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Abstract The extent of resection and the intrinsic bio-
logical aggressiveness of the tumor have been repeatedly
identified as the primary determinants of meningioma
recurrence. Invasive growth limits the resectability of
meningiomas. Tumor invasion is mediated by matrix
metalloproteases and their inhibitors such as uPA and
PAI-1. In some cancers uPA expression is controlled in
part by promoter methylation. In the work reported in this
paper we investigated the role of uPA/PAI-1 expression
and methylation of the uPA promoter in meningiomas.
Sixty-five tumor tissue samples (WHO grade I: 26, grade
II: 27, grade III: 12) from 58 patients were analyzed for
uPA and PAI-1 protein content using a commercially
available ELISA kit. For uPA promoter methylation anal-
ysis, a 365-bp promoter fragment was amplified by PCR
after bisulfite treatment and subjected to a methylation-
sensitive restriction digest with Acil. Pertinent clinical data
were retrieved from the patients’ charts. uPA and PAI-1
protein expression correlated significantly with WHO
grade (uPA: P < 0.033, PAI-1: P < 0.001). High (>6 ng/
ml = median) PAI-1 levels were seen more frequently in
tumors with brain invasion (P = 0.006) and proved a sig-
nificant predictor of the patients’ prognosis (Kaplan—Meier
estimates of progression-free survival: P = 0.004).
Increased methylation of the uPA promoter was found to
correlate significantly with lower levels of uPA expression.
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Our data suggest PAI-1 (and possibly to a lesser degree uPA)
as potential prognostic markers in meningiomas. uPA
expression in meningiomas might, in part, be controlled by
promoter methylation.
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Introduction

Meningiomas are the second most common CNS tumors.
Their incidence has been reported to be 6 per 100,000 [1].
They are twice as common in females as in males, and the
incidence is highest after the fifth decade of life. In com-
parison with gliomas, clinical and basic science researchers
have given relatively little attention to these growths. The
WHO classification distinguishes between benign WHO
grade I, atypical WHO grade II, and anaplastic WHO grade
Il tumors. Five-year recurrence of 38-52% has been
described for atypical meningiomas, and 5-year recurrence
for anaplastic meningiomas may be as high as 50-84% [2].
Five-year overall survival of 78 and 44% has been reported
for atypical and anaplastic meningiomas, respectively [3].

Surgical resection is still regarded as standard treatment
for most tumors. Radiosurgery is a good option for small
tumors or (progressive) residual tumor whenever (repeat)
surgery is deemed too risky, and for tumors in specific
locations, for example the cavernous sinus. Conventional
radiotherapy is usually prescribed for anaplastic (and often
also for atypical) meningiomas [4]. Various systemic
therapies have been tried for tumors which have failed
standard therapeutic regimens. However, these treatments
have met with modest success at best. There are some data
to suggest a role for targeted therapies in the future [5, 6].
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The extent of resection and the intrinsic biological
aggressiveness of the tumor have been repeatedly identified
as the primary determinants of meningioma recurrence [7].
Invasive growth limits the resectability of meningiomas.
Inclusion of brain invasion as a criterion for atypia in the
2007 WHO classification is a significant modification of
the preceding version [8]. However, only a few studies
have been performed on meningioma invasion. Little is
known about the underlying molecular mechanisms.

Tumor invasion is associated with extracellular matrix
remodeling and involves various proteases, for example the
urokinase plasminogen activator (uPA) system. uPA and its
inhibitor PAI-1 are involved in extracellular matrix prote-
olysis but also in cellular adhesion and migration by
interacting with vitronectin and integrins [9, 10]. uPA/PAI-
1 have been implicated as important in glioma invasion and
malignant progression [11, 12]. Only a few similar inves-
tigations in meningiomas have been conducted [13, 14].
uPA gene expression is regulated in part through promoter
methylation in breast cancer cell lines and possibly in
human breast carcinomas also [15]. The methylation status
of the uPA promoter has been shown to affect prostate
cancer invasion and growth in vitro and in vivo [16].

