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Hypermethylation and Transcriptional Downregulation of
the TIMP3 Gene is Associated with Allelic Loss on 22q12.3
and Malignancy in Meningiomas
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Abstract
The gene for the tissue inhibitor of metalloproteinase 3 (TIMP3) on 22q12.3 had been
reported to be inactivated by promoter methylation in various types of cancers, with contro-
versial findings in meningiomas. We performed direct sodium bisulfite sequencing in a series
of 50 meningiomas, including 27 benign meningiomas [World Health Organization (WHO)
grade I], 11 atypical meningiomas (WHO grade II) and 12 anaplastic meningiomas (WHO
grade III), and found hypermethylation of TIMP3 in 67% of anaplastic meningiomas, but only
22% of atypical and 17% of benign meningiomas. Moreover, TIMP3 methylation scores were
significantly inversely correlated with TIMP3 mRNA expression levels (P = 0.0123), and
treatment of the meningioma cell line Ben-Men-1 with demethylating agents induced an
increased TIMP3 mRNA expression. TIMP3 is located in the chromosomal band 22q12, the
allelic loss of which occurs early in meningioma tumorigenesis and preferentially
targets the NF2 tumor suppressor gene. In our tumor panel, all meningiomas with TIMP3
hypermethylation—except for a single case—exhibited allelic losses on 22q12.3. Thus,
TIMP3 inactivation by methylation seems fairly exclusive to meningiomas with allelic
losses on 22q12 but—in contrast to NF2 mutation—appears to be involved in meningioma
progression as it is associated with a more aggressive, high-grade meningioma phenotype.
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INTRODUCTION
Tumor cell dissemination and angiogenesis require basement
membrane and extracellular matrix degradation that can be carried
out by enzymes such as matrix metalloproteinases (MMPs). The
TIMP3 (tissue inhibitor of metalloproteinase 3) gene on 22q12.3
codes for a protein that can specifically inhibit MMPs by covalent
binding to the active site of the enzymes and thus reduces the
invasion and the metastatic potential of tumor cells (1, 15). In
addition, TIMP3 appears to possess unique tumor suppressor-like
properties that are not related to its properties to abrogate MMPs.
As such, it had been shown that overexpression of TIMP3 in vitro
induces apoptosis and suppresses tumor growth and angiogenesis
in a spectrum of different cancer cell lines (1–3, 8, 10, 12, 13).

In human tumors, decreased expression of TIMP3 had been
linked to poor prognosis in a range of different neoplasms, including
esophageal squamous cell carcinoma, secondary glioblastoma and
breast, colorectal and prostate cancers (5, 16, 17, 24, 26). Moreover,
hypermethylation of the TIMP3 promoter had been identified as a
common cause explaining the decreased TIMP3 expression levels in
many of the affected tumors (4, 11, 23, 30, 32, 33).

In meningiomas, TIMP3, among other genes, had been investi-
gated for hypermethylation in two preceding studies with contro-
versial results. While Bello and colleagues reported on the

hypermethylation of the TIMP3-associated CpG island in 24% of
meningiomas, Liu et al, in a subsequent study, investigated the
identical chromosomal region and could not denote TIMP3 hyper-
methylation in meningiomas (7, 19). To clarify the role of TIMP3 in
the pathogenesis of these tumors, we examined a series of 50
human meningiomas representing the different World Health
Organization (WHO) grades for TIMP3 methylation, mRNA and
protein expression. As TIMP3 maps to the chromosomal region
22q12, which contains the NF2 tumor suppressor gene and is lost in
about 50% of sporadic meningiomas early in tumorigenesis (18),
we also assessed the allelic status on 22q12.3 in our tumor panel.
Our results indicate hypermethylation and transcriptional down-
regulation of TIMP3 as a mechanism that fairly exclusively occurs
in meningiomas with allelic losses on 22q12 but—in contrast to
NF2 mutation—appears to be involved in meningioma progression
as it is significantly associated with a more aggressive, high-grade
meningioma phenotype.

