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Frequent allelic losses on the long arm of chromosome 22 (22q) in gliomas indicate the presence of tumor
suppressor gene (TSG) at this location. However, the target gene(s) residing in this chromosome are still
unknown and their putative roles in the development of astrocytic tumors, especially in secondary
glioblastoma, have not yet been defined. To compile a precise physical map for the region of common
deletions in astrocytic tumors, we performed a high-density loss of heterozygosity (LOH) analysis using 31
polymorphic microsatellite markers spanning 22q in a series of grade II diffuse astrocytomas, anaplastic
astrocytomas, primary glioblastomas, and secondary glioblastomas that had evolved from lower grade
astrocytomas. LOH was found at one or more loci in 33% (12/36) of grade II diffuse astrocytomas, in 40% (4/10)
of anaplastic astrocytomas, in 41% (26/64) of primary glioblastomas, and in 82% (23/28) of secondary
glioblastomas. Characterization of the 22q deletions in primary glioblastomas identified two sites of minimally
deleted regions at 22q12.3–13.2 and 22q13.31. Interestingly, 22 of 23 secondary glioblastomas affected shared a
deletion in the same small (957 kb) region of 22q12.3, a region in which the human tissue inhibitor of
metalloproteinases-3 (TIMP-3) is located. Investigation of the promoter methylation and expression of this gene
indicated that frequent hypermethylation correlated with loss of TIMP-3 expression in secondary glioblastoma.
This epigenetic change was significantly correlated to poor survival in eight patients with grade II diffuse
astrocytoma. Our results suggest that a 957 kb locus, located at 22q12.3, may contain the putative TSG, TIMP-3,
that appears to be relevant to progression to secondary glioblastoma and subsequently to the prognosis of
grade II diffuse astrocytoma. In addition, the possibility of other putative TSGs on 22q12.3–13.2 and 22q13.31
that may also be involved in the development of primary glioblastomas cannot be ruled out.
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Glioblastoma (WHO grade IV) is the most frequent
and most malignant tumor of the human nervous
system. Despite progress in surgery and adjuvant
therapy, glioblastoma patients still have a very poor
prognosis due to incomplete resection and resis-
tance to radio- and chemotherapy.1 The majority of
glioblastomas develop after a short clinical history
and without clinical or histopathological evidence
of a less malignant precursor lesion (primary or de
novo glioblastoma). Another type of glioblastoma,
the so-called secondary glioblastoma, progressively

develops more slowly from low-grade diffuse (WHO
grade II) or anaplastic astrocytoma (WHO grade III).1

Recent genetic analyses have shown that these
glioblastoma subtypes develop through different
genetic pathways;2–4 primary glioblastomas occur
in older patients characterized by EGFR amplifica-
tion/overexpression, PTEN mutation, homozygous
p16INK4a deletion, and loss of heterozygosity (LOH)
throughout chromosome 10,3,5,6 while secondary
glioblastomas develop in younger patients and
typically show frequent p53 mutations, LOH pre-
ferentially on chromosomes 10q and 19q,3,5–7 and
promoter methylation of the RB1 gene.8

LOH on 22q seems to be of interest, since this
allelic loss is a common event in gliomas, occurring
with a frequency varying between 11 and 39%.
Interestingly, 22q LOH appears to be uncommon
in low-grade astrocytomas, but is more frequently
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detected in anaplastic astrocytomas and glioblas-
tomas. In addition to its link with glioma, 22q
LOH correlates with the metastatic ability of
pancreatic endocrine tumors.9 Further, allelic
loss on 22q was rarely observed in ductal carci-
nomas, in situ, of the breast, but was observed in up
to 66% of invasive ductal and 75% of lobular
carcinomas,10,11 and occurs more frequently in the
advanced stage of various other cancers, suggesting
an association between 22q LOH and tumor
progression.

