel) and
tumor (lower panel) were obtained from the same patient. The
horizontal axis shows time of electrophoresis (min). The verti-
cal axis shows fluorescent intensity (FI) (%).
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13 examined cases, and
low expression of the
Apaf-1 protein was
detected in 12 (86%) of
14 cases. The 12q22-23
LOH was significantly
correlated with low
expression of mRNA
and low expression of
protein(p<0.05, p<0.001
respectively, Fisher’s
exact probability test)
(Table 3).

In an analysis of patient age, the patients with the
12q22-23 LOH in GB were younger than the patients with
the GB lacking the 12q22-23 LOH (mean age 42.4 ver-
sus 51.1 years), but this age difference was not statisti-
cally significant (Table 3).

Correlation with p53 gene mutation or EGFR gene
amplification. Of the 33 cases, 13 (39%) had the p53 gene
mutation (Figure 4), 8 (24%) had the EGFR gene
amplification (Figure 5), and 13 (39%) had neither. The
p53 gene mutation and EGFR gene amplification were
mutually exclusive (p<0.05, Fisher’s exact probability
test). These findings are similar to those previously
reported. However, the 12q22-23 LOH had no correla-
tions with the p53 gene mutation or EGFR gene ampli-
fication.

Allelic information of 12q22-23 was obtained from 9
of the 13 cases lacking both the p53 gene mutation and
the EGFR gene amplification. Among these 9 cases, 6
(67%) had the 12q22-23 LOH.

Discussion
Recent molecular genetic studies have uncovered

several structural alterations of specific genes and chro-
mosomal instabilities that appear to play a role in the
pathogenesis of astrocytic tumors. GB can be divided into
several genetic subsets, the most common of which are
one subset with the p53 gene mutation and without

EGFR gene amplification, and one subset with EGFR
gene amplification and without p53 gene mutation (24,
44, 45). The former is found in younger patients, while
the latter is found in older adults and may act more
aggressively (10, 24, 26, 44, 45). Several other genetic
alterations, such as homozygous deletion of the
INK4a/ARF gene and Rb gene mutation, correlate with
the p53 gene mutation and EGFR gene amplification (1,
11, 14-16, 42). In this way, classification of GB subsets
based on genetic alteration reflect the network of bio-
logical features associated with each gene alteration,
and give us important information on clinical and bio-
logical markers (33). In the present study, we focused our
attention on Apaf-1, the product of the Apaf-1 gene
located in 12q22-23, and discussed the associations of the
12q22-23 LOH with the p53 gene mutation and EGFR
gene amplification, 2 major factors of the different sub-
sets of GB.

The LOH of chromosome 12q has so far been report-
ed to have a frequency of no more than 5 to 6% in GB
(43). However, compared with the microsatellite mark-
ers used previously, those used in this study were locat-
ed at different sites at both ends of the Apaf-1 locus, and
the frequency of 12q22-23 LOH in our GB series
reached as high as 42%. It remains uncertain whether the
12q22-23 LOH occurs specifically in GB, as it has also
been observed at a high frequency in metastatic
melanoma developing from the ectoderm (37). The
12q22-23 LOH is not a genome-wide event, and its
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Figure 2. Results of differential RT-PCR analysis. Low expression of Apaf-1 was present in cases, 1, 10, 16, 18, 22, 23, 24, 27, 28,
29, 31, and 33 (arrows). NB = normal brain.

12q22-23 Average Apaf-1 mRNA** Apaf-1 protein***
age* RT-PCR (-) RT-PCR (+) IHC (-) IHC (+)

LOH (+) 42.36 ±16.97 9 4 12 2

LOH (-) 51.11 ±18.14 3 12 4 15

* p = 0.169, ** p < 0.05, *** p<0.01
LOH, loss of heterozygosity; Apaf-1, apoptotic protease activating factor -1; IHC, immunohistochemistry.