MATERIALS AND METHODS

Patients and materials

Tumors were selected from the tumor tissue collection of
the Department of Neuropathology, Heinrich-Heine-University,
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Düsseldorf, Germany, and investigated according to protocols
approved by the institutional review board. All tumors were classi-
fied according to the WHO classification of tumors of the nervous
system of 2007 (21). The tumor series comprised 50 human menin-
giomas, including 27 benign meningiomas (WHO grade I, MN I; 8
meningotheliomatous, 8 transitional, 7 fibromatous, 2 secretory, 1
psammomatous and 1 angiomatous meningioma), 11 atypical men-
ingiomas (WHO grade II, MN II) and 12 anaplastic meningiomas
(WHO grade III, MN III). Parts of each tumor were snap-frozen
immediately after operation and stored at -80°C. To ensure that the
tumor fragments taken for molecular analysis contained a sufficient
proportion of tumor cells, each tissue specimen used for nucleic
acid extraction was histologically evaluated. Only tissue samples
with an estimated tumor cell content of 80% or higher were used
for molecular analyses. DNA obtained at autopsy from non-
neoplastic leptomeningeal tissue of a 60-year-old male donor and
peripheral blood leukocytes of a 57-year-old male individual were
used as reference for the methylation analyses. As a positive
control, we in vitro methylated both non-neoplastic reference DNA
samples by using SssI (CpG) methylase (New England Biolabs,
Beverly, MA, USA). Leptomeningeal RNA obtained from autopsy
specimens of a 74- and an 86-year-old male donor served as refer-
ence for the expression studies at the mRNA level. From all 39
meningioma patients that underwent microsatellite analysis, we
extracted leukocyte DNA from peripheral blood as constitutional
reference.

DNA and RNA extraction

Extraction of DNA and RNA from frozen tumor tissue was per-
formed by ultracentrifugation as previously described (9). DNA
extraction from peripheral blood leukocytes was performed
according to a standard protocol.

Microsatellite analysis

Peripheral blood samples were available from 39 meningioma
patients (25 MN I, 10 MN II and 4 MN III patients). To investigate
the respective tumors for 22q allelic losses, we employed loss of

heterozygosity (LOH) analysis at the following three microsatellite
markers [nucleotide (nt) numbering according to the University
of California Santa Cruz (UCSC) genome browser at http://
www.genome.ucsc.edu, primer sequences supplied in supplemen-
tary Table S1]: D22S430 (nt 28 941 777–28 941 860) located
proximal, as well as D22S304 (nt 33 700 683–33 700 793) and
D22S929 (nt 55 782 709–55 783 071) located distal to the TIMP3
locus (nt 31 562 802–31 589 028).

TIMP3 methylation analyses

Sodium bisulfite treatment of 1 mg DNA was performed overnight
(16 h) according to a standard protocol (22). Two different regions
from the TIMP3 5′-CpG island located between nt 31 527 381 and
31 528 267 at 22q12.3 (nt numbering according to the UCSC
genome browser at http://www.genome.ucsc.edu; Genbank acces-
sion no. NM_011520) were investigated for TIMP3 methylation.
Region 1 was investigated by methylation-specific PCR analysis
(CpG sites -42 to -40 and -62 to -59 relative to the TIMP3 trans-
lation start site, TLS; Figures 1 and 2A) and direct bisulfite
sequencing (CpG sites -72 to -50, Figures 1 and 2B). This region
overlapped with a smaller fragment of the TIMP3 5′-CpG island
that in two preceding studies had been investigated by methylation-
specific PCR analysis with divergent results (CpG sites -55 to -46,
Figure 1) (7, 19). Another region of the TIMP3 5′-CpG island
located telomerically and directly covering the translation start site
of TIMP3 (region 2, CpG site -18 to +2; Figures 1, 3 and 4D) was
additionally investigated by direct sodium bisulfite sequencing.

