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ENINGIOMAS are usually benign tumors that arise
from the leptomeningeal cells of the arachnoid
membrane surrounding the brain and spinal cord.

However, recurrence after seemingly complete surgical
removal occurs in eight to 15% of cases, and tumor control
rates achieved with radiotherapy are only 80%.20,35,36,53

Moreover, a surgical cure is not always achievable in me-
ningiomas involving the skull base or vital neurovascular
structures. Results achieved with chemotherapeutic treat-
ments in the past were not convincing, and even drugs such
as temozolomideÐwhich have shown high efficacy

against malignant brain tumorsÐhave failed to inhibit the
growth of refractory meningiomas in Phase II studies.7,26,39,45

The development of novel treatment strategies based on
molecular information has not yet been successfully trans-
lated into common clinical practice. 

Arachidonic acid is a v6 polyunsaturated fatty acid that
is converted into biologically active lipid compounds cal-
led eicosanoids. Eicosanoids constitute a large family of
biologically active lipid mediators produced by two en-
zyme classes: the cyclooxygenases (COX-1 and COX-2)
and the lipoxygenases (5-LO, 12-LO, and 15-LO). Both
classes catalyze the same enzymatic reaction that occurs in
the synthesis of PG2 and PGH2, which are successively
metabolized to PGE2, PGD2, PGF2, thromboxane A2, and
prostacyclin PGI2 (Fig. 1).12

The crucial role of COX enzymes has been clearly
demonstrated in human colon cancer cells, in which COX-
2 is often overexpressed.30,40 Cyclooxygenase inhibitors,
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Object. The current treatment for recurrent or malignant meningiomas with adjuvant therapies has not been sat-
isfactory, and there is an intense interest in evaluating new molecular markers to act as therapeutic targets. Enzymes
of the arachidonic acid (AA) cascade such as cyclooxygenase (COX)±2 or 5-lipoxygenase (5-LO) are upregulated
in a number of epithelial tumors, but to date there are hardly any data about the expression of these markers in
meningiomas. To find possible targets for chemotherapeutic intervention, the authors evaluated the expression of
AA derivatives at different molecular levels in meningiomas.

Methods. One hundred and twenty-four meningioma surgical specimens and normal human cortical tissue sam-
ples were immunohistochemically and cytochemically stained for COX-2, COX-1, 5-LO, and prostaglandin E
receptor 4 (PTGER4). In addition, Western blot and polymerase chain reaction (PCR) analyses were performed to
detect the presence of eicosanoids in vivo and in vitro. 

Results. Sixty (63%) of 95 benign meningiomas, 21 (88%) of 24 atypical meningiomas, all five malignant menin-
giomas, and all normal human cortex samples displayed high COX-2 immunoreactivity. All cultured specimens and
IOMM-Lee cells stained positive for COX-2, COX-1, 5-LO, and PTGER4. The PCR analysis demonstrated no
changes in eicosanoid expression among meningiomas of different World Health Organization grades and in nor-
mal human cortical and dura mater tissue. 

Conclusions. Eicosanoid derivatives COX-1, COX-2, 5-LO, and PTGER4 enzymes show a high universal
expression in meningiomas but are not upregulated in normal human cortex and dura tissue. This finding of the
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apeutic treatments. (DOI: 10.3171/FOC-07/10/E8)
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such as nonsteroidal antiinflammatory drugs and COX-
2±specific inhibitors, can reduce the incidence of colorec-
tal cancer in humans and experimental animal models, and
can decrease the number and size of polyps in patients with
familial adenomatous polyposis.13 Recently, gliomas and
meningiomas were also found to overexpress both COX
and LO enzymes compared with normal brain tissue.6,8,37

Matsuo and coworkers32 reported that the staining intensity
in glioblastomas was relatively weak, but that menin-
giomas and WHO Grade II/III astrocytomas were strongly
positive for COX-2. Although much attention has been
focused on the role of COX-derived metabolites in cancer
development and progression, accumulating evidence sug-
gests that 5-LO±derived eicosanoids may play an equally
important role. 5-lipoxygenase mRNA and/or protein was
found to be overexpressed in human breast, pancreatic, or
colon cancer cells.17,21,49Boado et al.3 reported increased ex-
pression of 5-LO mRNA in three of three meningioma sur-
gical specimens examined. 

Most tumors that express COX have been found to con-
tain high levels of PGE2.10 Presumably, this especially bio-
active lipid product of COX is responsible for some of the
proneoplastic effects mediated by the enzymes such as
inducing growth, migration, and invasiveness in colorectal
carcinoma cells.5 Little is known of the production of PGs
in intracranial tumors; some authors have reported elevated
PGE2 levels in brain tumors in general and significantly
higher PGE2 level in meningiomas.9,25 In contrast, other
authors have reported no increase brain tumors' production
of PGE2.14 In the present study, we demonstrate the ubiqui-
tous expression of AA derivatives in human meningiomas
with immunohistochemical staining, Western blot analysis,
and PCR.

Materials and Methods

Tumor Specimens and Cell Culture

Meningioma surgical specimens were obtained from the
Neurosurgical Department in accordance with regulations
of the Ethics Committee of the University of T!bingen.
Primary cultures were obtained from tumor tissue samples
within 15 minutes of surgical removal. The samples were
first washed in PBS, reduced and mashed through a filter
and placed in Dulbecco modified Eagle's medium with
fetal bovine serum, 2 mmol/L L-glutamine, and 0.1% 10
mg/ml gentamicin (Invitrogen). The cells were plated in
12.5-mm2 tissue culture flasks and incubated at 37ÊC in a
humidified atmosphere of 5% CO2. The medium was
changed every 3 to 4 days, and cultures were split using
300-� l accutase (PAA). Viable cells were frozen in liquid
nitrogen in 90% medium/10% dimethyl sulfoxide. As there
is no PGE2 antibody commercially available, the subtype 4
of the prostaglandin receptor E2 was selected for the stud-
ies because it is the only prostaglandin E2 receptor subtype
that is expressed in brain. The IOMM-Lee cell line was a
kind gift from Dr. Anita Lal (Department of Neurological
Surgery, University of California, San Francisco).

Immunohistochemical Staining

Four-micron sections containing human meningiomas
were cut from formalin-fixed tissue embedded in paraffin
blocks. Normal cerebral cortex (Biochain Inc.), colon, and
tonsil tissues were used as positive controls. Slides con-
taining tissue were deparaffinized by bathing them in a
series of histolene (Engelbrecht) and alcohol solutions.
Vectastain Elite Universal Kits (Vector Laboratories) were
used according to the manufacturer's protocol. Briefly, the
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FIG. 1. Simplified diagram demonstrating the AA cascade and the enzymes produced. EGFR = epidermal growth factor
receptor; IL = interleukin; NF� B = nuclear factor-� B; NSAIDs = nonsteroidal antiinflammatory drugs; PLA2 = phospholipase
A2.



slides were treated with an antigen unmasking solution (cit-
rate buffer solution at pH 6.0), rinsed with PBS, and bathed
in a 3% H2O2 solution for 10 minutes, followed by block-
ing with avidinbiotin (Vector Laboratories). Slides were
incubated overnight at 4ÊC with primary COX-2 mouse
monoclonal antibody (160112, Cayman Chemical) at a
dilution of 1:50, COX-1 mouse monoclonal antibody
(160110, Cayman Chemical) at a dilution of 1:100, 5-LO
rabbit polyclonal antibody (101775, Cayman Chemical) at
a dilution of 1:100, and PTGER4 rabbit polyclonal anti-
body (160402, Cayman Chemical) at a dilution of 1:50.
After the samples were incubated with the primary anti-
body and washed twice with PBS, biotinylated secondary
antibody was applied, and the samples were incubated with
premixed avidin±biotin peroxide complex (Vector Lab-
oratories). The final immunohistochemical staining was
performed using Vector NovaRED (Vector Laboratories) to
obtain a reaction to the avidin±biotin complex. Sections
were counterstained with hematoxylin and examined under
light microscopy. 

The immunohistochemical samples were graded using a
five-point scoring system to describe the percentage of
cells that demonstrated positive staining, as previously
published.44 The scores were as follows: 0, no staining
noted; 1, less than 1% of cells stained; 2, 1 to 10% of cells
stained; 3, 11 to 50% of cells stained; and 4, more than 50%
of cells stained. 