Table 3. Chromosome 12q22-23 LOH and Apaf-1 expression in glioblastomas.



extremely confined localization to 12q22-23 on chro-
mosome 12q explains the discrepancy in frequency
between our study and the former one. This discrepan-
cy might also be due to the higher sensitivity of our
analysis method using fluorescent based-microsatellite
PCR assay detected by automated DNA sequencer. In a
metastatic melanoma carrying the 12q22-23 LOH,
Apaf-1 was repressed by methylation of the other allel-
ic gene (37). The present study also indicated significant
relationships between the 12q22-23 LOH and repression
of Apaf-1 mRNA as well as protein. Although a recent
study of leukemia revealed that epigenetic mechanism of
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Figure 3. Immunostaining with anti Apaf-1 antibody. Positive
Immunoreactivity is found and restricted to the cytosol of the
tumor cells of case 13 (A). Immunoreactivity is not seen in
tumor cells of case 6 (B). Immunoreactivity is found in colon tis-
sue (positive control, C). A, B, and C are at the same magnifi-
cation, bar = 20 �m.

Figure 4. Representative case carrying p53 mutation (case
21). Fluorescence-based single strand conformation polymor-
phism both from the same patient shows a different mobility shift
in exon 5a in the tumor as compared with blood (A). The hori-
zontal axis shows time of electrophoresis (min). The vertical axis
shows fluorescent intensity (FI) (%).The sequencing analysis of
the tumor DNA reveals a one-base substitution from G to A (B).

Figure 5. Differential PCR-analysis for EGFR/IFNG genes.
Representative case from a glioblastoma carrying EGFR
amplification (case 7, lower panel). The horizontal axis shows
time of electrophoresis (min). The vertical axis shows fluores-
cent intensity (FI) (%). IFNG, interferon gamma; EGFR, epidermal
growth factor receptor.



Apaf-1 inactivation was not only due to promoter
methylation (9), future studies will seek to clarify
whether the other allelic gene is methylated in our GB
series. Of the 19 GBs without 12q22-23 LOH, 3
showed low expression of Apaf-1 mRNA, and 4
showed low expression of Apaf-1 protein. In these 7
cases, the Apaf-1 gene might be silenced by an epigenetic
mechanism such as methylation of both allelic genes. On
the other hand, in one of the 14 GBs carrying the
12q22-23 LOH, we were unable to determine whether
that both the Apaf-1 mRNA and protein expression lev-
els were low. The Apaf-1 gene in this case might have
escaped from the methylation, or our method for evalu-
ating the expression level of mRNA in the present study
might have been nothing more than comparative.

INK4a and ARF, common tumor suppressor genes in
GB, were also reported to be silenced by both of methy-
lation and a genetic alteration such as a homozygous dele-
tion (5, 28). While it remains unclear why the Apaf-1 and
these specific genes are likely to undergo such conditions
of structural alterations, their genetic instability might be
closely associated with a certain region of the cancer-
linked gene in tumor cells. In the case of the Apaf-1
gene, the 12q22-23 LOH may be induced by genetic
instability due to the epigenetic effects including a
methylation during course of tumor progression (3, 7, 8,
12, 13).

In our 33 GB series, the 12q22-23 LOH associated
with Apaf-1 inactivation had no correlations with the p53
gene mutation or EGFR gene amplification. However,
among the 9 cases lacking both the p53 gene mutation
and EGFR gene amplification, 6 (67%) had the 12q22-
23 LOH. These 6 cases appeared to be classifiable with-
in another subset that possesses the 12q22-23 LOH
with Apaf-1 inactivation, while lacking both the p53
gene mutation and EGFR gene amplification. Addition-
ally, the mean age of the cases with the 12q22-23 LOH,
42.4 years, was substantially lower than that of the
cases without the 12q22-23 LOH, 51.1 years. This dif-
ference in age, together with the tendency of the GBs car-
rying the p53 gene mutation to be younger than the GBs
carrying the EGFR gene amplification (43, 45, 47), sug-
gests that the younger patients with GB are divided into
at least 2 subsets, one with the p53 gene mutation, and
another with the 12q22-23 LOH. However, the accu-
mulation of a larger series of patients with GB will be
required to prove whether these speculated differences
are significant. Our GB series included 6 cases with
secondary GB assessed over the clinical course, and all
of them lacked the EGFR gene amplification while
showing a high rate of the p53 gene mutation, as previ-

ously described. Interestingly, the 12q22-23 LOH was
identified in all 6 of these cases. This deviation might have
been due to the occurrence of the 12q22-23 LOH
younger patients, in whom secondary GBs were likely
to arise (21, 26). This group of secondary GBs may
belong to a third subset of younger patients carrying
both the p53 gene mutation and 12q22-23 LOH.