In the work discussed in this paper we investigated the
importance of uPA/PAI-1 expression and uPA promoter
methylation in a collection of meningiomas with a high
percentage of atypical (WHO grade II) and anaplastic
(WHO grade III) tumors. Various clinicopathological data
(WHO grade, MIB-1 labeling index, tumor localization,
tumor multiplicity, brain invasion, recurrence, progression
free and overall survival) were tested for potential associ-
ations with uPA and PAI-1 expression.

Materials and methods
Patients and clinical data

For this investigation we studied 65 tissue samples (WHO
grade I: 26, WHO grade II: 27, WHO grade III: 12) from
58 patients (66% female) who underwent surgery for an
intracranial meningioma in the Department of Neurosur-
gery at the University of Bonn between 1996 and 2005.
Tumors were selected from the Department’s tumor tissue
bank. The patients’ age ranged from 17.8 to 80.3 years
with a median age of 60 years at the time of surgery. The
relative frequency of WHO grade I, grade II, and grade III
tumors among 15 patients <50 years was 27, 53, and 20%,
among 33 patients 50-70 years 52, 27, and 21%, and
among 17 patients >70 years 29, 58, and 12%.

Fifteen tumor samples (23%) were obtained at surgery
for recurrent tumor diagnosed between 12 and 516 months
after the initial surgery. Tumor tissue from both primary
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and recurrent meningioma was available in one case. Forty-
four patients (76%) were diagnosed with a single tumor, six
patients (10%) with 2 or 3, and eight patients (14%)
with >3 meningiomas. Twenty-two tumors (34%) were
located at the cranial base. Twenty-six meningiomas (40%)
were larger than 5 cm. MRI investigations showed signif-
icant brain edema (>0.5 cm on T2 weighted MR images) in
22 (34%) patients. There were 38 Simpson grade 1 (59%),
21 Simpson grade 2 (32%), and five Simpson grade 3 (8%)
resections. In one case, only a Simpson grade 4 resection
was possible.

Pertinent clinical data were retrieved from the patients’
charts. Survival analysis were restricted to patients (n = 47)
who were included in the study at the time of their first
surgery. Median follow-up after the first surgery in this
group was 48 months (mean 44, range 0—137 months).

Neuropathology

All histopathological diagnoses were made at the Depart-
ment of Neuropathology/German Brain Tumor Reference
Center at the University of Bonn. Brain invasion in the
absence of histological atypia was considered sufficient to
enable diagnosis of an atypical meningioma WHO grade II.
Brain invasion and bone invasion were recorded if histo-
logically confirmed. MIB-1 (Ki-67) labeling indices were
obtained for 58 (89%) meningiomas, and tumors were
assigned to three categories: (1) MIB-1 <5%, (2) MIB-
1 = 5-10%, (3) MIB-1 >10%.

uPA/PAI-1 expression analysis

Tumor tissue specimens were obtained at surgery and
immediately shock frozen in liquid nitrogen. Samples were
later stored at —80°C. Frozen tumor samples (100 mg)
were homogenized in tris buffered saline/1% Triton X-100.
uPA and PAI-1 protein contents were determined using the
Femtelle uPA/PAI-1 Elisa Kit (American Diagnostica,
Pfungstadt, Germany) as described by the manufacturer.
The Femtelle kit is used routinely as part of the work-up for
nodal negative breast cancers treated in the Departments of
Gynecology at Hannover Medical School. Protein con-
centrations were measured using standard methods (BCA
kit; Pierce, Rockford, USA).

uPA promoter methylation analysis

DNA was extracted using standard methods (QIAamp
DNA mini kit; Qiagen, Hilden, Germany) from shock
frozen tumor tissue and subjected to bisulfite treatment
with the EpiTect bisulfite kit (Qiagen) in accordance with
the manufacturer’s recommended procedure . A 365 bp
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fragment of the uPA promoter (—430 to —66; NCBI Ref-
erence Sequence: NG_011904.1: 4596-4960) was PCR
amplified (forward primer: 5-AGA TTT TAT AGT TTT
ATT AGT-3', reverse primer: 5'-CTC CCT CCC CTA
TCT TAC AA-3'). Primers were designed to bind specifi-
cally to bisulfite-modified DNA. Bisulfite treatment of the
DNA converts unmethylated cytosine residues into uracil
but leaves 5-methylcytosine unaffected. Uracil residues
resulting from the previous bisulfite treatment are converted
to thymidine during subsequent PCR analysis. Hence, the
base sequence of the final 365-bp PCR product will vary with
the DNA methylation status of the template. The sequence of
the primers did not include CpG dinucleotides, in order to for
enable amplification of the DNA fragment irrespective of
DNA methylation status.