Immunocytochemical Staining 

Immunocytochemical analysis was performed on menin-
gioma cells growing in a monolayer fashion in culture. The
cells were subjected to treatment, plated in four-well glass
slides, and allowed to remain in growth media for 2 to 3
days as described in the previous section. After removal of
the growth media, the slides were rinsed with PBS for 5
minutes. Methanol maintained at ±20ÊC was added to each
well for 10 minutes. After the methanol had been removed,
the slides were rinsed twice with PBS and bathed in 3%
H2O2 solution for 5 minutes to quench endogenous peroxi-
dases. The incubation and staining protocols are identical
to the immunohistochemical stainings described earlier.

Protein and RNA Isolation 

Cytoplasmic and nuclear protein and RNA were isolated
from surgical specimens and primary cell cultures using the
protein and RNA isolation system (PARIS, Ambion, Inc.)
according to the manufacturer's protocol. The nuclear and
cytoplasmic protein and RNA was measured spectrophoto-
metrically. The probes were stored at ±80ÊC until use. 

Reverse Transcription and PCR 

Ribonucleic acid samples were treated with DNase using
the DNAfree kit (Ambion, Inc.) prior to reverse transcrip-
tion±PCR analysis. A 0.4-� g sample of cytoplasmic and
nuclear RNA was reverse-transcribed using random hexa-
mer primers and the Transcriptor First Strand cDNA
Synthesis kit (Roche) according to the manufacturer's pro-
tocol. The PCR was performed with 50 ng of cDNA in a
50-� l reaction mixture containing FastStart Taq DNA
Polymerase dNTPack (Roche) according to the manufac-
turer's protocol, with COX-2, COX-1, ACTB (loading

control), PTGER4 primer (SuperArray), and 5-LO primer:
forward, 5Â-TCTCAAGCAACACCGACGTAAAG-3Â;
reverse, 5Â-TGCATGAAGCGGTTGATGAA-3Â designed
based on the sequence of human 5-LO cDNA.40 The PCR
conditions for COX-2, COX-1, ACTB, and PTGER4 were
95ÊC for 15 minutes, 40 cycles of 95ÊC for 30 seconds,
55ÊC for 30 seconds and 72ÊC for 30 seconds, and one cy-
cle of 72ÊC for 10 minutes. For 5-LO the conditions were
40 cycles at 95ÊC for 45 seconds, 60ÊC for 1 minute, 72ÊC
for 1 minute, and one cycle at 72ÊC for 10 minutes. Poly-
merase chain reaction products (16 � l) were subjected to
electrophoresis on 10% TBE-Gel, and stained with the
SilverQuest Silver Staining Kit (LC6070, Invitrogen, Inc.).
The intensity of expression for each reaction was analyzed
using a semiquantitative grading system as follows: Grade
0, no expression; Grade 1, minimal expression; Grade 2,
moderate expression; Grade 3, marked expression; and
Grade 4, strong expression.

Western Blot Analysis

Equal amounts of protein (~ 100 � g) were resolved us-
ing sodium dodecyl sulfate±polyacrylamide gel electro-
phoresis (Nupage Bis-Tris-Gel 4±12%, Invitrogen, Inc.)
and transferred to polyvinylidene difluoride Hybond-P
membrane (Invitrogen, Inc.). The membrane was blocked
and probed using a COX-2 mouse monoclonal antibody
(160112, Cayman Chemical) at a dilution of 1:1000, COX-
1 mouse monoclonal antibody (160110, Cayman Chem-
ical) at a dilution of 1:100, 5-LO rabbit polyclonal antibody
(101775, Cayman Chemical) at a dilution of 1:250, and
PTGER4 rabbit polyclonal antibody (160402, Cayman
Chemical) at a dilution of 1:200. An antibody to � -actin
(1:1000; Ab8226, Abcam) was used to confirm equal load-
ing among the samples. The Western blots were visualized
using the Western Breeze Chromogenic Kit (Invitrogen,
Inc.). The intensity of expression for each reaction was ana-
lyzed using the same semiquantitative grading system
already described.

Statistical Analysis

Results are expressed as the means � the standard error
of the means. Statistical analysis was performed using the
unpaired t-test. Probability values less than 0.05 were con-
sidered statistically significant.

Results

Patient Demographics and Tumor Characteristics

Tumor samples were obtained in 124 patients. The pa-
tients ranged from 22 to 88 years of age (mean 61 years),
and 98 (79%) were women. Although 95 tumors (77%)
were histologically benign, there were 24 atypical (19%)
and five anaplastic meningiomas (4%). For the in vitro
immunohistochemical staining studies, seven primary cell
cultures were grown in monolayer cultures. Seventy-one
percent of the cell lines had been obtained in female pa-
tients; the cell lines were derived from two benign, one
atypical, one chordoid meningioma, and two malignant
(IOMM-Lee) meningiomas. The primary cell cultures were
immunohistochemically stained with epithelial membrane
antigen and vimentin antibody to verify that they were
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meningioma cells. A strong correlation between the Ki 67
proliferation index and the growth of tumor cells in culture
has been seen (p � 0.001; Fig. 2). 

Immunohistochemical Analysis of Eicosanoids in
Meningiomas

Immunohistochemical staining for COX-2 was per-
formed in 124 human meningioma surgical specimens,
with tonsil tissue used as a positive control. Ninety-five
benign (77%), 24 atypical (19%), and five (4%) anaplastic
meningiomas stained positively for COX-2 (Table 1). The
COX-2 immunoreactivity was found exclusively in the
cytoplasm of all meningiomas studied. In fact 60 (63%) of
the 95 benign meningiomas, and 21 (88%) of the 24 atypi-
cal meningiomas exhibited Grade 4 staining (Fig. 3D).
Samples from 30 benign meningiomas (32%) and three
atypical tumors (12%) displayed Grade 3 staining, and only
five benign tumors (5%) displayed Grade 2 staining. No
Grade 0 or 1 stainings were noted. Normal cerebral cortex
tissue stained for COX-2 displayed strong staining of the
cytoplasm (Grade 4; Fig. 3C). Meningioma tissue samples
were also stained for COX-1, 5-LO (Fig. 3F), and
PTGER4. All 5-LO- and PTGER4-stained samples exhib-
ited Grade 4 staining, whereas all corresponding COX-1
samples displayed Grade 2 staining. As a control, the anti-
bodies to COX-2, 5-LO, and PTGER4 were treated with
matching blocking peptides. The meningioma tissues
showed no staining for these antibodies (Fig. 3E).

Immunocytochemical Analysis of Eicosanoids in
Meningiomas

The immunocytochemical analysis for COX-1, COX-2,
5-LO, and PTGER4 was performed in the IOMM-Lee
malignant meningioma cell line and in six meningiomas
grown in cell culture. All seven specimens exhibited exten-
sive cytoplasmic staining of COX-2, 5-LO, and PTGER4

(Grade 4; Fig. 4D±F), whereas cells stained with COX-1
displayed slightly weaker coloring (Grade 3; Fig. 4C). The
COX-2, 5-LO, and PTGER4 antibodies were treated with
matching blocking peptides. The benign meningioma sam-
ples showed no staining (Fig. 3E).

Expression of Eicosanoid Protein in Meningiomas

Twenty meningioma specimens, 84 meningioma prima-
ry cell cultures, the IOMM-Lee cell line, normal cerbral
cortex and one surgical specimen of human dura were
processed for Western blot experiments. Cytoplasmic and
nuclear protein extracts were isolated. Both the COX-1
and -2 proteins have a molecular weight of approximately
70 kD. The molecular weight of 5-LO is approximately 78
kD, and the loading control � -actin has a molecular weight
of 42 kD. All meningiomas sampled exhibited staining of a
large band of approximately 70 kD, and 78 kD in the cyto-
plasm extracts (Fig. 5). None of the nuclear protein extracts
showed staining for COX-1, COX-2, and 5-LO as expect-
ed by cytoplasmic proteins. 

Expression of Eicosanoid RNA in Meningiomas

There was expression of eicosanoid RNA in 20 menin-
gioma surgical specimens, 84 meningioma primary cell
cultures, the IOMM-Lee cell line, normal cerebral cortex,
and two dura surgical specimens, as shown on reverse-tran-
scriptase PCR analysis. The PCR products of COX-1,
COX-2, 5-LO, and PTGER4 were 143, 168, 207, and 167
bp, respectively, and the product of the loading control
ACTB was 183 bp. The semiquantitative derived mean
value of COX-1 is significantly lower than the other inves-
tigated eicosanoids (compared with COX-2; p � 0.01, t-
test). No change of expression in high-grade meningiomas
was noted. The expression of COX-2 is comparable to nor-
mal cerebral parenchyma and dura in benign and atypical
meningiomas. The higher expression of COX-2 in WHO
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FIG. 2. Graph showing a linear regression of the Ki 67 proliferation index compared with culture growth. 