Apoptosis regulators play one of the most critical
roles of tumorigenesis, and its abrogation causes various
tumors, including GB (49, 20, 40, 38). In the “p14ARF-p53-
Apaf-1” mediated apoptosis pathway, it was reported that
an inactivation of Apaf-1 is involved in tumorigenesis,
along with inactivation of p14ARF and p53 (4, 49, 37,
18). While co-transduction of Apaf-1 and caspase-9
genes has been reported to strongly augment p53-medi-
ated apoptosis in glioma cell lines (34), there have been
no reports on expression of Apaf-1 in actual GB series.
The present study is the first to suggest that an inactivation
of Apaf-1 may be involved in GB tumorigenesis.

The p53 gene mutation is not the only common
genetic alteration in GB. INK4a/ARF gene deletions are
also common in GB (11, 21, 25), and they have been
demonstrated to be mutually exclusive genetic events in
GB (11, 14). Homozygous deletion of INK4a/ARF gene
can only be involved in the development of astrocytic
tumors after a coexistent EGFR activation (1). In addi-
tion, GBs carrying the EGFR gene amplification tend to
have homozygous deletion of the INK4a/ARF gene (14,
16). Noting the above relation between EGFR gene
amplification and INK4a/ARF gene deletion, as well as
high frequencies of the p53 gene mutation and the
12q22-23 LOH with Apaf-1 inactivation, it appears that
structural genetic alterations involved in the “p14ARF-
p53-Apaf-1” apoptosis pathway are likely to be present
in almost all GBs. In this study, there were 23 (70%) cases
carrying either the 12q22-23 LOH or the p53 gene
mutation. When the cases with EGFR gene amplification
were included, the total reached 29 (88%).

In summary, the LOH at chromosome 12q22-23 is
strongly associated with Apaf-1 expression, and not
with the genetic subsets previously known in GB. Inac-
tivation of Apaf-1 could be one of important events
associated with tumorigenesis of GB via abrogation of
apoptosis pathway. 

Acknowledgments
This project was supported in part by a Grant-in-Aid

for Scientific Research C (Yutaka Hayashi) and B
(Junkoh Yamashita) from Ministry of Education, Science,
Sports and Culture of Japan.

437Frequent LOH and Apaf-1 Inactivation in Glioblastoma—Watanabe et al



References

1. Bachoo RM, Maher EA, Ligon KL, Sharpless NE, Chan SS,
You MJ, Tang Y, DeFrances J, Stover E, Weissleder R,
Rowitch DH, Louis DN, DePinho RA (2002) Epidermal
growth factor receptor and Ink4a/Arf: convergent mecha-
nisms governing terminal differentiation and transforma-
tion along the neural stem cell to astrocyte axis. Cancer
Cell 1:269-277.

2. Bala S, Oliver H, Renault B, Montgomery K, Dutta S, Rao
P, Houldsworth J, Kucherlapati R, Wang X, Chaganti RS,
Murty VV (2000) Genetic analysis of the APAF1 gene in
male germ cell tumors. Genes Chromosomes Cancer
28:258-268.

3. Baylin SB, Esteller M, Rountree MR, Bachman KE,
Schuebel K, Herman JG (2001) Aberrant patterns of DNA
methylation, chromatin formation and gene expression in
cancer. Hum Mol Genet 10:687-692.

4. Cecconi F, Gruss P (2001) Apaf1 in developmental apop-
tosis and cancer: how many ways to die? Cell Mol Life Sci
58:1688-1697.