The 365 bp uPA promoter fragment contains 19 poten-
tial CpG methylation sites. Sites 2—19 correspond to the
CpG dinucleotides termed 1-18 by Pakneshan et al.[15]
Five of the CpG dinucleotides (sites 1, 2, 14, 15, and 16)
are part of Acil recognition sites, i.e. these Acil sites are
destroyed by bisulfite treatment unless protected by CpG
methylation. Hence, the band pattern after Acil restriction
will reflect the degree of methylation of this region.
Increasing levels of DNA methylation will result in more
complete Acil digests, i.e. will increase the relative pro-
portion of smaller DNA fragments.

Agarose gel electrophoresis and sequence analysis iden-
tified the following major bands in controls (normal brain
and normal brain after CpG methylation with M.SssI) and
in the meningioma samples: 365 and 342 bp (original
uncut PCR product and NCBI Reference Sequence:
NG_011904.1: 4619-4960/CpG site 1 to 3’ end), 298 bp
(NCBI Reference Sequence: NG_011904.1: 4663-4960/
CpG site 2 to 3’ end), 257 and 247 bp (NCBI Reference
Sequence: NG_011904.1: 4663-4909/CpG sites 2 to 14
and 4663-4919/CpGH sites 2 to 16), and several smaller

N18" 2107 2098 2517 2582 uncut

M N1
Fig. 1 Differential methylation of a 365 bp uPA promoter fragment
in meningiomas. Agarose gel electrophoresis identified the following
major bands after bisulfite treatment, PCR amplification, and
methylation-sensitive Acil digest: 365 and 342 bp (original uncut
PCR product and NCBI Reference Sequence: NG_011904.1: 4619—
4960/CpG site 1 to 3’ end), 298 bp (NCBI Reference Sequence:
NG_011904.1: 4663-4960/CpG site 2 to 3’ end), 257 and 247 bp
(NCBI Reference Sequence: NG_011904.1: 4663-4909/CpG sites 2
to 14 and 4663-4919/CpGH sites 2 to 16). On the basis of the relative

fragments. On the basis of the relative densitometric

intensities of the bands, samples could be assigned to

three groups reflecting increasing levels of methylation

(Fig. 1):

1 strong 365/342 bp doublet and all other bands <30%;

2 strong 365/342 bp doublet > strong 298 bp band, all
other bands <30%; and

3 365/342 bp doublet <298 bp band, all other bands
<30% or small bands (257, and 247 bp etc.) >50%.

Statistical analysis

Statistical analysis was supported by commercially avail-
able software (SPSS 17.0). For survival analysis Kaplan—
Meier estimates and log-rank tests were used. The level of
significance was set at P < 0.05.

Results

uPA/PAI-1 protein expression and uPA promoter
methylation in meningiomas

uPA and its inhibitor PAI-1 have been implicated in the
expression of an invasive phenotype and malignant pro-
gression of various cancers including some brain tumors.
To study the involvement of uPA/PAI-1 in meningiomas in
more detail we investigated 65 of these tumors for uPA/
PAI-1 protein expression. Tumors were found to contain
variable amounts of uPA (mean: 0.41 ng/mg + 0.61,
median: 0.2 ng/mg, range: <0.1-4.58 ng/mg) and PAI-1
protein (mean: 30.2 ng/mg + 102.3, median: 5.7 ng/mg,
range: 0.7-625.0 ng/mg). There was a significant correla-
tion between uPA and PAI-1 expression (Pearson correla-
tion coefficient: 0.676, P < 0.001). However, very high