Methylation-specific PCR (MSP) was carried out for 43 cycles
using primers specific for the methylated or unmethylated DNA
sequence (for primer sequences, see online supplementary
Table S1). PCR products were separated on 2% agarose gels, and
ethidium bromide-stained bands were recorded with the GelDoc™
1000 system (Bio-Rad, Hercules, CA, USA). For direct bisulfite
sequencing, PCR fragments were amplified from sodium bisulfite-
modified DNA (online supplementary Table S1 for the respective
primer sequences) for 43 cycles, and the PCR products were
then purified using the Jetquick PCR Product Purification Kit
(Genomed, Löhne, Germany). Sequencing was performed with the

Figure 1. Overview of the TIMP3 5′-CpG island. Two different regions
were investigated for TIMP3 methylation. Region 1 was investigated by
methylation-specific PCR analysis (CpG sites -42 to -40 and -62 to -59
relative to the TIMP3 translation start site, TLS) and direct sodium
bisulfite sequencing (CpG sites -72 to -50). This region overlapped with
a smaller fragment of the TIMP3 5′-CpG island that in two preceding

studies had been investigated by methylation-specific PCR analysis
with divergent results (CpG sites -55 to -46) (7, 19). Another region
of the TIMP3 5′-CpG island located telomerically and directly covering
the translation start site of TIMP3 (region 2, CpG site -18 to +2)
was additionally investigated by direct sodium bisulfite sequencing.
TCS = transcription start site.
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BigDye® Cycle Sequencing Kit and an ABI PRISM 377 semi-
automated DNA sequencer (Applied Biosystems, Foster City, CA,
USA). To calculate the degree of CpG site methylation in the inves-
tigated DNA segment, the methylation status at each analyzed CpG
sites was semi-quantitatively rated using the following scale: 0,
completely unmethylated; 1, a weak methylated signal detectable
in the sequence; 2, methylated signal approximately equal to unm-
ethylated signal; and 3, methylated signal markedly stronger than
unmethylated signal. Based on this rating, a regional methylation
score was calculated for each tumor by adding the figures deter-
mined at the individual CpG sites. Methylation scores in region 2
clearly segregated tumors in two groups with either low or absent
methylation (methylation score �4) or strong methylation (methy-
lation score �42).

Real-time reverse transcription
(RT)-PCR analysis

Three micrograms of total RNA from each tumor were reverse-
transcribed into cDNA using random hexanucleotide primer
sequences and SuperScript® reverse transcriptase according to the
manufacturer’s protocol (Invitrogen Corporation, Carlsbad, CA,
USA). Primers for TIMP3 expression analysis are supplied in

supplementary Table S1. TIMP3 mRNA expression levels were
determined by real-time reverse transciption PCR analysis using the
ABI PRISM 5700 sequence detection system (Applied Biosys-
tems), which allows the continuous measurement of the PCR
product amount by means of incorporation of SybrGreen fluores-
cent dye. Fluorescent data were converted into cycle threshold
measurements using the SDS system software (Version 2.0,Applied
Biosystems) and exported to Microsoft Excel. Fold expression
changes relative to non-neoplastic leptomeningeal tissue were cal-
culated with the DDCT method (20) using ARF1 (ADP-ribosylation
factor 1) as the reference transcript (27).

Induction of re-expression of TIMP3 in vitro
by 5-Aza-2�-deoxycytidine and trichostatin
A treatment

To assess for a causal relationship between TIMP3 hypermethyla-
tion and decreased TIMP3 mRNA expression, we treated the
benign meningioma cell line Ben-Men-1 (kindly provided by
Prof. W. Paulus, Münster, Germany) with the demethylating agent
5-aza-2′-deoxycytidine and the histone deacetylase inhibitor
trichostatin A. Cells were grown under standard conditions or
under two different treatment conditions with either 500 nM