5. Costello JF, Berger MS, Huang HS, Cavenee WK (1996)
Silencing of p16/CDKN2 expression in human gliomas
by methylation and chromatin condensation. Cancer Res
56:2405-2410.

6. Deen DF, Chiarodo A, Grimm EA, Fike JR, Israel MA,
Kun LE, Levin VA, Marton LJ, Packer RJ, Pegg AE, et al.,
0167-594x, Congresses (1993) Brain Tumor Working
Group Report on the 9th International Conference on
Brain Tumor Research and Therapy. Organ System Pro-
gram, National Cancer Institute. J Neurooncol 16:243-
272.

7. Ehrlich M (2002) DNA methylation in cancer: too much, but
also too little. Oncogene 21:5400-5413.

8. Esteller M, Herman JG (2002) Cancer as an epigenetic dis-
ease: DNA methylation and chromatin alterations in
human tumours. J Pathol 196:1-7.

9. Fu WN, Bertoni F, Kelsey SM, McElwaine SM, Cotter FE,
Newland AC, Jia L (2003) Role of DNA methylation in the
suppression of Apaf-1 protein in human leukaemia.
Oncogene 22:451-455.

10. Fujisawa H, Reis RM, Nakamura M, Colella S, Yonekawa
Y, Kleihues P, Ohgaki H (2000) Loss of heterozygosity on
chromosome 10 is more extensive in primary (de novo)
than in secondary glioblastomas. Lab Invest 80:65-72.

11. Fulci G, Labuhn M, Maier D, Lachat Y, Hausmann O,
Hegi ME, Janzer RC, Merlo A, Van Meir EG (2000) p53
gene mutation and ink4a-arf deletion appear to be two
mutually exclusive events in human glioblastoma. Onco-
gene 19:3816-3822.

12. Garinis GA, Patrinos GP, Spanakis NE, Menounos PG
(2002) DNA hypermethylation: when tumour suppressor
genes go silent. Hum Genet 111:115-127.

13. Hawkins N, Norrie M, Cheong K, Mokany E, Ku SL,
Meagher A, O'Connor T, Ward R (2002) CpG island
methylation in sporadic colorectal cancers and its rela-
tionship to microsatellite instability. Gastroenterology
122:1376-1387.

14. Hayashi Y, Ueki K, Waha A, Wiestler OD, Louis DN, von
Deimling A (1997) Association of EGFR gene amplification
and CDKN2 (p16/MTS1) gene deletion in glioblastoma mul-
tiforme. Brain Pathol 7:871-875.

15. Hegi ME, zur Hausen A, Ruedi D, Malin G, Kleihues P
(1997) Hemizygous or homozygous deletion of the chro-
mosomal region containing the p16INK4a gene is asso-
ciated with amplification of the EGF receptor gene in
glioblastomas. Int J Cancer 73:57-63.

16. Holland EC, Hively WP, DePinho RA, Varmus HE (1998)
A constitutively active epidermal growth factor receptor
cooperates with disruption of G1 cell-cycle arrest pathways
to induce glioma-like lesions in mice. Genes Dev
12:3675-3685.

17. Iwato M, Tachibana O, Tohma Y, Nitta H, Hayashi Y,
Yamashita J (2000) Molecular analysis for p53 and
mdm2 in intracranial germ cell tumors. Acta Neuropathol
(Berl) 99:21-25.

18. Jia L, Srinivasula SM, Liu FT, Newland AC, Fernandes-
Alnemri T, Alnemri ES, Kelsey SM (2001) Apaf-1 protein
deficiency confers resistance to cytochrome c-dependent
apoptosis in human leukemic cells. Blood 98:414-421.

19. Jones PA (2001) Cancer. Death and methylation. Nature
409:141, 143-144.

20. Kerr JF, Winterford CM, Harmon BV (1994) Apoptosis. Its
significance in cancer and cancer therapy. Cancer
73:2013-2026.

21. Kleihues P, Burger PC, Collins VP, Newcomb EW, Ohga-
ki H (2000) Glioblastoma. In: Pathology and Genetics.
Tumours of the Nervous System 2nd, Kleihues P, Cave-
nee WK (eds.), Chapter 1, pp. 29-39,IARC Press, Lyon.