365/342 bp
298 bp
2571247 bp

2200 2292 2324 uncut M

densitometric intensities of the bands, samples could be assigned to
three categories reflecting increasing levels of methylation: (1) strong
365/342 bp doublet and all other bands <30% (tumors 2582 and
2200); (2) strong 365/342 bp doublet >strong 298 bp band, all other
bands <30% (tumor 2517); (3) 365/342 bp doublet <298 bp band, all
other bands <30% (tumors 2107 and 2098) or small bands (257, and
247 bp etc.; tumors 2292 and 2324) >50%. M 100 bp marker;
N normal brain,; M, after methylation with M.Sssl
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levels of expression of the uPA inhibitor PAI-1 were also
observed in some tumors with low or moderate levels of
expression of uPA. Analysis of paired primary and recur-
rent tumor tissue samples was possible in one patient only
(primary vs. recurrent tumor: 0.16 vs. 1.4 ng uPA/mg
protein, and 22 vs. 11 ng PAI-1/mg protein).

Pakneshan et al. have provided correlative and functional
data linking methylation of the uPA promoter to uPA
expression in breast and prostate cancer [14, 15]. We
therefore investigated whether uPA expression also varies
with uPA promoter methylation in meningiomas. uPA pro-
moter methylation was assessed semiquantitatively on the
basis of the relative intensities of the bands observed after
bisulfite treatment, PCR, and a methylation-sensitive
restriction digest. Overall, uPA levels decreased with
increased levels of uPA methylation. Mean/median uPA
levels for categories 1, 2, and 3 were 0.61 £ 0.43/0.5,
0.37 £ 0.79/0.2,and 0.21 % 0.12/0.2 ng/mg protein, respec-
tively (Fig. 2, ANOVA, n.s.). Using the overall median (i.e.
0.2 ng uPA/mg protein) as a cut-off we found a significant
inverse correlation between the degree of uPA promoter
methylation and uPA expression (Spearman’s rho: —0.348,
P = 0.007). These data may indicate that uPA expression in
some meningiomas is indeed down-regulated in part by
promoter methylation.

1,50 =

-

=]

=]
1

0,50

uPA ng !/ mg protein

0,00

Methylation category
(1) (2 (3)

Fig. 2 Relationship between uPA protein expression and uPA
promoter methylation. Mean and median uPA levels decrease with
increasing methylation (i.e. from methylation category 1-3, see
Fig. 1). This association proved statistically significant when com-
paring the relative proportion of tumors with high (>med-
ian = 0.2 ng/mg protein) levels of uPA between the three
methylation categories (Spearman’s rho: —0.348, P = 0.007)
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Clinicopathological correlations

Next, we analyzed our series for potential correlations
between uPA/PAI-1 expression and various clinicopatho-
logical data. Importantly, mean uPA and PAI-1 protein
amounts were found to increase with the WHO grade of the
tumors (mean/median for WHO grade I: 0.23 £ 0.15/0.2,
and 6.75 + 8.72/4.15, grade I1: 0.42 + 0.33/0.3,and 8.30 +
6.21/7.80, grade III: 0.78 £ 1.27/3.5, and 130.20 +
217.21/22.85 ng uPA and PAI-1/mg protein; ANOVA,
P = 0.033, PAI-1: P <0.001, see Fig. 3a, b). Using the
respective median (0.2 ng uPA/mg protein, and 6 ng PAI-
1/mg protein) as a cut-off, the proportion of tumors with high
levels of PAI-1 (but not uPA) was found to increase signif-
icantly with tumor grade (uPA, Spearman’s rho: 0.228, n.s.;
PAI-1, Spearman’s rho: 0.251, P = 0.044). Atypical
meningiomas of WHO grade II had intermediate levels of
uPA compared with WHO grade I and III tumors. PAI-1
expression was relatively low in benign and atypical, but
high in anaplastic meningiomas. Mean uPA and PAI-1 levels
were found to increase with the MIB-1 labeling index of the
tumors, however, findings were statistically significant for
PAI-1 only (MIB-1 <5%: 0.27 £ 0.11, and 6.88 £ 8.67,
MIB-1 = 5-10%: 20.88 + 51.81, and 0.47 £ 0.38, MIB-
1 >10%: 32.76 £+ 108.04, and 0.69 + 1.22 ng uPA/mg and
PAI-1 protein; ANOVA, uPA: n.s., PAI-1: P = 0.046). The
proportion of tumors with high (i.e. >median) uPA/PAI-1
levels did not increase significantly with MIB-1 labeling
index.