Figure 2. Results of the methylation analysis
of region 1. A. Methylation-specific PCR
analysis. 1, MN49A; 2, MN210; 3, MN63B; 4,
MN64; 5, MN213; 6, MN119; 7, MN217; 8,
MN53; 9, MN58; 10, MN212; 11, MN1038; 12,
MN202; +, in vitro hypermethylated DNA
control; -, non-methylated DNA control; NTC,
no tissue PCR negative control; m, signal
resulting from DNA amplified with primers for
methylated DNA, u, signal resulting from DNA
amplified with primers for unmethylated DNA.
B. TIMP3 region 1 direct bisulfite sequencing
analysis (CpG sites -72 to -50) in synopsis
with mRNA expression levels relative to
normal leptomeningeal tissue, protein (Prot.)
expression scores and allelic status on 22q in
selected meningiomas. Meth., TIMP3
methylation; Score, TIMP3 methylation score;
Lept., non-neoplastic leptomeningeal tissue;
HM-Lept.; in vitro hypermethylated
non-neoplastic leptomeningeal DNA; LOH, loss
of heterozygosity; RET, retention of
heterozygosity. Note that neither
methylation-specific PCR (A) nor direct bisulfite
sequencing analysis (B) reveals significant
hypermethylation in this specific region of the
TIMP3 5′-CpG island.
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Figure 3. Methylation status (Meth.), methylation score (Score) and
methylation pattern in region 2 of the 5′-CpG island of TIMP3 (CpG sites
-18 to +2 relative to the transcription start site). The results are visual-
ized in synopsis with the protein (Prot.) and mRNA expression levels
as well as the allelic status on 22q in all investigated meningiomas.
Lept., non-neoplastic leptomeningeal tissue; Blood, non-neoplastic
blood control sample; HM-Lept./HM-Blood; non-neoplastic control

samples after in vitro hypermethylation; LOH, loss of heterozygosity;
RET, retention of heterozygosity. Note that anaplastic meningiomas (8
out of 12 cases, 67%) show the highest frequency of TIMP3 hyper-
methylation (methylation score �42) associated with marked transcrip-
tional downregulation in the majority of cases. Except for a single ana-
plastic meningioma (MN119), TIMP3 hypermethylation is exclusively
observed in tumors that carry allelic losses on 22q.
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5-aza-2′-deoxycytidine for 48 h plus 1 mM trichostatin A for 24 h
or 1 mM 5-aza-2′-deoxycytidine for 72 h plus 1 mM trichostatin A
for 24 h. (Figure 4B). After harvesting of the cells and extraction of
the mRNA, re-expression of TIMP3 mRNA was assessed by real-
time RT-PCR analysis as described above.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed paraffin-
embedded tissue sections using a commercially available TIMP3-
specific rabbit polyclonal antibody (Millipore, Billerica, MA,
USA; 1:50 dilution). Immunoreactivity was detected with the
EnVision™ Detection System (Dako, Hamburg, Germany) using
3,3′-diaminobenzidine tetrahydrochloride (DAB) as a chromogen.
TIMP3 protein expression was evaluated in 45 meningiomas (25
benign, 11 atypical and 9 anaplastic meningiomas) of the tumor
panel. Negative controls without primary antibodies were per-
formed for all reactions. As positive controls for TIMP3 staining,
we employed selected breast, colon and pancreatic cancer tissues.
Protein expression levels were semi-quantitatively assessed by a
composite numerical score, based on the percentage of positive
stained tumor cells multiplied by staining intensity, potentially
ranging from 0 to 12. The percentage of labeled cells was scored as
follows: 0 (no or minimal reactivity, similar to non-neoplastic brain
tissue), 1 (<10%), 2 (10–50%), 3 (50–90%) and 4 (>90%). Staining
intensity was graded as 0 (negative), 1 (weak), 2 (moderate) or 3
(strong).

Statistical analyses

Two-sided Student’s t-test analyses were employed to compare
TIMP3 mRNA expression between meningiomas of the different
WHO grades (Figure 5A) and to assess the significance of TIMP3
mRNA expression differences between the group of tumors with
low/absent and strong TIMP3 methylation (Figure 5B). The non-
parametric Mann–Whitney U-test was used to compare protein
expression scores between the different WHO grades. Fisher’s
exact test was utilized to further assess frequency differences of
TIMP3 methylation between meningiomas of the different WHO
grades (Figure 5C) and the association between TIMP3 hyper-
methylation and the allelic status on 22q12.3 (Figure 5D). A
P-value of <0.05 was considered as significant for all analyses.