Grade III meningiomas might be due to a bias based on few
tissue samples. There are no significant differences in the
expression of 5-LO in meningiomas and in normal cerebral
cortex and dura. The mean value of PTGER4 is the same
for normal cerebral cortex and dura as for WHO Grades I
and II meningiomas (Fig. 6). 

Discussion

Meningiomas are the most frequent benign tumors of the
central nervous system. Although generally slow growing,
these lesions continue to be a major cause of complications
and death due to recurrence and unresponsiveness to adju-
vant therapies. The finding that AA derivatives are ex-
pressed in meningiomas is fundamental and might create
potential therapeutic opportunities.6,14,37,44Few reports exist
on the constitutive expression of these enzymes in healthy
brain tissue, as this should be the baseline for tumor inves-
tigation.18 In the central nervous system, COX-2 is ex-
pressed in components such as neurons, glia, and cerebro-

vascular elements,2,19,28or it can be induced by physiological
or pathological stimuli.52 In accordance with the findings of
Castelli and coworkers,6 who described similar expression
of AA and metabolites in nine meningiomas and 10 healthy
brain tissue specimens, we also found a high expression of
AA derivatives in the healthy brain and in meningiomas of
all grades. Ragel et al.44 described an almost ubiquitous
(95%) expression of COX-2 in 128 positively tested me-
ningioma specimens. Because these researchers failed to
compare their results with those from normal brain tissue,
we validate their results adding data for healthy dura, nor-
mal brain tissue, and a substantial number of meningiomas
of all different grades. Additionally, we verified the im-
munohistochemical findings through PCR, Western blot
analysis, and immunocytochemistry, which should change
the interpretation of previous reports proposing an upregu-
lation of AA derivatives in meningiomas.37 Although the
investigated enzymes are not upregulated in meningiomas
compared with normal brain and dura, future chemothera-
peutic strategies could still have numerous starting points
in attacking key molecules in tumor development. 

Arachidonic acid metabolism via the COX and the LO
pathways leads to the production of a number of metabo-
lites that may modulate many of the mechanisms involved
in tumor initiation, growth, and dissemination. Nathoo and
associates38 have demonstrated 5-LO expression solely in
the cytoplasm of neurons in the healthy adult brain, where-
as, in most astrocytoma surgical specimens, strong staining
for 5-LO was seen in the nuclei of tumor cells. The authors
argued that the activation of tumor cells may lead to the
translocation of 5-LO to the nuclear membrane rather than
the plasma membrane; furthermore, the nuclear import
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FIG. 3. Photomicrographs demonstrating eicosanoid expression. Positive immunoreactivity appears red. A: Positive
control (human tonsil tissue) with strong COX-2 immunoreactivity in the cytoplasm. B: Negative control (tonsil tis-
sue). C: Normal cerebral cortex showing strong COX-2 reactivity in neurons. D±F: Benign meningioma tissue.
Strong COX-2 immunoreactivity is noted diffusely throughout the cytoplasm (D), no staining after incubation with COX-
2 antibody and COX-2 blocking peptide (E), and strong immunoreactivity to 5-LO is noted diffusely throughout the cyto-
plasm (F). NovaRED, original magnification � 10.

TABLE 1
Immunoreactivity to COX-2 in 124

meningiomas stratified by WHO grade* 

Level of Cox-2 Reactivity

WHO Grade 0 1 2 3 4 Total

I (benign) 0 0 5 (4) 30 (24) 60 (48) 95 (77)
II (atypical) 0 0 0 3 (2) 21 (17) 24 (19)
III (anaplastic) 0 0 0 0 5 (4) 5 (4)

* No. of patients (%)



sequence of 5-LO protein has been identified in certain
leukocytes.22 We found high cytoplasmic expression of 5-
LO in almost all meningioma samples, with no expression
in the nuclei of the tumor cellsÐeither on immunohisto-
chemical slides or on protein analysis. It remains to be
determined whether 5-LO protein in meningiomas is func-
tionally active and whether tumor cells express leukotriene
receptors that could mediate cellular responses to 5-LO
eicosanoids. Because 5-LO inhibitors are cytotoxic to can-
cer cell lines derived from several types of malignant
tumors, further research into the potential use of 5-LO
inhibitors for cancer prevention and treatment is warrant-
ed.1,15,16,38

Staining for COX-1 had a significantly lower expression
than for the other observed eicosanoids, in agreement with
the results of the reverse-transcriptase PCR analysis. These
observations correlate with the findings of Matsuo et al.,32

who reported a weak expression of COX-1 compared to
COX-2 in normal human brain tissues, meningiomas, and
other brain tumors. This could be due to the constitutive
expression of COX-2 in the normal brain and particularly
in meningiomas, leading to a takeover of functions else-
where assigned to COX-1. Pai and colleagues41 reported
that in addition to acting on its own receptor, PGE2 could
also activate the epidermal growth factor receptor, provid-
ing another potential mechanism for the tumor promotion
effect of COX enzymes. Their results not only further sup-
port the role of COX-2 as a tumor promoter in the intestine,
but also point to PGE2 as the key mediator of the COX-
2±related susceptibility to colon cancer. Wu and cowork-
ers51 published a study demonstrating inhibition of prolifer-

ation and induction of apoptosis by celecoxib in human
cholangiocarcinoma cells. Their results suggest that COX-
2 plays a central role in the production of PGE2 and that
therefore specific inhibition with celecoxib, as a chemopre-
ventive and chemotherapeutic agent of COX-2, inhibits
proliferation and induces apoptosis of cells via suppression
of PGE2 production. This study for the first time demon-
strated that the brain intrinsic prostaglandin receptor
PTGRE4 is strongly expressed in all meningioma speci-
mens, pointing towards an important role of this enzyme in
the development of meningiomas. Whether the compatible
ligand of the receptor acts as a growth promotor or itself
leads to molecular changes in the genetic program of the
meningioma has to be elucidated. 

As previously stated, COX-2 was expressed in all men-
ingioma tissue samples. Because COX-2±derived metabo-
lites may increase resistance to apoptosis, promote angio-
genesis, and impair immune system surveillance, early
prophylactic intervention with a COX-2 inhibitor may
decrease tumorigenic progression in patients with malig-
nant or invasive neoplasms. The tendency toward overex-
pression of COX-2 in more aggressive phenotypes of me-
ningiomas suggests that COX-2 may play an important
functional role in the later stages of invasive disease. An-
other hypothesis about increased COX-2 expression in
more malignant meningiomas is that COX-2 levels could
be an indicator of ischemia,3 supported by findings of
necrotic areas within the tumor. Moreover, establishing a
correlation between COX-2 expression and tumor recur-
rence or the Ki 67 proliferation index was not feasible, due
to the overall high expression of COX-2 in meningiomas of
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FIG. 4. Photomicrographs demonstrating expression of COX-2 in a culture of meningioma primary cells. Positive
immunoreactivity appears red. A: Strong COX-2 immunoreactivity is seen in the cytoplasm of the IOMM-Lee cell line,
used as the positive control. B: Negative control (meningioma tissue without primary antibody treatment). C: Grade
3 immunoreactivity to COX-1 is shown. D±F: Grade 4 COX-2 (D), 5-LO (E), and PTGER4 (F) immunoreactivity is
noted diffusely throughout the cytoplasm in meningioma. NovaRED, original magnification � 4.



all grades. Based on the results of our study, it is not possi-
ble to declare COX-2 a prognostic indicator for tumor grad-
ingÐas has been proposed by Lin et al.28 in meningiomas
and Deininger and coworkers11 in oligodendrogliomasÐ
because no significant differences have been detected in
eicosanoid expression among meningiomas of different
WHO grades.

Radiation therapy has an important role in the manage-
ment of recurrent meningiomas. In preclinical models of
different cancers and clinical studies of gliomas, the addi-
tion of COX-2 inhibitors to radiotherapy can delay tumor
regrowth compared with the use of either drugs or radiation
alone.23,34,46,48 Pyo et al.42 found that in colorectal tumors
expressing COX-2 that had been treated with radiation
therapy and COX-2 inhibitors, there was a greater thera-
peutic response than to radiation therapy alone. Inhibition
of COX-2 is augmented by the antiangiogenic effect of ion-
izing radiation through inhibition of nuclear factor-� B.4
The use of COX-2 inhibitors with ionizing radiation is a

potentially attractive combination for recurrent menin-
gioma. 