Recent deletion mapping in gliomas has demon-
strated several common regions of overlap residing
between the markers D22S533 and D22S689 span-
ning 22q11.23–12.1, between D22S280 and D22S282
spanning 22q12.3–13.2, and between D22S928 and
D22S1169 spanning 22q13.31–13.32.12–14 So far,
several genes mapped to 22q have been evaluated
for their potential involvement. The neurofibroma-
tosis type 2 (NF2) gene on 22q12.2 is responsible for
NF2 syndrome, in which patients are predisposed to
meningiomas, schwannomas, and ependymomas.15

While NF2 mutations have been found in sporadic
schwannoma,16 meningioma,17 and spinal cord
ependymomas,18 intracranial gliomas usually do
not exhibit NF2 mutations.19 The hSNF5/INI1 gene,
which has been shown to carry mutations predomi-
nately in rhabdoid tumors, maps to 22q11.2, far
centromeric of the NF2 gene20 and shows up with a
lower frequency in some central nervous system
tumors such as medulloblastomas.21 Weber et al,22

however, failed to detect hSNF5/INI1 mutations in
astrocytic tumors. 22q may therefore harbor yet
unknown tumor suppressor genes (TSGs) relevant
for astrocytic tumor development, especially for
the malignant transformation of grade II diffuse
astrocytoma.

The recent completion of the chromosome 22q
sequencing project has permitted the prediction
of unknown genes using computer-based approaches,
demonstrating the value of a combined approach
utilizing data from the human genome project,
previous studies, and laboratory-based screening
techniques. Using such combined methods, the
objective of the present study was to analyze
primary and secondary glioblastomas for LOH
on 22q, which has been frequently observed in
nonselected series of glioblastomas. We narro-
wed down the location of the putative TSG
candidates in secondary glioblastomas, which
led us to examine the epigenetic expression
status of the tissue inhibitor of metalloprotei-
nases-3 (TIMP-3) gene to investigate its role
in astrocytic tumor progression. This study
provides some evidence that TIMP-3 is likely to
be at least one specific target for LOH on 22q12.3
and that this cytogenetic band is frequently
involved in the progression from low-grade astro-
cytomas to secondary glioblastomas, but does
not play a major role in the evolution of primary
glioblastomas.

Materials and methods

Tumor Samples and DNA Extraction

In the period 1984–2003, a total of 325 adult supra-
tentorial astrocytic tumors, comprising 67 grade II
diffuse astrocytomas, 77 anaplastic astrcytomas,
163 primary glioblastomas, and 18 secondary glio-
blastomas were surgically removed in the Depart-
ment of Neurosurgery, Nara Medical University.
Tumor samples were fixed in 10% buffered formalin
and embedded in paraffin. Pathological diagnosis
was performed according to the WHO classification
criteria.1 The tumors obtained by biopsy and located
in basal ganglia, hypothalamus or thalamus were
excluded. In addition, some cases were excluded
because of limited availability of tumor or normal
material. Suitable tumor series for the present study
consisted of 28 grade II diffuse astrocytomas, eight
anaplastic astrcytomas, 64 primary glioblastomas,
and 18 secondary glioblastomas. To analyze more
secondary glioblastomas, we identified patients
from the database of our institution. A total of
10 secondary glioblastomas progressed from eight
grade II diffuse astrocytomas or two anaplastic
astrocytomas were retrieved from other affiliated
hospitals. Specimens of 36 grade II diffuse astro-
cytomas, 10 anaplastic astrocytomas, 64 primary
glioblastomas, and 28 secondary glioblastomas were
finally examined with a full review of all available
clinical data. In all, 64 patients with primary
glioblastoma had a preoperative clinical history of
less than 3 months (mean, 1.2 months) and
histologic diagnosis of a glioblastoma at the first
biopsy, without any evidence of a less malignant
precursor lesion. A total of 28 patients with
secondary glioblastoma had at least two biopsies
taken at an interval of over 6 months to avoid a
sampling error, with clinical and histologic evi-
dence of progression from grade II diffuse astro-
cytoma (24 cases) or from anaplastic astrocytoma
(four cases). DNA was extracted from paraffin
sections, as described previously, to be used for
microsatellite analysis.3,6 Control genomic DNAwas
extracted from separate tissue blocks not involved
with the tumor.