RESULTS
We first assessed TIMP3 5′-CpG island methylation in a region that
had been investigated in two preceding studies with controversial
results (region 1, Figure 1). Both methylation-specific PCR analy-
sis and direct sodium bisulfite sequencing in our hands did not
reveal tumor-specific TIMP3 hypermethylation in a subset of 22
meningiomas representing the different WHO grades (Figure 2).
Using direct sodium bisulfite sequencing, we then investigated the
entire panel of 50 meningiomas for TIMP3 5′-CpG island methyla-
tion in a region (region 2) located telomerically to region 1 and
overlapping with the translation start site of TIMP3 (Figure 1).
Tumors could be segregated into two clearly different groups with
either strong methylation involving virtually the entire sequenced
region (methylation score �42) or low or absent methylation corre-
sponding to methylation scores �4 (Figures 3 and 4D). Of note,
strong TIMP3 5′-CpG island methylation was most frequent in
anaplastic meningiomas (8 out of 12 cases, 67%), while atypical (2
out of 11 cases, 18%) and benign meningiomas (4 out of 27 cases,
15%) exhibited significantly lower TIMP3 methylation frequencies
(Fisher’s exact test; MN III vs. MN II, P = 0.0361; MN III vs. MN
I, P = 0.0024; Figure 5C).

Figure 4. A. Real-time reverse transcription (RT)-PCR analysis of TIMP3
expression in a selected case of anaplastic meningioma (MN63B) with
TIMP3 5′-CpG island methylation (compare D) and allelic loss on 22q
(compare C). Abscissa, cycle number; ordinate, relative amount
of PCR product. While the reference mRNA curves (ARF1) for non-
neoplastic leptomenigeal tissue (Lept.) and MN63B pass the threshold
(Ct) at an approximately equal cycle number, the TIMP3 mRNA curve for
MN63B is shifted to the right relative to the NB curve, indicating a
markedly decreased TIMP3 expression in MN63B. B. Re-expression of
TIMP3 transcripts as assessed by real-time RT-PCR analysis in the men-
ingioma cell line Ben-Men-1 after treatment with the demethylating
agent 5-aza-2′-deoxycytidine and the histone deacetylase inhibitor tricho-
statin A. 1, cells grown under standard conditions; 2, 500 nM 5-aza-2′-
deoxycytidine for 48 h plus 1 mM trichostatin A for 24 h; 3, 1 mM 5-aza-2′-
deoxycytidine for 72 h plus 1 mM trichostatin A for 24 h; 4, relative
TIMP3 expression level in non-neoplastic leptomeningeal tissue, Lept.
C. Selected examples of the microsatellite analyses for allelic losses on
22q in meningiomas. Note the loss of heterozygosity of the polymorphic
microsatellite marker D22S304 in MN63B and retention of D22S304 in
MN412 in the tumor tissue (T), while in corresponding blood samples of
the patients both alleles have been retained. D. Example of the methyla-
tion pattern of TIMP3 (region 2, CpG sites -6 to -11, reverse strand) in
the anaplastic meningioma MN63B and non-neoplastic leptomeningeal
tissue (Lept.). Sodium bisulfite sequencing analysis reveals methylation
at all CpG sites (marked with arrows) in the tumor, while the non-
neoplastic leptomeningeal tissue lacks CpG site methylation.

Barski et al TIMP3 Methylation in Meningiomas

627Brain Pathology 20 (2010) 623–631

© 2009 The Authors; Journal Compilation © 2009 International Society of Neuropathology



Using real-time RT-PCR analysis, we then assessed TIMP3
mRNA expression in 43 of the 50 meningiomas of our panel for
which sufficient and high-quality RNA was available. Relative to
non-neoplastic leptomeningeal tissue, TIMP3 expression showed
a more than threefold reduction most frequently in atypical (7 out
of 11, 64%) and anaplastic meningiomas (6 out of 11, 55%),

while in benign meningiomas of WHO grade I, a respective
decrease in TIMP3 mRNA expression was only observed in 3 out
of 21 cases (14%; Figures 3 and 4A). Moreover, comparing the
mean TIMP3 mRNA expression between the different menin-
gioma grades, we found that atpical (MN II; mean: 0.6; standard
deviation, SD: 0.5) and anaplastic meningiomas (MN III; mean:
1.0; SD: 1.6) exhibited lower mean TIMP3 mRNA expression
levels than benign meningiomas of WHO grade I (MN I; mean:
2.4; SD: 3.0), and these findings proved significant in
Student’s t-test analyses (MN III and II vs. MN I, P = 0.0211;
Figure 5A).