In addition to the well-studied role of COX-2 in acute
inflammatory processes, recent work clearly suggests that
COX-2±derived metabolites contribute at multiple points
in the early and late stages of carcinogenesis, including
premalignant hyperproliferation, transformation, mainte-
nance of tumor viability, growth, invasion, and metastatic
spread.24 We confirm that COX-2 might be a key player in
a number of biological pathways leading not only to cancer
in general, but also to meningiomas. Current evidence indi-
cates that COX-2 promotes tumor-specific angiogene-
sis,27,31 inhibits apoptosis,50 and induces proangiogenic fac-
tors such as vascular endothelial growth factor,29,47inducible
nitrogen oxide synthetase promoter,33 and interleukin-6.54

Taken together, the epidemiological data and preclinical
studies in animal models have generated compelling inter-
est in the potential use of COX-2 inhibitors in the preven-
tion and chemotherapy of human tumors. Clinical trials are
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Fig. 5. Western blot analysis of three meningioma primary cells cultures, two meningioma surgical specimens, human
dura, normal cerebral cortex, and IOMM-Lee cell line (numbered 1±8). Nuclear and cytoplasmic (cyto) protein extracts
were isolated and probed with COX-1, COX-2, 5-LO, and beta-actin antibody (loading control). All nuclear protein
extracts showed no staining, as expected by cytopasmic proteins. Lanes 1±5: All meningioma primary cell cultures and
the fresh surgical specimens exhibited strong staining for COX-1, COX-2, and 5-LO. Lane 6: Human dura tissue
stained positively for COX-1, COX-2 and 5-LO, although the band of COX-2 was weaker. Lane 7: Normal human
cerebral cortex tissue showing corresponding staining for COX-2 and 5-LO, and weaker staining for COX-1. Lane 8:
The positive control IOMM-Lee cell line exhibited strong staining for COX-2 and 5-LO, and weak staining for COX-1.

FIG. 6. Results of a PCR analysis of COX-1, COX-2, PTGER4, and 5-LO in meningiomas, normal cerebral cortex,
human dura tissue, and the IOMM-Lee cell line. The mean values were determined by semiquantitative analysis. Beta-
actin was used to confirm equal loading among samples.



necessary to determine whether COX-2 inhibitors will pro-
vide clinical benefit, as well as to define the intervention
points during tumor progression that will allow for optimal
efficacy. 

Conclusions

The promising effect of COX-2 inhibitors in anaplastic
meningiomas were recently reported by Ragel and col-
leagues,43 although the effective dosage was far higher than
the recommended plasma levels using standard dosages in
humans. The association of COX-2 and meningioma is
unique and represents a potential area for therapeutic inter-
vention with selective COX-2 inhibitors, either as an
adjunct to or in combination with radiation therapy. With
the results of this study we confirm the existence of multi-
ple attacking points in the eicosanoid cascade for a power-
ful chemotherapeutic treatment in recurrent meningiomas.
Further studies are on the way to understand the influence
and importance of single factors in this enzyme network so
that treatment options can be explored.
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Abstract. Although meningiomas are one of the most common
tumors in the central nervous system, the adjuvant treatment
for recurrent or malignant meningiomas is not satisfactory.
An intense interest in evaluating new molecular markers that
may serve as potential therapeutic targets exists. Changes in
apoptosis mechanisms play important roles in tumor patho-
genesis. One pro-apoptotic protein is Smac/DIABLO, which
neutralizes the inhibitors of apoptosis (IAPs). As Smac/
DIABLO has not been previously analyzed in meningiomas,
We investigated the expression of Smac/DIABLO and
survivin in primary meningioma cultures in vivoand in vitro.
Expression of Smac/DIABLO, survivin and single-stranded
(ss)DNA in vivo were determined immunohistochemically
in 100 meningioma surgical specimens, dura and normal
human cortex. The expression of the apoptotic enzymes in
vitro was analyzed after RNA and protein isolation of all
meningiomas via Western blotting and PCR. All examined
meningiomas and normal cerebral cortex displayed intense
positive cytoplasmic Smac/DIABLO immuno-reactivity.
Survivin and ssDNA were expressed in all surgical
specimens and showed weak staining overall. Examination of
Smac/DIABLO protein via Western blotting showed distinct
signals in the cytoplasmic extracts. PCR analysis displayed
no changes of Smac/DIABLO and survivin expression in
different meningioma grades, normal human cortical cortex
or dura. Constant high-level Smac/DIABLO respectively
low-level survivin expression in meningiomas and normal
brain demonstrate similar apoptotic behavior of meningiomas
compared to normal brain tissue. These findings indicate no
pathological overexpression of survivin in meningiomas as is
evident in several other cancer types impeding apoptosis.

Introduction

Meningiomas constitute one of the most intriguing and
challenging tumors of the central nervous system, the
definition of malignant potential is beset by the frequent
discordance between histology and biologic behavior (1,2).
Meningiomas originate from arachnoidal cap cells of the
meningeal coverings of the brain, constituting approxi-
matively 13-26% of all intracranial tumors (3,4). For most of
these lesions, the conventional strategy of combining both
surgery and radiation therapy for atypical or anaplastic
meningiomas provides long-term effective and sufficient
clinical results (5,6). However, some meningiomas recur or
are resected subtotally due to their delicate location at skull-
based structures. Additionally in a minority of patients,
regrowth of tumor tissue after irradiation is a major clinical
problem. Despite several chemotherapeutic trials, medical
interventions in these tumors is unsatisfactory (7,8). The
development of novel treatment strategies based on the
molecular information has not yet been successfully trans-
lated to common clinical practice.

Abnormal apoptosis is a hallmark of human tumors and
deregulation of the genes controlling the apoptotic cascade is
closely related to tumor development, progression and
recurrence (9). Among the many known regulators and
effectors of apoptosis, the caspase family as well as survivin
and opponent proteins play an important role in the execution
phases of apoptosis (10,11). The function of survivin as a
member of the family of inhibitors of apoptosis protein (IAP)
has been explained by its ability to block the terminal
effector cell-death proteases, caspase-3 and -7. In addition,
high levels of survivin prevent cells from responding to
apoptotic stimuli, such as serum deprivation and administration
of the anticancer drug etoposide (12,13). However, the
inhibitory action of survivin in caspase-3 activity has been
debated (14).

Suppressing the activity of the IAPs themselves has been
attributed to Smac [second mitochondrial activator of
caspases; known as DIABLO (direct IAP binding protein
with low pI) in mouse], a nuclear encoded, mitochondrially
localized protein, which is released into the cytosol in
response to apoptotic stimuli that disrupt the integrity of the
mitochondria (15). Smac/DIABLO negatively regulates the
caspase inhibitory properties of XIAP (X-linked IAP) by
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binding into the same pockets in XIAP which are used to
bind caspases; when XIAP binds Smac/DIABLO, the
caspases are displaced and primed to affect the execution
phase of apoptosis (16).

It is of utmost importance to identify possible key players
in this orchestra when aiming for clinical application of new
chemotherapeutic agents (17). With this study we provide
crucial information on several apoptotic proteins in menin-
giomas of different WHO grades, as these pro- and
antiapoptotic enzymatic complexes in this tumor entity have
not been previously studied in detail.

Materials and methods

Tumor specimens and cell culture. Meningioma surgical
specimens were obtained from the Neurosurgical Department
in accordance to regulations of the Ethics Committee of the
University of TŸbingen. Patient data associated with the in vivo
and in vitro studies are characterized in Table I. Primary
cultures were obtained from tumor tissue samples within
30 min of surgical removal. Samples were first washed in
phosphate-buffered saline (PBS), reduced and mashed
through a filter and placed in Dulbecco's modified Eagle's
medium (DMEM) with fetal bovine serum (FBS), 2 mmol/l
L-glutamine and 0.1% 50 mg/ml Gentamicin (Invitrogen,
Grand Island, NY). Cells were plated in 25-mm2 tissue culture
flasks and incubated at 37ûC in a humidified atmosphere of
5% CO2. Medium was changed every 3-4 days and cultures
were split using 600 µl Accutase (PAA, Pasching; Austria).
Viable cells were stored in liquid nitrogen in 90% medium/
10% dimethyl sulfoxide. The malignant meningioma IOMM-
Lee cell line was a kind gift from A. Lal (Department of
Neurological Surgery, University of California, San Francisco,
CA, USA).