To support the clinical features of ‘primary’ and
‘secondary’ glioblastomas, we have examined the
p53 gene mutations, which are considered as major
events occurring in secondary glioblastomas, but
not in primary glioblastomas.1,3,23 Prescreening for
mutations by PCR-SSCP analysis was carried out in
exons 5–8 of the p53 gene. Sequencing primers used
were described previously.23 Samples that showed
mobility shifts in SSCP analysis were further
analyzed by DNA sequencing. After PCR amplifica-
tion with the same set of primers, PCR products
were sequenced on the Genetic Analyzer 310 (ABI,
Foster City, CA, USA) using ABI PRISM BigDye
Terminator Cycle Sequencing Ready Reaction Kits
(ABI).
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LOH Assay

In all, 31 highly polymorphic markers were selected
from the Genome Database (http://gdbwww.gdb.
org/) and the National Center for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/
genemap/), their selection based on the published
chromosome 22q sequence24 and on the frequency of
heterozygosity, as well as by coverage and flanking
of the region of interest. For each marker, the sense
primer was labeled by a fluorescent dye, and paired
normal and tumor DNA samples from each patient
were amplified for 30 cycles with an annealing
temperature of 56–581C. Aliquots of the PCR reac-
tions were then mixed with a size standard and
formamide, denatured, and subjected to capillary
electrophoresis on the Genetic Analyzer 310 (ABI,
Foster City, CA, USA) and collected data analyzed
with GENESCAN software (ABI). Analyses of each
marker were repeated independently at least twice
and showed a variation of no more than 3% in
allelic ratios. Only samples heterozygous for a given
locus were regarded to be informative; loci homo-
zygosity and/or microsatellite instability rendered
any particular sample noninformative. Samples
were considered to show LOH when a peak allele

signal from tumor DNA was reduced by 50%
compared with the normal tissue counterpart.25

Chromosome 22q Sequence and Gene Analysis

Where possible, published polymorphic microsatel-
lite markers were physically identified utilizing the
July 2003 University of California Santa Cruz
(UCSC) GoldenPath draft assembly (genome.cse.ucsc.
edu). The names of the polymorphic microsatellites
and their linear order, based on the consensus
genetic and physical maps of 22q, are shown in
Figures 1 and 2. The search for genes and gene
candidates located within minimal common regions
of deletion (MCRD) was assisted by the use
of GeneMap’99 (http://www.ncbi.nlm.nih.gov/
genemap99/) and the UCSC Genome Browser on
Human, July 2003 Freeze (genome.cse.ucsc.edu).

Methylation-Specific PCR

DNA methylation patterns in the CpG islands of
TIMP-3 were determined by methylation-specific
PCR (MSP).26 Sodium bisulfite modification was

Figure 1 Analysis of allelic loss in chromosome 22q in 64 primary and 28 secondary glioblastomas. Only those cases showing partial
allelic loss are shown. A G-banded ideogram of chromosome 22 is shown on the left, and the corresponding polymorphic loci are shown
to the right of the ideogram. Case numbers are listed at the top. Rectangular areas indicate the cases showing LOH within the MCRD/S,
MCRD/P1, and MCRD/P2, respectively. The results of immunohistochemistry (IHC) for TIMP-3 were recorded as �, positive staining in
less than 10% of the tumor cells; þ , positive staining in more than 10% of the tumor cells. MCRD, minimal common region of deletion;
LOH/inf (%)*, the number of cases with LOH/ the number of informative cases (LOH frequency).
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performed using a CpGenomet DNA Modification
Kit (Intergen, Oxford, UK) according to the manu-
facturer’s protocol with minor modifications.8,27,28

The primer sequences, with methylated and un-
methylated PCR and MSP conditions, have been
previously reported.29 Amplified products were
electrophoresed on 2% agarose gels and visualized
by ethidium bromide staining.

Immunohistochemical Analysis of TIMP-3 Expression

Expression of TIMP-3 was assessed immunohisto-
chemically, using a monoclonal anti-human TIMP-3
antibody (Oncogene, Cambridge, MA, USA). After
deparaffinization, antigen retrieval was carried out
using proteinase-K (5 mg/ml). They were then in-
cubated with anti-TIMP-3 at a 1:40 dilution over-
night at 41C. Binding reactions were visualized
using a Histofine SAB-PO kit and diaminobenzidine
(Nichirei, Tokyo, Japan), and sections were counter-
stained with hematoxylin.

Statistical Methods

Fisher’s exact test was used to examine possible
associations between LOH at 22q12.3, TIMP-3
methylation, and TIMP-3 expression. Patient survi-
val probability was calculated by the Kaplan–Meier

method, and the significance of the difference
between pairs of Kaplan–Meier curves was calcu-
lated using the log-rank procedure. Statistical
significance was established as Po0.05.