Brain invasion was histologically verified in 15 cases,
and bone invasion in nine tumors. Mean PAI-1 and uPA
levels did not differ significantly between tumors with and
without brain or bone invasion, but brain invasion was
more frequent among tumors with high PAI-1 expression
(using the median PAI-1 level = 6.0 ng/mg as a cut-off,
Spearman’s rho: 0.337, P = 0.006). There were no corre-
lations between uPA or PAI-1 expression and tumor size,
tumor location, presence of brain edema, or multiplicity.
uPA promoter methylation did not correlate with WHO
grade, MIB-1 labeling index, brain or bone invasion, tumor
size, tumor location, presence of brain edema, or multi-
plicity in our series.

We finally investigated uPA/PAI-1 expression and uPA
promoter methylation for an association with patient sur-
vival. Kaplan—Meier estimates of progression-free (PFS)
and overall survival (OS) using the median PAI-1 level
(6 ng/mg) as a cut-off showed a highly significant corre-
lation between PAI-1 expression and the patients’ prog-
nosis (log rank test, PFES: P = 0.004, OS: P = 0.031;
Fig. 4). No tumor containing <6 ng/ml PAI-1 recurred
after a median follow-up of 47 months. PAI-1 expres-
sion >6 ng/ml seemed to be a better predictor of tumor
recurrence and tumor-related death than extent of
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Fig. 3 Relationship between a b
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Fig. 4 Kaplan—Meier estimates of progression-free survival (PFS,
upper panel) and overall survival (OS, lower panel) vs. PAI-1 protein
expression (left, using the median PAI-1 level = 6 ng/mg as a cut-
off), WHO grade (middle), and extent of resection (Simpson grade,

resection. There was no significant correlation between
Simpson grade and the patients’ prognosis (log rank test,
PFS and OS: P = n.s., see Fig. 4). No significant correla-
tions were observed between uPA expression or uPA pro-
moter methylation and patient survival.

0S (months)
W WHO Grade |

B WHO Grade I
] WHO Grade Ill

0S (months)
B Simpson Grade 1

B simpson Grade 2
] simpson Grade 3

right). There was a highly significant correlation between PAI-1
expression and the patients’ prognosis (log rank test, PFS: P = 0.004,
OS: P = 0.031). No tumor containing <6 ng/ml PAI-1 recurred after
a median follow-up of 47 months

Discussion
Plasminogen activators (PA) and their inhibitors are impor-

tant in fibrinolysis, cell migration [17-19], angiogenesis,
chemotaxis [20, 21] wound healing, embryogenesis, tumor
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progression, and invasion, and metastasis [22]. Active uPA
catalyzes the conversion of inactive plasminogen to its
active form plasmin. Plasmin degrades components of the
extracellular matrix, for example laminin, fibronectin, fibrin
and collagen, and activates MMPs and growth factors. PAI-
1 is the most effective inhibitor of uPA.

uPA and PAI-1 expression have been studied in some
detail in gliomas [11, 12]. In contrast, only a few similar
investigations in meningiomas have been published [12,
13, 23]. Downregulation of uPA using siRNA and low-
molecular-weight inhibitors has been shown to reduce
migration, invasion, and tumorigenicity of a malignant
meningioma cell line [14, 24]. This study details uPA/PAI-
1 protein expression in a relatively large cohort (n = 65)
including a sizable proportion of atypical (42%) and
malignant (18%) meningiomas. Arai et al. [13] (using a
different assay) reported similar amounts of uPA but gen-
erally lower levels of PAI-1 in their samples compared
with our results. Levels of PAI-1 protein in our benign
meningiomas and in the meningiomas studied by Sawaya
and co-workers were comparable [12].

Importantly, this study links increased PAI-1 (and to a
lesser degree uPA) expression with the malignant pro-
gression of meningiomas (i.e. a higher tumor grade), to
brain invasion, and to tumor recurrence. There was a clear
correlation between WHO grade and uPA/PAI-1 protein
levels in our series. This confirms previous work by Arai
et al. [13]. These authors have also observed higher uPA/
PAI-1 expression in malignant than in benign meningio-
mas, albeit in a much smaller cohort (n = 18).