Immunohistochemical staining. Four-micron sections
containing human meningiomas were cut from formalin-
fixed tissue embedded in paraffin blocks. Normal cerebral
cortex (Biochain, Inc., Hayward, CA), normal cerebral
meninges and tonsil were used as positive controls. Slides

containing tissue were deparaffinized by bathing them with a
series of Histolene (Engelbrecht, Edermuende, Germany) and
alcohol solutions. Vectastain Elite Universal Kits (Vector
Laboratories, Burlingame, CA) were used according to the
manufacturer's protocol. Briefly, the slides were treated with
an antigen unmasking solution (citrate buffer solution pH 6.0),
rinsed with PBS and bathed in a 3% H2O2 solution for 10 min,
followed by blocking of avidin/biotin (Vector Laboratories).
Slides were incubated overnight at 4ûC with primary Smac/
DIABLO rabbit polyclonal antibody (Ab13817; Abcam,
Cambridge, MA) at a dilution of 1:50, survivin rabbit poly-
clonal antibody (Ab469; Abcam) at a dilution of 1:100, EMA
mouse monoclonal antibody (M0613; Dako, Hamburg) at a
dilution of 1:100 and vimentin mouse monoclonal antibody
(M7020; Dako) at a dilution of 1:200. Following the
incubation with the primary antibody and a two-times PBS
wash, biotinylated secondary antibody was applied, then
incubated with premixed avidin-biotin-peroxide complex
(ABC; Vector Laboratories). The final immunohistochemical
staining was performed using Vector¨ Novared (Vector
Laboratories) to obtain a reaction to the ABC. Sections were
counterstained with hematoxylin and examined by light
microscopic studies.

For immunohistochemical staining of ssDNA the
deparaffinized slides were treated with 0.15 mg/ml saponin
and 20 µg/ml proteinase K in PBS for 20 min. A three-time
PBS wash was followed by an incubation with 50%
formamide for 20 min at 60ûC. After a 5 min wash in ice-
cold PBS the slides were blocked with 3% H2O2 solution
for 5 and 15 min with 3% non-fat dry milk. Slides were
incubated for 15 min with primary mouse monoclonal
antibody ssDNA (ALX-804-192; Alexis, San Diego, CA) at
a dilution of 1:100 in 1% non-fat dry milk. Following the
incubation with the primary antibody and a two-time PBS
wash, peroxidase-conjugated anti-mouse IgM secondary
antibody (04-6820, Invitrogen, Inc., Carlsbad, CA) were
applied for 15 min at a dilution of 1:100. The immunohisto-
chemical staining was performed as described earlier.

Grading of immunohistochemical staining. The immuno-
histochemical samples were graded on the basis of a 5-point
scoring system demonstrating the percentage of cells that
showed positive staining, as previously published (18). The
scores were as follows: 0, no staining noted; 1, <1% of cells
stained; 2, 1-10% of cells stained; 3, 11-50% of cells stained;
and 4, >50% of cells stained.

Immunocytochemical staining. An immunocytochemical
analysis was performed on meningioma cells growing in a
monolayer fashion in culture. The cells were subjected to
treatment, plated in 4-well glass slides, and allowed to remain
in growth media for 2-3 days as described earlier. After
removal of the growth media, the slides were rinsed with
PBS for 5 min followed by fixation for Smac/DIABLO and
survivin with 4% PFA pH 7.0 in PBS for 15 min at room
temperature. The slides were rinsed two-times with PBS and
the PFA treated cells were incubated with 3% Triton-X 100
in PBS for 10 min. All cells were blocked with 10% goat
serum in PBS for 30 min at room temperature. Slides were
incubated 1 h at 37ûC with following primary antibodies:
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Table I. Characteristics of 100 patients with meningioma.
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ
Characteristics Range
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ
No. of patients 100

Sex, no. of patients (%)
Male 26 (26)
Female 74 (74)

Age (years)
Mean 62
Range 22-85

WHO grading, no. of patients (%)
Benign 66 (66)
Atypical 30 (30)
Anaplastic 4 (4)

ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ



Smac/DIABLO rabbit polyclonal antibody (Ab13817; Abcam)
at a dilution of 1:25, survivin rabbit polyclonal antibody
(Ab469; Abcam) at a dilution of 1:50, EMA mouse mono-
clonal antibody (M0613; Dako) at a dilution of 1:100 and
Vimentin mouse monoclonal antibody (M7020; Dako) at a
dilution of 1:200. After a three-time wash with PBS, addition
of the secondary fluorescence antibody Alexa Fluor 488 goat
(1:200, Invitrogen, Inc.) for 1 h at room temperature in the
dark. Finally after a two-time wash with PBS the slides were
mounted with DAPI-containing fluorecence mounting medium.

Protein and ribonucleic acid isolation. Cytoplasmic and
nuclear protein and ribonucleic acid (RNA) were isolated
from the surgical specimens and primary cell cultures using
Paris̈ kit (Ambion, Inc., Austin, TX), according to the manu-
facturer's protocol. The nuclear and cytoplasmic protein and
RNA was measured spectrophotometrically. The probes were
stored at -80ûC until use.

Reverse transcription and polymerase chain reaction. RNA
samples were DNase treated using the DNA-free kit (Ambion,
Inc.) prior to the RT-PCR analysis. Cytoplasmic and nuclear
RNA (0.4 µg) were reverse-transcribed using random hexamer
primers and Transcriptor First Strand cDNA-Synthesis kit
(Roche, Mannheim, Germany), according to the manufacturer's
protocol. PCR reaction was performed with 50 ng of cDNA
in 50 µl reaction mixture containing FastStart Taq DNA
Polymerase dNTPack (Roche), according to the manufacturer's
protocol, with Smac/DIABLO, survivin and ACTB primer
(loading control) (SuperArray, Frederick, MD). The PCR
conditions were 95ûC for 15 min, 40 cycles of 95ûC for 30 sec,
55ûC for 30 sec and 72ûC for 30 sec, and 1 cycle of 72ûC for
10 min. PCR products (16 µl) were subjected to electrophoresis
on 10% TBE-Gel and were stained with SilverQuest¨ Silver
Staining Kit (Nr. LC6070, Invitrogen, Inc.). The intensity of
expression for each reaction was analyzed by use of a semi-
quantitative grading system: Grade 0, no expression; Grade 1,
minimal expression; Grade 2, moderate expression; Grade 3,
marked expression; and Grade 4, strong expression.

Western blot analysis. Equal amounts of protein (~100 µg)
were resolved using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (Nupage¨ Bis-Tris-Gel 4-12%; Invitrogen,
Inc.) and transferred to polyvinylidene difluoride Hybond-P
membrane (Invitrogen, Inc.). The membrane was blocked and
probed using a Smac/DIABLO rabbit polyclonal antibody
(AF789; R&D Systems, Minneapolis, MN) at a dilution of
1:2,000. An antibody against §-actin (1:1,000; Ab8226,
Abcam, Cambridge, UK) was used to confirm equal loading
among the samples. The Western blots were visualized using
Western Breeze¨ Chromogenic Kit (Invitrogen, Inc.). The
intensity of expression for each reaction was analyzed by use
of a semi-quantitative grading system: Grade 0, no expression;
Grade 1, minimal expression; Grade 2, moderate expression;
Grade 3, marked expression; and Grade 4, strong expression.

Statistical analysis. Results are expressed as mean ± SEM.
Statistical analysis was performed using an unpaired t-test.
P-values <0.05 were considered statistically significant.

Results

Patient demographics and tumor characteristics. Of the 100
patients studied, 74% were women and the patients ranged in
age from 22 to 85 years with a median of 62 years (Table I).
Most tumors were histologically benign; there were 30 atypical
and 4 anaplastic meningiomas. For in vitro immunocyto-
chemical staining studies, seven primary cell cultures were
grown in monolayer cultures. The primary cell cultures were
immunocytochemically stained with EMA and vimentin
antibodies to verify presence of the meningioma tumor cells.

Immunohistochemical analysis of apoptosis enzymes in
meningiomas. Immunohistochemical staining for Smac/
DIABLO was performed on 100 human meningioma surgical
specimens and tonsil tissue as positive control. All hundred
meningiomas stained positively for Smac/DIABLO (Fig. 1D).
The Smac/DIABLO immunoreactivity was found exclusively
in the cytoplasm of all meningiomas studied. In fact, 61
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Figure 1. Photomicrographs demonstrating expression of apoptotic enzymes. Positive immunoreactivity appears as red staining (Vector¨ NovaRedª). Strong
Smac/DIABLO immunoreactivity is seen in the cytoplasm of the neurons in normal brain (A) and in the cytoplasma of meningiomas (D). Survivin displayed
a weak cytoplasmic and nuclear staining in normal brain (B) and meningiomas (E). Detection of ssDNA (F7-26) as positive apoptosis marker in cerebral
meninges (C) and meningioma (F). Original magnification x10.



(93%) of the 66 benign meningiomas and 22 (73%) of the
30 atypical meningiomas exhibited Grade 3 or 4 staining
(Table II). Only seven benign meningiomas (7%) and eight
atypical tumors (27%) displayed Grade 1 or 2 staining. Normal
cerebral cortex stained for Smac/DIABLO displayed strong
(Grade 4) staining of the cytoplasma (Fig. 1A).