Results

Patient Profiles

The median survival for patients in this series with
grade II diffuse astrocytoma, anaplastic astrocytoma,
primary glioblastoma, and secondary glioblastoma
was 106, 47, 20, and 25 months, respectively. The
length of follow-up ranged from 1 to 12.5 years.
Recurrence or malignant transformation occurred in
89% of grade II diffuse astrocytoma patients with a
median time to recurrence of 88 months, while 90%
of anaplastic astrocytoma patients developed re-
growth or transformation within a median of 21
months. The p53 mutations were detected in 23
(64%) grade II diffuse astrocytomas, five (50%)
anaplastic astrocytomas, eight (13%) primary glio-
blastomas, and 21 (75%) secondary glioblastomas
(data not shown).

Analysis of LOH

AS can be seen in Table 1, 12 of 36 (33%) grade II
diffuse astrocytomas, four of 10 (40%) anaplastic

Figure 2 Analysis of 22q LOH in grade II diffuse astrocytomas (A II), anaplastic astrocytomas (AA III), and corresponding all secondary
glioblastomas (SGB). Ideogram of chromosome 22 and the location and order of microsatellite markers are on the left, and case numbers
are listed at the top. A thick vertical bar at the left refers to the MCRD/S, MCRD/P1, and MCRD/P2, respectively.
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astrocytomas, 26 of 64 (41%) primary glioblastomas,
and 23 of 28 (82%) secondary glioblastomas ex-
hibited LOH in at least one locus on 22q. Three
astrocytomas, one anaplastic astrocytoma, five pri-
mary glioblastomas, and four secondary glioblasto-
mas showed loss at every informative locus studied,
suggesting a whole chromosome loss in each case.
The respective frequencies (LOH cases/informative
cases) are listed in Figure 1. The LOH patterns in the
21 primary glioblastomas with partial losses identi-
fied two MCRD at 22q12.3–13.2 (MCRD/P1) and at
22q13.31 (MCRD/P2) (Figure 1). The MCRD/P1
derived from five tumors (cases 14, 19, 39, 47, and
54) spanned four markers: D22S277, D22S283,
D22S272, and D22S282; the MCRD/P2 derived from
11 tumors (cases 5, 14, 15, 19, 20, 30, 39, 44, 47, 52,
and 55) spanned three loci; D22S274, D22S928, and
D22S1170. A total of 21 primary glioblastomas
exhibited LOH at both MCRD sites, whereas three
tumors (cases 22, 41, and 63) had deletions only at
MCRD/P1 and two others (cases 30 and 61) had
deletions only at MCRD/P2 (Figure 1). The MCRD/
P1 deletion spans a 7.5Mb distance, and the MCRD/
P2 deletion maps to a 3Mb distance on the genetic
map.

The MCRD in both grade II diffuse astrocytoma
and secondary glioblastoma (MCRD/S) was defined
with proximal and distal boundaries marked by
D22S1176 and D22S1172, respectively (Figures 1
and 2). This corresponds to the cytogenetic location
22q12.3, and, according to the physical map of
human chromosome 22, it comprises 957 kb bet-
ween markers D22S273 and D22S280.24 The highest
frequency of LOH (19 of 23, or 83% of informative
secondary glioblastoma cases) was observed at
D22S280. Representative cases are depicted in
Figure 3. Constitual heterozygosity at D22S1176,
983 kb proximal to D22S280, was retained in cases
29, 50, 70, 73, and 78. Eight cases—28, 29, 48, 50, 59,
62, 72, and 73—retained heterozygosity at
D22S1172, which is approximately 465 kb distal to
D22S280. These results indicate that a locus at
D22S280 in the chromosomal sub-band 22q12.3 may
harbor a TSG within a physical map distance of
957 kb as defined by markers D22S273 and
D22S280. Interestingly, all of these markers were
significantly more frequently deleted in secondary
glioblastomas than in other three types of astrocytic

tumors. In contrast, 21 primary glioblastomas ex-
hibited LOH at both MCRD/P1 and MCRD/P2,
whereas five secondary glioblastomas revealed
LOH at both MCRD sites, although there was no
significant difference. In addition, seven primary
glioblastomas exhibited extensive 22q LOH span-
ning three MCRD sites; this extensive LOH pattern
was found in five secondary glioblastomas. This
difference was also not significant.