We next investigated whether the decrease in TIMP3 mRNA
expression in higher grade meningiomas was also reflected at the
protein level by performing immunhistochemistry in 45 of the 50
meningiomas of our tumor panel (Figures 3 and 6). Benign menin-
giomas of WHO grade I had the highest median labeling scores
(median labeling index: 4; interquartile range, IQR: 3). Intermedi-
ate TIMP3 immunoreactivity scores were denoted in atypical men-
ingiomas (median: 3; IQR: 2), while anaplastic meningiomas in
their majority exhibited only weak TIMP3 immunoreactivity in a
fraction of tumor cells (median: 2; IQR: 2; Figure 6). Consistent
with the mRNA data, TIMP3 protein expression was significantly
lower in higher grade (atypical and anaplastic) meningiomas when
compared with benign meningiomas (Mann–Whitney U-test; MN
III and II vs. MN I; P = 0.02).

To assess the potential causal link between TIMP3 5′-CpG
island methylation and reduced TIMP3 expression, we treated the
meningioma cell line Ben-Men-1 with the demethylating agent
5-aza-2′-deoxycytidine and the histone deacetylase inhibitor tri-
chostatin A. After harvesting of the cells and extraction of the
mRNA, expression of TIMP3 transcripts increased in the range
of four- to fivefold in the treated cells as compared with the
untreated cells. Expression levels after treatment reflected those
observed in non-neoplastic leptomeningeal tissue (Figure 4B).
Moreover, the finding of an association between TIMP3 5′-CpG
island methylation and decreased TIMP3 mRNA expression in
meningiomas was reinforced by statistical associations in our
tumor panel. When segregating tumors into two groups for strong
(methylation score �42) and low/absent (methylation score �4)
TIMP3 5′-CpG island methylation, the 14 meningiomas with
strong TIMP3 methylation exhibited significantly lower TIMP3
transcript levels (mean: 0.3; SD: 0.3) than the 29 tumors with low
or absent TIMP3 methylation (mean: 2.2; SD: 2.7; Student’s
t-test, P = 0.0123).

As TIMP3 is located close to the NF2 tumor suppressor gene on
22q12.3, a region that is often lost in meningiomas, we assessed the
allelic status on 22q by means of microsatellite analyses in those 39
cases of our tumor panel for which corresponding patient blood
samples were available (25 MN I, 10 MN II, 4 MN III). Allelic
losses on 22q spanning the TIMP3 locus were detected in 20 of the
39 investigated meningiomas (51%; Figures 3 and 4C). Of note,
TIMP3 5′-CpG island methylation was significantly more frequent
in meningiomas with allelic losses on 22q (7 out of 20 cases, 35%)
than in tumors with retention in this chromosomal region (1 out of
19, 5%; Fisher’s exact test, P = 0.0436; Figure 5D). Thus, TIMP3
methylation—except for a single case (MN119)—was exclusive to
meningiomas with 22q loss, while in the reverse comparison only
about one-third of tumors with 22q loss carried a TIMP3
methylation.

Figure 5. Associations between TIMP3 methylation (region 2), mRNA
expression, WHO grade and allelic status on 22q. A. Mean TIMP3 tran-
script levels are significantly lower in atypical and anaplastic meningio-
mas than in benign meningiomas of WHO grade I. B. Meningiomas with
strong TIMP3 5′-CpG island methylation (methylation score �42) exhibit
significantly lower TIMP3 mRNA expression levels as compared to men-
ingiomas with low or absent TIMP3 methylation (methylation scores
�4). C. Distribution of the TIMP3 methylation frequency over the differ-
ent meningioma grades. Note that TIMP3 5′-CpG island methylation is
significantly more frequent in anaplastic (8 out of 12 cases, 67%) than in
atypical (2 out of 11, 18%) and benign meningiomas (4 out of 27, 15%).
D. TIMP3 methylation is significantly more frequent in meningiomas
with allelic losses on 22q than in tumors with retention of this chromo-
some arm.
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DISCUSSION
TIMP3 at 22q12.3 has been described as a gene with unique tumor
suppressor-like properties that when inactivated as a result of
hypermethylation is associated with poor prognosis in a range of
different cancers (4, 11, 23, 30, 32, 33). Here, we addressed the role
of TIMP3 aberrations in the molecular pathogenesis of meningio-
mas and provide evidence that TIMP3 hypermethylation and
transcriptional downregulation is associated with allelic losses on
22q12 and a more aggressive, high-grade meningioma phenotype.