The same tumors were examined for survivin and all
displayed positive staining (Fig. 1E). Survivin immuno-
reactivity was found often in cytoplasm, sometimes in cyto-
plasm and nucleus and only rarely in the nucleus. In contrast
to Smac/DIABLO no specimen displayed Grade 4 staining.
Most of the benign meningiomas 52 (79%) and 24 atypical
tumors (80%) exhibited Grade 1 or 2 staining (Table III).
Fourteen (21%) of the 66 benign meningiomas and 6 (20%)
of the 30 atypical meningiomas exhibited Grade 3 staining.

To verify the degree of apoptosis in meningiomas
ssDNA was analyzed in the 100 specimens. Most menin-
giomas displayed a small amount of ssDNA. Forty-one

benign (62%) and 22 atypical (77%) meningiomas showed
no or almost no occurance of ssDNA (Table IV).

Immunocytochemical analysis of apotosis enzymes in
meningiomas. The immunocytochemical analysis for Smac/
DIABLO and survivin was performed on the IOMM-Lee
malignant meningioma cell line and on six benign/atypical
meningiomas grown in cell culture. All seven specimens
exhibited extensive (Grade 4) cytoplasmatic staining of
Smac/DIABLO (Fig. 2A, B, D and E), whereas cells stained
with survivin displayed moderate colouring of the cytoplasm
and sometimes of the nucleus (Grade 2) (Fig. 2C and F).

Expression of the Smac/DIABLO protein in meningiomas.
One hundred meningioma primary cell cultures, the IOMM-
Lee cell line, normal cerbral cortex and two surgical
specimens of human dura were processed for Western blot
experiments. Cytoplasmic and nuclear protein extracts were
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Table II. Immunoreactivity grades of 100 human meningiomas immunohistochemically stained for Smac/DIABLO (%).
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ

Staining grade
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ

WHO 0 1 2 3 4 Total
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ
Benign 0 (0) 1 (1) 4 (6) 30 (46) 31 (47) 66 (66)
Atypical 0 (0) 0 (0) 8 (27) 12 (40) 10 (33) 30 (30)
Malignant 0 (0) 0 (0) 0 (0) 2 (50) 2 (50) 4 (4)
Total 0 (0) 1 (1) 12 (12) 44 (44) 43 (43) 100 (100)
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ

Table III. Immunoreactivity grades of 100 human meningiomas immunohistochemically stained for survivin (%).
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ

Staining grade
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ

WHO 0 1 2 3 4 Total
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ
Benign 0 (0) 28 (43) 24 (36) 14 (21) 0 (0) 66 (66)
Atypical 0 (0) 18 (60) 6 (20) 6 (20) 0 (0) 30 (30)
Malignant 0 (0) 1 (25) 1 (25) 2 (50) 0 (0) 4 (4)
Total 0 (0) 47 (47) 31 (31) 22 (22) 0 (0) 100 (100)
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ

Table IV. Immunoreactivity grades of 100 human meningiomas immunohistochemically stained for ssDNA (%).
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ

Staining grade
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ

WHO 0 1 2 3 4 Total
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ
Benign 2 (3) 39 (59) 18 (27) 6 (9) 1 (2) 66 (66)
Atypical 3 (17) 20 (60) 4 (13) 0 (0) 1 (3) 30 (30)
Malignant 0 (0) 2 (50) 2 (50) 0 (0) 0 (0) 4 (4)
Total 7 (7) 61 (61) 24 (24) 6 (6) 2 (2) 100 (100)
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ



isolated. Smac/ DIABLO has a molecular weight of ~27 kDa
and the loading control §-actin 42 kDa. All meningiomas
samples exhibited strong staining of a band at ~21 kDa in the
cytoplasmic extracts for Smac/DIABLO and a large band at
42 kDa for the loading control §-actin (Fig. 3). The nuclear
protein extracts showed no staining for Smac/DIABLO as
expected by cytoplasmic localization of the proteins.

Expression of apoptosis enzyme RNA in meningiomas.
Expression of RNA was determined in 100 meningioma
primary cell cultures, the IOMM-Lee cell line, normal
cerebral cortex and three dura surgical specimens by reverse-
transcriptase PCR analysis. PCR products of Smac/DIABLO
and survivin were 118 and 73 bp, respectively. The product
of the loading control ACTB was 183 bp. Smac/DIABLO
showed a constant high-level expression in meningiomas,
IOMM-Lee cell line, cerebral cortex and dura, in contrast to
survivin, which was expressed throughout the specimens at a

low-level. No changes in the expression of survivin with
increasing WHO grade, in IOMM-Lee cell line, dura and
cerebral cortex were seen (Fig. 4).

Discussion

Meningiomas are the most frequent tumors of the central
nervous system. Although generally slow growing, they
continue to be a major cause of morbidity and mortality due
to recurrence and unresponsiveness to adjuvant therapies.
The finding that apoptotic enzymes are expressed in menin-
giomas is fundamental and might create potential therapeutic
opportunities. To identify the role of apoptosis in
meningioma cell death regulation, we investigated macro-
molecular (RNA and protein) synthesis and activity in
meningiomas of different malignancies.

A feature common to all successful multicellular organisms
is the ability to control the cell number. This property is
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Figure 2. Expression of Smac/DIABLO in meningioma primary cell culture. Positive immunoreactivity appears as green staining (Alexa Fluor 488). Strong
Smac/DIABLO immunoreactivity is seen in the cytoplasm of the IOMM-Lee cell line [(A), x10; (D), x40], and meningioma [(B), x10; (E), x40]. In contrast
survivin displayed a weak cytoplasmic and sometimes nuclear staining in IOMM-Lee cell line (C) and meningioma (F). Original magnification x40 except for
(A) and (B).

Figure 3. Western blot of Smac/DIABLO in meningiomas, IOMM-Lee cell line, normal cerebral cortex and human dura. Smac/DIABLO displayed a band at
~21 kDa in the cytoplasmic extracts and a large band at 42 kDa for §-actin, which was used to confirm equal loading among samples. The mean values were
determined by semi-quantitative analysis.



essential in developmental and adult phases, and is achieved
by modulating both cellular birth and death (19). The latter
event is largely affected through the activation of a strongly
regulated series of events that lead to deconstruction, death
and ultimately removal of the cell in a process known as
apoptosis.

Survivin expression. Survivin is known to be expressed in
fetal tissue and transformed cells in adults (20,21). It is
expressed in most common human cancers of the lung, colon,
pancreas, prostate, breast, esophagus, liver, stomach, uterus,
bladder and skin, as well as in neuroblastomas and melanomas
(21-27). The expression of survivin not only appears to
correlate with aggressive tumor behavior and poor prognosis,
but is also considered a risk factor for resistance to chemo-
therapy and radiation treatment (28). In the majority of primary
nervous system tumors, particularly in glioblastomas and
peripheral nerve sheath tumors survivin is also expressed
(29). In glioblastomas, positive survivin expression was
seen in immunohistochemistry and detected in high levels
throughout the specimens, with a positive correlation to the
Ki-67 proliferation index (30,31). However, no correlation
between the intensity of survivin staining and the clinical
course of the tumors has been seen (29). Moreover, simul-
taneous expression of survivin in both nucleus and cytoplasm
has been interpreted as an important prognostic factor in
astrocytoma (32).

Somewhat contrary results have been demonstrated
regarding survivin expression in meningiomas: with
immunoblotting techniques a high level of survivin protein
has been shown (33), whereas flow cytometrical analysis
showed that both spontaneous and radiation-induced apoptosis
levels are very low in these neoplasms (34). Das et al found
in benign meningiomas a survivin expression in 94% (85/90)
of tissue samples and no correlation of expression with Bax/
Bcl2 or clinicopathological factors (35). Kayaselcuk et al

correlated survivin expression to recurrence by means of
immunohistochemistry staining in 40 meningiomas.
Although no or only mild expression in high grade
meningiomas has been noted, there was a significant
relation between grade 1 and expression of survivin and
Ki-67 (36).

Combining in vitro and in vivo experiments we provide
evidence of a low level expression throughout all grades of
meningiomas, with no increase in meningiomas with a high
cell turnover. The expression of survivin in benign slow
growing tumors does not provide evidence that this anti-
apoptotic protein might be related to tumor malignancy and
poor prognosis in meningiomas. The suggested overexpression
of survivin as an early event in the stepwise tumorigenesis
and its responsibility for the growth advantage during
tumorigenic progression can only be applied to malignant
meningiomas (33). However, investigating the malignant
IOMM-Lee cell line we suggest that these cells do not
express typical features of a meningioma cell line.