TIMP-3 Promoter Hypermethylation

TIMP-3 promoter methylation was detected in eight
of 36 (22%) grade II diffuse astrocytomas, two of 10
(20%) anaplastic astrocytomas, 18 of 64 (28%)
primary glioblastomas, and in 20 of 28 (71%)
secondary glioblastomas (Table 1, Figures 1 and 2).
This epigenetic alteration was significantly more
frequent in secondary glioblastomas than in other
types of tumors analyzed (Table 1). In secondary
glioblastomas, 18 out of 22 tumors (82%) showing
MCRD/S also had methylation of the gene, whereas
two out of six tumors (33%) without LOH were
methylated in the promoter region (Figure 2). In
contrast, only three out of 11 (27%) grade II diffuse
astrocytomas, one of three anaplastic astrocyomas
(33%), and three of nine (33%) primary glioblasto-
mas demonstrating allelic loss in this region con-
currently exhibited gene methylation.

All six secondary glioblastomas that had progres-
sively developed from either a grade II diffuse
astrocytoma or an anaplastic astrocytoma with
TIMP-3 hypermethylation preserved the methylated
sequence of this gene. In contrast, hypermethylation
was indicated in 14 secondary glioblastomas that
had originated from 13 grade II diffuse astrocytomas
and one anaplastic astrocyoma showing nonmethy-
lated promoter sequence. Methylated and unmethy-
lated control DNAs showed the expected fragment
sizes of 116 bp and 122 bp, respectively (Figure 4).

TIMP-3 Immunohistochemistry

Cytoplasmic immunoreactivity to TIMP-3 was ob-
served in more than half (the mean; B60%) of
neurons and in glial cells in peritumoral brain
tissues (24 cases), whereas TIMP-3 expression was

Table 1 LOH on 22q and TIMP-3 promoter hypermethylation in astrocytic tumors

WHO
grade

No. of
cases

LOH on
22q

LOH at
MCRD/P1

LOH at
MCRD/P2

LOH at
MCRD/S

TIMP-3
methylation

Loss of TIMP-3
expression

Diffuse astrocytoma II 36 12 (33%) 5 (14%) 4 (11%) 11 (31%) 8 (22%) 5 (14%)
Anaplastic astrocytoma III 10 4 (40%) 4 (40%) 3 (30%) 3 (30%) 2 (20%) 2 (20%)
Primary glioblastoma IV 64 26 (41%) 24 (38%) 23 (36%) 9 (14%) 18 (28%) 11 (17%)
Secondary glioblastoma IV 28 23 (82%) 7 (25%) 6 (21%) 22 (79%) 20 (71%) 18 (64%)

MCRD/P1, minimal common region of deletion between D22S277 and D22S282; MCRD/P2, between D22S274 and D22S1170; MCRD/S, between
D22S273 and D22S280.
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detected at differential level of staining (20–50%,
the mean; B30%) in four other specimens without
tumor cells. The majority of grade II diffuse astro-
cytomas (31 of 36, 86%) showed TIMP-3 expression
in more than 10% of tumor cells, whereas 18/28
(64%) secondary glioblastomas showed loss of the
expression. Thus, the downregulation of the expres-
sion was detected during progression from grade II
diffuse astrocytoma to secondary glioblastoma. For
other tumors, eight of 10 (80%) anaplastic astro-
cytomas, and 53 of 64 (83%) primary glioblastomas

showed TIMP-3 expression in more than 10% of
tumor cells (Table 1, Figure 5).

Methylation Status of TIMP-3 and Correlation with
TIMP-3 Expression and LOH at MCRD/S

We detected a close correlation between the loss of
TIMP-3 expression, as detected by immunohisto-
chemistry, and concurrent promoter methylation
with LOH at MCRD/S in secondary glioblastomas

Figure 3 GeneScan electrophorogram of several 22q markers for normal and tumor genotypes in three cases. The numbers in the right
corner of each panel refer to the ratio of larger to shorter allele. Arrows indicate LOH. Markers are indicated at the bottom of the panels.
(a) Primary glioblastoma case 47 shows LOH for D22S282 and D22S928, while retaining heterozygosity for D22S280. (b) For secondary
glioblastoma case 59, D22S280 exhibits allelic loss, whereas D22S282 and D22S928 exhibit retention of both alleles. (c) Grade II diffuse
astrocytoma case 48 retains heterozygosity for D22S1176 and D22S280, while the corresponding secondary glioblastoma shows allelic
loss for these markers. Both of these tumors have retained heterozygous alleles for D22S1172.