In a panel of 50 meningiomas covering the different WHO
grades, we assessed methylation of the TIMP3 5′-CpG island
in two distinct regions. Region 1 had been investigated by
methylation-specific PCR analysis in two preceding studies with
divergent results: While Bello and colleagues detected hyper-
methylation of this region of the TIMP3-associated CpG islands in
about 24% of meningiomas, Liu et al could not validate these
findings (7, 19). We assessed TIMP3 methylation in region 1 by
methylation-specific PCR analysis and additional direct sodium
bisulfite sequencing. Both methods did not indicate TIMP3 pro-
moter hypermethylation in this region, thus corroborating the nega-
tive findings in the latter of the two preceding studies (19). The
divergent results reported in the paper by Bello and colleagues
might be a result of the methylation-specific PCR analysis being
restricted to detection of the methylation status of the few selected
CG sites within the primer sequence that in individual tumors
might not necessarily prove representative for the methylation
status of the entire amplified sequence (7). We thus feel comfort-
able that the additional direct bisulfite sequence of region 1 per-
formed in our study provides a more comprehensive picture of the
methylation status of TIMP3 in region 1 as each of the 23 covered
CG sites can be individually assessed. We then continued to inves-
tigate the TIMP3 5′-CpG island in a region located telomerically to

region 1 and directly covering the translation start site of TIMP3
(region 2). Of note, direct bisulfite sequencing of 21 CG sites
revealed strong and explicit TIMP3 methylation in the majority
(67%) of anaplastic meningiomas, while in atypical or benign men-
ingiomas TIMP3 methylation was detected at significantly lower
frequencies.

Assessing TIMP3 mRNA expression in our tumor panel, we
found a significant reduction of the mean TIMP3 transcript levels
in the clinically more aggressive, higher-grade meningioma sub-
types (WHO grades II and III), and a similar observation was made
for the median TIMP3 protein expression levels as assessed by
immunohistochemistry. These results are in line with reports in
other tumor entities that describe a downregulation of TIMP3
expression in conjunction with high-grade tumor phenotype and
poor prognosis (5, 16, 17, 24, 26). Furthermore, we could provide
in vitro and in vivo evidence for a causal relationship between
TIMP3 methylation and the downregulation of TIMP3 transcripts
in meningiomas. Treatment of the meningioma cell line Ben-
Men-1 with the demethylating agent 5-aza-2′-deoxycytidine
and the histone deacetylase inhibitor trichostatin A resulted in
increased expression of TIMP3 mRNA similar to the expression
observed in non-neoplastic leptomeningeal tissue. Moreover, in the
tumor samples, meningiomas with strong TIMP3 methylation had
significantly lower mean TIMP3 mRNA expression levels than the
group of tumors that did not bear this epigenetic alteration. Never-
theless, it has to be mentioned that five atypical meningiomas in
our series exhibited a more than threefold reduction of TIMP3
mRNA expression in the absence of TIMP3 methylation (Figure 3),
which was also reflected by a mean TIMP3 mRNA expression
decrease in the presence of an only negligible increase of methyla-
tion frequency in this tumor group (Figure 5A, C). A possible
explanation for this discrepancy could be that TIMP3 hypermethy-
lation is an important but not the sole cause of TIMP3

Figure 6. Immunohistochemical analysis of
TIMP3 protein expression in meningiomas. A.