Mediating survivin activity, either as a mitosis regulator
and apoptosis inhibitor should be taken into account in
therapeutic strategies using survivin (31). In an animal
model, the topoisomerase-I-inhibitor irinotecan led to
decrease in tumor growth in malignant menignioma that was
accompanied by a decrease in Bcl-2 and survivin levels and
an increase in apoptotic cell death. However, the treatment
was much more effective against the IOMM-Lee cell line
than against primary meningioma cultures. This focuses its
treatment options to atypical or malignant meningiomas and
should be evaluated further for this purpose (37).

ssDNA was stained in vivo to verify the amount of
apoptosis in meningiomas, as the antibody only stains single-
stranded apoptotic DNA but not necrotic cells (38-40),
however no significant inverse correlation with Smac/
DIABLO or surviving expression has been seen as previously
shown in glioblastomas as well (31,41).
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Figure 4. PCR analysis of Smac/DIABLO and survivin in meningiomas, IOMM-Lee cell line and normal cerebral cortex. Mean values where determined by
semi-quantitative analysis. §-actin was used to confirm equal loading among samples.



Smac/DIABLO expression. The functions of activated caspases
are inhibited by the binding of inhibitors of apoptosis (IAPs).
The function of IAPs is regulated by pro-apoptotic protein
Second Mitochondria-Derived Activator of Caspases (Smac)
or Direct IAP Binding Protein with low isoelectric point, pI
(DIABLO). Induction of apoptosis leads to increased mito-
chondrial permeability to Smac/DIABLO, which adheres to
IAPs inhibiting their caspase-binding activity. The role of
Smac/DIABLO, therefore, may have significant diagnostic
and therapeutic features in carcinogenesis (42). Tumor cells
with reduced Smac resist apoptosis leading to the suggestion
for an obligatory role for Smac/DIABLO in these tumor cells
during several pathways of apoptosis induction (43). It has
been shown to induce apoptosis in various types of cancer,
including ovarian (44), renal cell (45), colon (42), bladder (46)
and lung (47).

The presence of apoptosis initiating proteins in cells of
the central nervous system have been verified in mammalian
stroke studies (48-51). One report describes an inhibition of
clonogenic tumor growth by Smac through blocking prolife-
ration and enhancing apoptosis in a cell type-dependent
manner in neuroblastoma cells (52). This is the first study
detailing the findings of Smac/DIABLO in benign, atypical
and anaplastic meningioma cells.

As demonstrated in renal cell carcinoma (53) mRNA
expression levels of Smac/DIABLO in meningioma cells did
not relate to tumor stage or grade, although Smac/DIABLO
is expressed at a high level. The lower expression of Smac/
DIABLO displayed in WHO grade III meningiomas did not
appear in Western blotting or immunohistochemistry. This
might be bias due to the small numbers of WHO III tissue
samples in this series. The semi-quantitative derived mean
value of survivin was significant lower than Smac/DIABLO
(t-test, P<0.01).

Considering therapeutic options for treatment-resistant
meningiomas synthetic Smac/DIABLO peptides have shown
an enhancing effect of etoposide-induced apoptosis in human
glioblastoma cell lines (54). This was also shown with various
chemotherapeutic drugs and irradiation treated breast cancer
cells, who either were overexpressed with the Smac/DIABLO
gene or were treated with Smac/DIABLO peptide (55).
Furthermore, Smac/DIABLO is able to stimulate induced
apoptosis by promoting caspase-3 activation and cytochrome-c
release in colon cancer cells (56) or via an escalation of
inhibition of the Survivin/Smac-DIABLO interaction (57).
Therefore it would be worthwhile to test this marker as a
target for chemotherapeutic agents.

Verifying constant high-level Smac/DIABLO, respectively
low-level survivin expression in meningiomas this study
indicates that these apoptotic players might be beneficial as
targets for adjuvant therapeutic strategies in recurrent atypical
meningiomas, although no pathological overexpression of
survivin was observed as in several other types of cancer
impeding apoptosis.
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Selection of suitable reference genes for
quantitative real-time polymerase chain reaction
in human meningiomas and arachnoidea
Christina Pfister*, Marcos S Tatabiga² and Florian Roser²

Abstract

Findings: At first 32 housekeeping genes were analyzed in six randomly chosen meningiomas, brain and dura
mater using geNorm, NormFinder, Bestkeeper-1 software and the comparative• Ct method. Reference genes were
ranked according to an integration tool for analyzing reference genes expression based on those four algorithms.
Eight highest ranked reference genes (CASC3, EIF2B1, IPO8, MRPL19, PGK1, POP4, PPIA, and RPL37A) plus GAPDH
and ACTB were then analyzed in 35 meningiomas, arachnoidea, dura mater and normal brain. NormFinder and
Bestkeeper-1 identified RPL37A as the most stable expressed gene in meningiomas and their normal control tissue.
NormFinder also determined the best combination of genes: RPL37A and EIF2B1. Commonly used reference genes
GAPDH and ACTB were considered least stable genes. The critical influence of reference genes on qPCR data
analysis is shown for VEGFA transcription patterns.

Background: In meningiomas quantitative real-time reverse transcription-polymerase chain reaction (qPCR) is most
frequently used for accurate determination of gene expression using various reference genes. Although
meningiomas are a heterogeneous group of tissue, no data have been reported to validate reference genes for
meningiomas and their control tissues.

Conclusions:RPL37A is the optimal single reference gene for normalization of gene expression in meningiomas
and their control tissues, although the use of the combination of RPL37A and EIF2B1 would provide more stable
results.

Background
Meningiomas are the most frequent intracranial tumours.
They originate from the arachnoidal cap cells of the
meningeal coverings of the spinal cord and brain, consti-
tuting for approximatively 13 to 26% of all intracranial
pathologies [1,2]. The conventional strategy for meningio-
mas is surgery [3,4]. However, some meningiomas recur as
resection might be sub totally due to their delicate location
at skull-based structures. The definition of malignant
potential is beset by the frequent discordance between his-
tology and biology [5,6]. Meningiomas are categorized in
three WHO grades, in which there are several subtypes
differentiated by their histological features.

Real-time quantitative reverse transcription polymerase
chain reaction (RT-qPCR) is a sensitive and reliable
method for quantifying gene expression. Most frequently
the relative quantification method is used, which requires
the use of an internal control gene for normalization.
Reference genes are mostly genes, which are involved in
basic metabolism and maintenance of the cell. An ideal
reference gene should be expressed at a constant level in
all examined tissues and cells, and should not be influ-
enced by experimental conditions. However several studies
have shown, that genes used as reference gene display sig-
nificantly different gene expression levels [7-9].

Established housekeeping genes in meningioma RT-
qPCR experiments are genes such as glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) andb-Actin (ACTB)
[10-18] as well as ribosomal RNA (18S rRNA) and TATA
binding box protein (TBP) [19-21]. As the application of
these various housekeeping genes shows, there are no
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reports that candidate reference genes in meningiomas
were validated. Due to the heterogeneity of meningioma
tissue and the necessity to compare meningiomas and
their control tissue reliably, the selection of an appropriate
reference gene with stable gene expression throughout the
various tissues is essential for further use of RT-qPCR in
meningioma research.

In this study, we investigate the gene expression levels
of 32 commonly used housekeeping genes in meningio-
mas and their control tissues arachnoidea, dura and nor-
mal brain. The RT-qPCR results were analyzed with
four different algorithms, to select eight suitable refer-
ence genes. Those genes plus GAPDH and ACTB were
compared in an increased number of meningiomas and
control tissues. These RT-qPCR results were further
analyzed with two different algorithms: NormFinder and
Bestkeeper-1.

Methods
Tumour Specimens and Cell Culture
Meningioma surgical specimens as well as arachnoidea
and dura mater were obtained from the Neurosurgical
Department in accordance to regulations of the Ethic
Committee of the University of Tuebingen. Primary cul-
tures were obtained from tumour tissue samples within 30
minutes of surgical removal. Samples were first washed in
phosphate-buffered saline (PBS), reduced and mashed
through a filter and placed in Dulbecco's modified Eagle's
medium (DMEM) with fetal bovine serum (FBS), 2 mmol/
L L-glutamine and 0,1% 10 mg/ml Gentamicin (Invitro-
gen, Grand Island, NY). Cells were plated in 25-mm2 tis-
sue culture flasks and incubated at 37 C in a humidified
atmosphere of 5% CO2. Medium was changed every 3 to 4
days and cultures were split using 600• l Accutase (PAA,
Pasching; Austria). Viable cells were stored in liquid nitro-
gen in 90% medium/10% dimethyl sulfoxide.