Figure 4 Results of methylation-specific PCR of CpG islands of the TIMP-3 promoter in glioblastomas. In patient 27, the precursor grade
II diffuse astrocytoma (27 II) revealed unmethylated TIMP-3, whereas TIMP-3 in the corresponding secondary glioblastoma (27 IV) is
methylated. In patient 49, promoter hypermethylation was found in both the low-grade precursor (49 II) and the progressively malignant
samples (49 IV). In primary glioblastoma case 20 (20IV), only unmethylated TIMP-3 was present. N.C., normal control DNA from normal
blood; P.C., positive control for methylated DNA; U, PCR product amplified by unmethylated-specific primers; M, PCR product amplified
by methylated-specific primers.
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(P¼ 0.0006). A total of 18 secondary glioblastomas
with both methylation and LOH showed loss of
TIMP-3 expression, whereas all four tumors with
TIMP-3 expression showed an unmethylated gene
status and retention at MCRD/S (Figure 2). No
significant correlation between TIMP-3 expression
and methylation status with or without LOH at this
region was seen in other types of astrocytic tumors.

Correlation of TIMP-3 and LOH with Survival Data

No clear association between TIMP-3 methylation/
LOH at MCRD/S and survival was detected in
primary and secondary glioblastomas. We found
that those patients with grade II diffuse astrocyto-
mas revealing TIMP-3 methylation had a signifi-
cantly shorter median survival when compared to
those patients with tumors showing an unmethy-
lated promoter sequence (91.579.9 months vs
113.674.7 months, respectively; P¼ 0.0106). Simi-
larly, those patients with grade II diffuse astrocyto-
ma revealing TIMP-3 methylation indicated
significantly shorter relapse-free survival compared
to those patients with tumors showing unmethy-
lated sequence (73.178.6 months vs 94.474.8
months, respectively; P¼ 0.0189). Multivariate ana-
lysis showed that, after adjustment for age and
extent of resection, TIMP-3 methylation was still
associated with patient survival time (hazard ratio,
3.16; 95% CI, 1.12–8.97; P¼ 0.030) and relapse-free
survival (hazard ratio, 2.79; 95% CI, 1.02–7.69;
P¼ 0.047). However, the number of cases available
for the grade II diffuse astrocytomas was limited and
needs additional verification. There was also a

tendency toward earlier death in patients with grade
II diffuse astrocytomas showing 22q LOH as com-
pared to those maintaining the alleles, although we
could not find a statistically significant correlation
(P¼ 0.054, log-rank test), nor did loss or mainte-
nance of expression correlate with survival in all
types of astrocytic tumors. Figure 6 show the
Kaplan–Meier survival curves for all 36 patients
with grade II diffuse astrocytoma.

Discussion

Utilizing a large number of microsatellite markers,
we could show that 23 of 28 (82%) secondary
glioblastomas reveal LOH on 22q. This is in contrast
to three previous reports that observed 22q LOH in
only B38% of non-selected glioblastomas. The
D22S280 marker at cytogenic band 22q12.3 consis-
tently exhibited the highest frequency of LOH
(83%). The other frequently affected regions in our
primary glioblastoma series were identified at
22q12.3–13.2 and 22q13.31, which overlaps pre-
vious data on gliomas.12–14 The distinct pattern of
allelic loss identified in this chromosomal region
appears to be an attractive candidate marker for
further evaluation with regard to the discrimination
between primary and secondary glioblastomas.
Based on our data, one might hypothesize that loss
of a purtative TSG on MCRD/S is more likely
associated with progression to secondary glioblas-
toma rather than with primary glioblastoma.

The novel MCRD/S was not precisely recognized
by three preceding studies. LOH on 22q is not a
genome-wide event, however, and its extremely

Figure 5 (a) TIMP-3 immunohistochemistry showing cytoplasmic immunoreactivity in the majority of tumor cells from grade II diffuse
astrocytoma (case 27). (hematoxylin counterstain, �250). (b) In the same case, the progressed secondary glioblastoma exhibits grade II
diffuse tumor cell clusters with loss of TIMP-3 expression. (hematoxylin counterstain, � 250). (c) The primary glioblastoma (case 20)
shows extensive tumor cell areas with marked immunoreactivity for TIMP-3 (hematoxylin counterstain, �250).
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confined localization to MCRD/S may explain the
discrepancy in frequency between our study and the
previous ones. Using only three flanking markers
-(D22S280 and D22S283 at 22q12.3 and D22S282 at
22q13.2—Ino et al12 mapped a common region of
allelic loss between the D22S280 and D22S282 loci,
but their series exhibited LOH predominantly in the
more telomeric regions spanning 10Mb of chromo-
some 22. Compared with the microsatellite markers
used previously, markers used in this study were
located at different sites at both ends of the D22S280
locus, and LOH was found to be restricted to a more
centromeric marker. Both of the other related studies
performed in nonselected glioblastoma failed to find
evidence for the MCRD/S.13,14 This could be ex-
plained if recognition of the MCRD/S requires
inclusion of sufficient numbers of secondary glio-
blastoma cases and suitable microsatellite markers
as was the case in our analyses.