22. Kunwar S, Mohapatra G, Bollen A, Lamborn KR, Prados
M, Feuerstein BG (2001) Genetic subgroups of anaplas-
tic astrocytomas correlate with patient age and survival.
Cancer Res 61:7683-7688.

23. Louis DN (1997) A molecular genetic model of astrocytoma
histopathology. Brain Pathol 7:755-764.

24. Louis DN, Gusella JF (1995) A tiger behind many doors:
multiple genetic pathways to malignant glioma. Trends
Genet 11:412-415.

25. Maher EA, Furnari FB, Bachoo RM, Rowitch DH, Louis DN,
Cavenee WK, DePinho RA (2001) Malignant glioma:
genetics and biology of a grave matter. Genes Dev
15:1311-1333.

26. Muller MB, Schmidt MC, Schmidt O, Hayashi Y, Roll-
brocker B, Waha A, Fimmers R, Volk B, Warnke P,
Ostertag CB, Wiestler OD, von Deimling A (1999) Molec-
ular genetic analysis as a tool for evaluating stereotactic
biopsies of glioma specimens. J Neuropathol Exp Neurol
58:40-45.

27. Murty VV, Montgomery K, Dutta S, Bala S, Renault B, Bosl
GJ, Kucherlapati R, Chaganti RS (1999) A 3-Mb high-
resolution BAC/PAC contig of 12q22 encompassing the
830-kb consensus minimal deletion in male germ cell
tumors. Genome Res 9:662-671.

28. Nakamura M, Watanabe T, Klangby U, Asker C, Wiman K,
Yonekawa Y, Kleihues P, Ohgaki H (2001) p14ARF dele-
tion and methylation in genetic pathways to glioblas-
tomas. Brain Pathol 11:159-168.

438 Frequent LOH and Apaf-1 Inactivation in Glioblastoma—Watanabe et al



29. Ono Y, Tamiya T, Ichikawa T, Kunishio K, Matsumoto K,
Furuta T, Ohmoto T, Ueki K, Louis DN (1996) Malignant
astrocytomas with homozygous CDKN2/p16 gene dele-
tions have higher Ki-67 proliferation indices. J Neu-
ropathol Exp Neurol 55:1026-1031.

30. Rasheed BK, McLendon RE, Herndon JE, Friedman HS,
Friedman AH, Bigner DD, Bigner SH (1994) Alterations of
the TP53 gene in human gliomas. Cancer Res 54:1324-
1330.

31. Robles AI, Bemmels NA, Foraker AB, Harris CC (2001)
APAF-1 is a transcriptional target of p53 in DNA dam-
age-induced apoptosis. Cancer Res 61:6660-6664.

32. Rollbrocker B, Waha A, Louis DN, Wiestler OD, von
Deimling A (1996) Amplification of the cyclin-dependent
kinase 4 (CDK4) gene is associated with high cdk4 pro-
tein levels in glioblastoma multiforme. Acta Neuropathol
(Berl) 92:70-74.

33. Schmidt MC, Antweiler S, Urban N, Mueller W, Kuklik A,
Meyer-Puttlitz B, Wiestler OD, Louis DN, Fimmers R, von
Deimling A (2002) Impact of genotype and morphology on
the prognosis of glioblastoma. J Neuropathol Exp Neurol
61:321-328.

34. Shinoura N, Sakurai S, Shibasaki F, Asai A, Kirino T,
Hamada H (2002) Co-transduction of Apaf-1 and cas-
pase-9 highly enhances p53-mediated apoptosis in
gliomas. Br J Cancer 86:587-595.

35. Skotheim RI, Diep CB, Kraggerud SM, Jakobsen KS,
Lothe RA (2001) Evaluation of loss of
heterozygosity/allelic imbalance scoring in tumor DNA.
Cancer Genet Cytogenet 127:64-70.