Example of a benign meningioma of WHO
grade I (MN30) with strong and diffuse
immunoreactivity for TIMP3, consistent with
retained expression. TIMP3 protein
expression significantly decreases with
malignant progression with intermediate
levels in atypical (B, MN14) and lowest mean
expression levels in anaplastic meningiomas
(C, MN210). Note that both MN14 and
MN210 exhibit concomitant TIMP3
hypermethylation. Magnification of all
meningioma images, ¥400. Arrowheads,
mitoses. D. Colorectal carcinoma tissue
served as a positive control for TIMP3
immunostaining. Magnification, ¥200. All
sections are counterstained with hematoxylin.
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transcriptional downregulation. Indeed, recent reports indicate that
other alterations might contribute to the transcriptional silencing
of the TIMP3 gene product. As such, ERBB2 overexpression and
colon-carcinoma-derived specific p53 mutant proteins have both
been demonstrated to suppress the transcription of TIMP3 in
murine fibroblasts (6, 29). Also miR-21 has been indicated to
downregulate TIMP3 expression in glioma cells in vitro and in a
glioma model in nude mice (14). It requires further investigation if
these mechanisms add to the inactivation of TIMP3 in meningio-
mas and may contribute to the more aggressive clinical behavior,
particularly in atypical meningiomas, by substituting for the lower
TIMP3 methylation frequency in these tumors in comparison with
the anaplastic variants.

Unfortunately, we do not have clinical follow-up data on our
meningioma patients to assess whether patients with WHO grade
III tumors that lacked TIMP3 inactivation showed a longer survival
or whether patients with WHO grade I tumors and concomitant
TIMP3 inactivation had a worse prognosis than the other patients
within the respective grades. Nonetheless, our tumor panel partly
overlapped with a panel of meningiomas for which CGH data had
been generated in a previous publication (31). Indeed, the three
WHO grade I meningiomas included in both studies that had a
reduction in TIMP3 expression (MN12, MN17, MN27) showed a
number of allelic gains and losses in addition to 22q deletions, as
for example, 1p deletions in all three tumors. These molecular
alterations may represent a precondition for a more aggressive
clinical course in these selected tumors. However, the two WHO
grade III lesions included in both studies that did not have TIMP3
inactivation (MN49A, MN64) showed an accumulation of multiple
chromosomal gains and deletions as it is typical for anaplastic
meningiomas, thus underlining the need for further investigation of
the prognostic effect of TIMP3 inactivation in clinically well-
documented patient series.

TIMP3 maps to 22q12, a chromosomal band that is lost in about
50% of sporadic meningiomas and contains the tumor suppressor
gene NF2 (25, 28). Mutations of the NF2 gene—in addition to
chromosomal deletions on 22q12—serve as a second hit to com-
pletely inactivate the NF2 gene product Merlin. NF2 mutation fre-
quency does neither significantly differ between WHO grades nor
does it increase in meningioma progression, suggesting that NF2
mutations arise early in meningiomagenesis and are relevant to
meningioma initation (25, 28). In our meningioma panel, we
detected loss of heterozygosity on 22q in 20 of the 39 investigated
meningiomas (51%), which matches the frequencies reported in
the literature. Notably, TIMP3 methylation—except for a single
case—occurred exclusively in meningiomas with deletions on 22q.
Thus, TIMP3 5′-CpG island methylation seems selected for in a
genetic background of 22q loss. However, in contrast to NF2 muta-
tions, TIMP3 methylation was preferentially observed in high-
grade anaplastic meningiomas, thus appearing as a late event in
meningiomagenesis and contributing to meningioma progression.
As such, TIMP3 silencing by methylation may induce a more
aggressive, high-grade phenotype, preferentially in the subgroup
of meningiomas that carry preexisting 22q deletions. Nevertheless,
the high frequency of cases with 22q loss that do not bear TIMP3
methylation (about one-third of tumors) underlines the major
role of other tumor suppressor genes (NF2) in this region and
confines the role of TIMP3 to a (more aggressive) subset of
meningiomas.

Taken together, we here present a comprehensive study investi-
gating TIMP3 methylation, mRNA and protein expression in men-
ingiomas and correlating the results to the allelic status on 22q. The
results indicate hypermethylation and transcriptional downregula-
tion of TIMP3 as a mechanism that fairly exclusively occurs in
meningiomas with allelic losses on 22q12 but—in contrast to NF2
mutation—appears to be involved in meningioma progression as it
is significantly associated with a more aggressive, high-grade men-
ingioma phenotype.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:

Table S1. Primers used for TIMP3 methylation, expression and
22q12.3 microsatellite analyses (according to GenBank Accession
no. NM_011520).

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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