Secondary glioblastomas could be tentatively
categorized into two groups based upon the com-
parative 22q LOH profiles of the corresponding
progenitor grade II diffuse astrocytomas. The first
subgroup of the tumors already harbored allelic loss
in the low-grade phenotype and did not acquire
additional allelic loss during the progression to
glioblastoma. These data indicate that progression of
astrocytoma toward a more aggressive malignant
phenotype is associated with an accumulation of
genetic changes other than those on 22q. In the
second subset, that is, those with no detectable LOH
at first presentation, recurrent tumors showed
additional allelic loss at 22q12.3 correlated with
pathways of linear progression. Taking into account
all these considerations, it is possible that altera-
tions in the putative TSG(s) on the locus may
represent a late event for tumor progression in the
majority of grade II diffuse astrocytomas or possibly
an early event in those less prevalent neoplasms
with malignant potential.

The human chromosome 22 sequence has been
completed and released into the public domain.24

Polymorphic markers are now physically mapped at
nucleotide-level resolution; the availability of this
information is thus useful for the eventual identifi-
cation of those genes previously mapped to this
chromosome in sporadic neoplasms by allelic dele-
tion assays. Using the UCSC genome browser based
on the July 2003 assembly, candidate genes were
reviewed after defining a 1-Mb minimal region of
deletion. Interestingly, the marker D22S280, which
exhibited the highest frequency of LOH in our study,
is in close relationship to two known genes,
synapsin 3 (SYN3) and TIMP-3. SYN3 belongs to a
family of neuron-specific synaptic vesicle-asso-
ciated phosphoproteins that have been implicated
in synaptogenesis and in the modulation of neuro-
transmitter release, but no association with tumor
development has yet been identified.30 The second
gene, TIMP-3, is embedded within an intron of the
SYN3 gene. TIMP-3 is a member of the family of
multifunctional secreted proteins that blocks the
activity of metalloproteinases, therefore regulating
matrix composition, cell growth, invasion and
migration.31 It has also been shown to inhibit
vascular endothelial growth factor (VEGF)-mediated
angiogenesis and to induce apoptosis.32,33 TIMP-3
thus appears to be an attractive candidate for genetic
analysis of a potential role in the tumorigenesis of
secondary glioblastoma.

Methylation-associated gene silencing and loss of
expression has been demonstrated in various differ-
ent cancers, including cancers of the kidney and
lung.29,34 Our methylation analysis also suggested
the potential relation between loss of the expression
and aberrant hypermethylation in a subset of
astrocytic tumors. The promoter region of TIMP-3
was methylated in the majority (82%) of secondary
glioblastomas with 22q12.3 loss and we demon-
strated that promoter methylation is significantly

Figure 6 (a) The Kaplan–Meier curves of the probability of having
no recurrence for 36 patients with grade II diffuse astrocytoma in
relation to the methylation status. A statistically significant
difference in recurrence rate was observed between the methyla-
tion-positive and methylation-negative groups (P¼ 0.0189, log-
rank test). M (þ ), methylated TIMP-3 group; M (�), unmethylated
TIMP-3 group. (b) The Kaplan–Meier curves for overall survival
(P¼ 0.0106, log-rank test) in relation to the methylation status of
all 36 patients with grade II diffuse astrocytoma. M (þ ),
methylated TIMP-3 group; M (�), unmethylated TIMP-3 group.
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associated with reduced TIMP-3 expression. A
minority of the primary glioblastoma and grade II
diffuse astrocytoma samples with allelic loss in this
specific region of 22q, however, revealed TIMP-3
promoter methylation, but no correlation with
immunohistochemical expression. We also saw a
higher frequency of hypermethylation in secondary
glioblastoma than in primary glioblastoma. This
suggest that methylation of the gene may not be of
major importance in primary glioblastoma—at least,
in tumors without LOH—and silencing of this gene
may contribute more to progression to secondary
glioblastoma.