36. Soengas MS, Alarcon RM, Yoshida H, Giaccia AJ,
Hakem R, Mak TW, Lowe SW (1999) Apaf-1 and cas-
pase-9 in p53-dependent apoptosis and tumor inhibition.
Science 284:156-159.

37. Soengas MS, Capodieci P, Polsky D, Mora J, Esteller M,
Opitz-Araya X, McCombie R, Herman JG, Gerald WL,
Lazebnik YA, Cordon-Cardo C, Lowe SW (2001) Inacti-
vation of the apoptosis effector Apaf-1 in malignant
melanoma. Nature 409:207-211.

38. Steinbach JP, Supra P, Huang HJ, Cavenee WK, Weller
M (2002) CD95-mediated apoptosis of human glioma
cells: modulation by epidermal growth factor receptor
activity. Brain Pathol 12:12-20.

39. Sung T, Miller DC, Hayes RL, Alonso M, Yee H, New-
comb EW (2000) Preferential inactivation of the p53
tumor suppressor pathway and lack of EGFR amplification
distinguish de novo high grade pediatric astrocytomas
from de novo adult astrocytomas. Brain Pathol 10:249-259.

40. Tohma Y, Gratas C, Van Meir EG, Desbaillets I, Tenan M,
Tachibana O, Kleihues P, Ohgaki H (1998) Necrogenesis
and Fas/APO-1 (CD95) expression in primary (de novo)
and secondary glioblastomas. J Neuropathol Exp Neurol
57:239-245.

41. Tong CY, Zheng PP, Pang JC, Poon WS, Chang AR, Ng
HK (2001) Identification of novel regions of allelic loss in
ependymomas by high-resolution allelotyping with 384
microsatellite markers. J Neurosurg 95:9-14.

42. Ueki K, Ono Y, Henson JW, Efird JT, von Deimling A,
Louis DN (1996) CDKN2/p16 or RB alterations occur in the
majority of glioblastomas and are inversely correlated.
Cancer Res 56:150-153.

43. von Deimling A, Fimmers R, Schmidt MC, Bender B,
Fassbender F, Nagel J, Jahnke R, Kaskel P, Duerr EM,
Koopmann J, Maintz D et al (2000) Comprehensive
allelotype and genetic anaysis of 466 human nervous
system tumors. J Neuropathol Exp Neurol 59:544-558.

44. von Deimling A, Louis DN, Wiestler OD (1995) Molecular
pathways in the formation of gliomas. Glia 15:328-338.

45. von Deimling A, von Ammon K, Schoenfeld D, Wiestler OD,
Seizinger BR, Louis DN, 1015-6305, Article J (1993)
Subsets of glioblastoma multiforme defined by molecular
genetic analysis. Brain Pathol 3:19-26.

46. Waha A, Rollbrocker B, Wiestler OD, von Deimling A
(1996) A polymerase chain reaction-based assay for the
rapid detection of gene amplification in human tumors.
Diagn Mol Pathol 5:147-150.

47. Watanabe K, Tachibana O, Sata K, Yonekawa Y, Klei-
hues P, Ohgaki H, 1015-6305, Article J (1996) Overex-
pression of the EGF receptor and p53 mutations are
mutually exclusive in the evolution of primary and sec-
ondary glioblastomas. Brain Pathol 6:217-223; discus-
sion 223-214.

48. Wooten EC, Fults D, Duggirala R, Williams K, Kyritsis
AP, Bondy ML, Levin VA, O'Connell P (1999) A study of loss
of heterozygosity at 70 loci in anaplastic astrocytoma and
glioblastoma multiforme with implications for tumor evo-
lution. Neuro-oncol 1:169-176.

49. Zornig M, Hueber A, Baum W, Evan G (2001) Apoptosis
regulators and their role in tumorigenesis. Biochim Biophys
Acta 1551:F1-37.

50. Zou H, Henzel WJ, Liu X, Lutschg A, Wang X (1997)
Apaf-1, a human protein homologous to C. elegans CED-
4, participates in cytochrome c-dependent activation of cas-
pase-3. Cell 90:405-413.

439Frequent LOH and Apaf-1 Inactivation in Glioblastoma—Watanabe et al