We also provide some evidence linking elevated PAI-1
(but not uPA) levels to brain invasion. Brain invasion was
more frequent in tumors containing >6 ng/ml PAI-1. Sid-
dique et al. and Nagashima et al. [23, 24] reported immu-
nohistochemical data suggesting a correlation between
increased uPA expression and an invasive phenotype in
meningiomas. These data do not necessarily contradict our
findings. There seems to be a general correlation between
uPA/PAI-1 immunohistochemistry and ELISA data [13].
However, these two experimental techniques may measure
different phenomena. Strong uPA staining of brain-invasive
meningioma cells may reflect a functional role of uPA in
brain invasion [23, 24], butincreased uPA expression may be
restricted to the invasion zone and may not necessarily
translate into overall increased protein levels. Hence uPA
ELISA data may not enable prediction of the invasive
capacity of the tumor, but the inherent problems with the
quantification of immunohistochemical data could still argue
for the use of ELISA measurements as a biomarker for
clinical use.

The current ASCO (American Society of Clinical
Oncology) guidelines recommend uPA/PAI-1 testing for
assessment of node-negative breast cancer [25]. This
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recommendation is supported by class I evidence [25, 26].
Some data also indicate a significant prognostic impact of
PAI-1 levels in lung cancer [27, 28]. Our data suggest PAI-
1 as a possible prognostic marker for meningiomas also.
PFS and OS correlated strongly with PAI-1 levels in our
series. No tumor with a PAI-1 protein content <6 ng/ml
recurred, whereas 7/23 patients with meningiomas con-
taining >6 ng/ml PAI-1 were diagnosed with recurrent
tumor during follow-up. Of note, we used a commercially
available test kit which has been approved by the FDA for
routine use in breast cancer. Although this is a definite
strength of our dataset, we also readily acknowledge that
this test only measures protein content and not uPA/PAI-1
activity. PAI-1 levels >14 ng/ml have been associated with
adverse prognosis in breast cancer [26]. This cut-off is
similar to the 6 ng/ml cut-off used in our study.

On average, uPA levels are higher in breast and other
cancers than in meningiomas. In breast cancer, only lev-
els >3 ng/ml uPA have been correlated with an adverse
prognosis [26]. Our data imply that high uPA levels (>3
ng/ml) may also carry an adverse prognosis in meningio-
mas. One of our tumors contained >3 ng/ml uPA. This
patient was diagnosed with a malignant meningioma and
succumbed to the disease only three months after surgery.

Finally, our study may shed some light on the regulation
of uPA expression in meningiomas. There is evidence to
suggest that the uPA gene is regulated in part through pro-
moter methylation in breast cancer cell lines and in human
breast cancer tissue. Lack of uPA expression in normal
mammary epithelial cells is because of transcriptional sup-
pression of uPA gene expression by DNA methylation of the
uPA promoter [15]. The methylation status of the uPA pro-
moter also regulates prostate cancer invasion and growth in
vitro and in vivo [16]. Our data indicate that the same
mechanism may also be involved in meningiomas. The
extent of uPA promoter methylation was found to correlate
inversely with uPA expression. Promoter CpG hyperme-
thylation resulting in transcriptional silencing is an impor-
tant epigenetic mechanism which is important in the
formation and progression of various tumors [29, 30].
Functional polymorphisms of methionine metabolism which
provide the methyl groups required for DNA methylation
have been associated with meningioma formation and
malignant progression [31]. Somewhat surprisingly, we did
not observe any significant correlations between the clini-
copathological data investigated and uPA promoter meth-
ylation. However, this largely parallels the findings for uPA
expression (with the exception of the correlation between
WHO grade and uPA protein levels). This may also reflect
the role of mechanisms other than promoter methylation in
the regulation of uPA expression.

In summary, this study provides a detailed description of
uPA and PAI-1 protein expression and clinicopathological
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correlations in meningiomas. uPA expression might be
controlled in part by promoter methylation. Similar to other
cancers PAI-1 (and to a lesser extent uPA) seem to be
involved in malignant progression and invasive growth.
PAI-1 expression may prove to be a useful prognostic
marker in meningiomas.
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