The situation in secondary glioblastoma may be
different. Hypermethylation was found in a number
of secondary glioblastomas, but not in the corre-
sponding lower grade precursor tumor. LOH of 22q
is a relatively early event in grade II diffuse
astrocytomas, whereas hypermethylation is a later
event. In this case, hypermethylation and inactiva-
tion of this gene in grade II diffuse astrocytomas that
have already lost a 22q allele might contribute more
effectively to the development of a more malignant
phenotype. In this respect, detection of TIMP-3
alteration and/or allelic loss at 22q12.3 might be a
useful screening tool for identifying and under-
standing astrocytoma progression. As a result of the
small number of patients with secondary glioblas-
toma analyzed and the relatively short median
survival of 25 months in this study, we were able
to show only a trend toward TIMP-3 methylation
and diminished survival; we could not provide
statistically significant correlations. When the
methylation of this gene was detected in grade II
diffuse astrocytomas, however, a statistically sig-
nificant correlation between methylation status,
disease-free survival, and overall survival became
apparent. This suggests that the frequency of TIMP-3
methylation reflects disease progression and that
accumulating methylation can serve as a sort of
molecular clock in astrocytoma progression.

We should point out, however, that the modest
number of cases with the gene alteration and/or
allelic loss evaluated here does not permit definitive
conclusions regarding the role of methylation in the
gene and LOH on the region in primary glioblasto-
ma. Our results indicate that TIMP-3 is epigeneti-
cally altered only in a small subset of primary
glioblastomas in spite of the fact that LOH on 22q is
observed in a large number of these tumors. A
considerable fraction of chromosomal deletion in
primary glioblastoma is due to a high degree of
genetic instability and may not relate to specific
gene silencing.35 Therefore, one or more still
undefined genes on 22q could be the major TSG
target(s) of inactivation by allelic loss.

Although most primary glioblastomas showed a
comparatively wide common deletion from
D22S277 to D22S1170, three tumors demonstrated
two different deleted regions with retention of an
intact segment between them. This suggests that two

putative TSG loci could be located in a large interval
on the distal portion of 22q. The MCRD/P1 region
spans a 7.5Mb physical distance at 22q12.3–13.2
and overlaps with a previously detected deletion
area.12,14 The other MCRD/P2 region was confined to
a 3Mb physical distance at 22q13.31 that partially
overlaps with an area of deletion previously de-
tected by Oskam et al13 The cytogenetic band at
22q13.1–3 appears to be a focal ‘hot spot’ for LOH in
many types of human cancer, including breast,
colon, ovarian, and head and neck cancers.11,36–39

Lida et al10 were, in fact, able to map a 2 cM region of
allelic loss in breast cancer to the same cytogenetic
band. Similarly, Allione et al11 reported six regions
along chromosome 22q, ranging from 3 to 6 cM in
size, two of which overlap those intervals identified
in this study, and, in oral squamous cell carcinoma,
allelic deletion seems to be restricted to D22S274,39

a marker included within the region of deletion
identified in our study. Thus, the commonality and
number of deletions at 22q13.1–3 suggest the
presence of either a cluster of TSGs, each of which
is involved in one tumor type, or a few TSGs
involved in the etiology of many tumor types. The
UCSC genome browser further indicates that the
MCRD/P1 and MCRD/P2 contain 108 and 11 genes/
gene candidates, respectively. Several of these genes
are likely to be involved in cellular proliferation
and/or differentiation and may constitute excellent
eligibility for a predicted primary glioblastoma gene,
including MKL1, EP300, and DJ1042K10.2, within
MCRD/P1. MKL1 participates in a fused gene
product generated by a translocation event in acute
megakaryoblastic leukemia.40 The EP300 transcrip-
tional coactivator protein is specifically inhibited by
the adenovirus oncoprotein E1A and somatic muta-
tions linked to EP300 alterations have been reported
in a small proportion of colorectal, breast and
pancreatic cancers.41 The genes DJ1042K10, with a
RUN domain that was found in Rap and Rab
GTPases. Hartmann et al,14 however, did not find
evidence of somatic mutations in EP300, and
DJ1042K10 and MKL1 in a series of astrocytic
tumors, although epigenetic silencing of those genes
was not excluded.
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