RNA isolation and reverse transcription
Meningioma total ribonucleic acid (RNA) was isolated
directly from primary cell cultures before splitting and
RNA of Arachnoidea and dura was isolated from fresh tis-
sue using PARIS• kit (Ambion, Inc., Austin, TX), accord-
ing to the manufacturer's protocol. RNA was treated with
DNA-free• (Ambion, Inc., Austin, TX) to remove resi-
dual genomic DNA. The concentration of the isolated
RNA and the 260/280 absorbance ratio was measured in
triplicates with Eppendorf Biophotometer (Eppendorf,
Hamburg, Germany). The integrity of RNA samples was
confirmed by electrophoresis on a 2% Sybr Green agarose
gel (Invitrogen Inc., Carlsbad, CA). The criterion to
include RNA samples was 260/280 ~ 2 (1.9 to 2.2) and
28S/18S ratio• 1.7. The probes were stored at - 80 C until
use. For normal brain FirstChoice• Human Brain Refer-
ence RNA (Ambion, Inc., Austin, TX) was used, which

pools RNA from different donors and several brain
regions. RNA samples were DNase treated using DNAfree
kit (Ambion Inc., Austin, TX). Total RNA (1 • g) was
reverse-transcribed to cDNA using des High Capacity
RNA-to-cDNA Kits (Applied Biosystems, Foster City, CA)
in a total volume of 20• l, according to the manufacturer's
protocol.

Primer selection
For investigation to identify the most stable reference
gene that could be used for normalization in RT-qPCR
studies in meningiomas TaqMan• Express Plate Human
Endogenous Control Plates (Applied Biosystems, Foster
City, CA) were used, which contained 32 different genes
plated in triplicates (Table 1). This collection of genes
has been selected from literature searches and/or whole
genome microarray tests carried out on numerous
human tissues. They have been shown to be expressed
constitutively and at moderate abundance across most
test samples. All primers further evaluated spanned an
exon junction to minimize inaccuracies due to genomic
DNA contamination in RNA samples except the primer
for S18. Additional information on assay optimisation
and validation such as primer sequence for each Taq-
Man• Assay are available from Applied Biosystems.
Priming conditions, primer concentration and annealing
temperature was identical in all used TaqMan• Gene
Expression Assays. TaqMan• -based detection was cho-
sen, because this detection method detects only specific
amplification products, whereas SYBR• -Green based
detection detects all amplified double-stranded DNA,
including nonspecific double-stranded DNA sequences,
which may generate false positive signals. Melt curves
were not assessed because they are only suitable for
SYBR• -Green based detection.

For further evaluation single TaqMan• Gene Expres-
sion Assays for ACTB, CASC3, EIF2B1, GAPDH, IPO8,
MRPL19, PGK1, POP4, PPIA, RPL37A (Applied Biosys-
tems, Foster City, CA) were used, which were identical
with the assays used in TaqMan• Express Plate Human
Endogenous Control Plates.

Real-time PCR
TaqMan• real-time PCR was run in triplicates in 48-well
reaction plates with a StepOne• (Applied Biosystems,
Foster City, CA). Real-time PCR reaction was performed
with 1 • l cDNA (5 ng/• l) in 20 • l reaction mix contain-
ing 10 • l TaqMan• Gene Expression Master Mix
(Applied Biosystems, Foster City, CA) and 1• l TaqMan•

Gene Expression Assays (Applied Biosystems, Foster
City, CA). The cycling conditions were as follows: initial
holding period at 95 C for 10 min, followed by a two-step
PCR program consisting of 95 C for 15 s and 60 C for
1 min for 40 cycles. Reverse transcriptase negative
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controls andªno template controlsº (without cDNA in
PCR) were included. Data were collected and quantita-
tively analyzed using StepOne• Software v2.1. Relative
quantitation analysis of gene expression data for VEGFA
analysis was conducted according to the 2-•• Ct method
[22].

For PCR efficiency a 5-fold dilution series was created
from a random pool of cDNA from our sample group ran-
ging from 50 ng to 0.08 ng. PCR were performed as
described above in triplicate. The PCR efficiency and
correlation coefficients (R2) of each TaqMan• Gene

Expression Assay were generated using the slops of the
standard curves. The efficiencies were calculated by the
formula: efficiency (%) = (10(-1/slope) -1) * 100. All assays
displayed efficiencies between 93.2% and 100.2% (Table 2).

Statistical analysis
To compare the stability of candidate reference genes,
four validation software programs were used according
to their original publication: geNorm http://medgen.
ugent.be/~jvdesomp/genorm[23], NormFinder http://
www.mdl.dk/publicationsnormfinder.htm[24],

Table 1 Candidate reference genes evaluated in this study

Gene
Symbol

Gene Name Genbank Acession No. TaqMan
• Assay ID Amplicon

length

18S Eukaryotic 18S rRNA X03205.1 (mRNA) Hs99999901_s1 187

ABL1 v-abl Abelson murine leukemia oncogene homolog 1 NM_005157.3 + NM_007313.2 Hs00245445_m1 91

ACTB Actin, Beta, cytoplasmic NM_001101.3 Hs99999903_m1 171

B2M Beta-2-microglobulin NM_004048.2 Hs99999907_m1 75

CASC3 cancer susceptibility candidate 3 NM_007359.4 Hs00201226_m1 67

CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cip1) NM_078467.1 + NM_000389.3 Hs00355782_m1 66

CDKN1B cyclin-dependent kinase inhibitor 1B (p27, Kip1) NM_004064.3 Hs00153277_m1 71

EIF2B1 eukaryotic translation initiation factor 2B, subunit 1 alpha, 26
kDa

NM_001414.3 Hs00426752_m1 75

ELF1 E74-like factor 1/ets domain transcription factor) NM_172373.3 +
NM_001145353.1

Hs00152844_m1 76

GADD45A growth arrest and DNA-damage-inducible, alpha NM_001924.2 Hs00169255_m1 123

GAPDH Glyceraldehyde-3-phosphate dehydrogenase NM_002046.3 Hs99999905_m1 122

GUSB Glucuronidase, Beta NM_000181.3 Hs99999908_m1 81

HMBS Hydromethylbilane synthase NM_000190.3 Hs00609297_m1 64

HPRT1 Hypoxanthine guanine phospho- ribosyl transferase 1 NM_000194.2 Hs99999909_m1 100

IPO8 Improtin 8 NM_006390.2 Hs00183553_m1 71

MRPL19 mitochondrial ribosomal protein L19 NM_014763.3 Hs00608519_m1 72

MT-ATP6 mitochondrially encoded ATP synthase 6 NC_001807.ATP6.0 Hs02596862_g1 150

PES1 pescadillo homolog 1, containing BRCT domain (zebrafish) NM_014303.2 Hs00362795_g1 56

PGK1 Phosphoglycerate kinase 1 NM_000291.3 Hs99999906_m1 75

POLR2A Polymerase (RNA) II (DNA directed) polypeptide A, 220 kDa NM_000937.3 Hs00172181_m1 61

POP4 processing of precursor 4, ribonuclease P/MRP subunit NM_006627.2 Hs00198357_m1 68

PPIA Peptidylprolyl Isomerase A NM_021130.3 Hs99999904_m1 98

PSMC4 proteasome (prosome, macropain) 26S subunit, ATPase, 4 NM_153001.1 + NM_006503.2 Hs00197826_m1 83

PUM1 pumilio homolog 1 (Drosophila) NM_001020658.1 +
NM_014676.2

Hs00206469_m1 89

RPL30 ribosomal protein L30 NM_000989.2 Hs00265497_m1 149

RPL37A ribosomal protein L37A NM_000998.4 Hs01102345_m1 125

RPLP0 Ribosomal protein, large, P0 NM_053275.3 + NM_001002.3 Hs99999902_m1 105

RPS17 ribosomal protein S17 NM_001021.3 Hs00734303_g1 93

TBP TATA binding box protein NM_008907 Hs99999910_m1 127

TFRC Transferrin receptor NM_001128148.1 +
NM_003234.2

Hs99999911_m1 105

UBC Ubiquitin C NM_021009.4 Hs00824723_m1 71

YWHAZ Tyrosine 3-monooxygenase NM_003406.3 Hs00237047_m1 70

Thickly printed reference genes were further evaluated. TaqMan• Assay ID ending withª_mº indicates an assay whose probe spans an exon junction and will not
detect genomic DNA.ª_gº indicates an assay that may detect genomic DNA. The assay primers and probe may also be within a single exon.ª_sº indicates an
assay whose primers and probes are designed within a single exon, such assays will, by definition detect genomic DNA. Additional information for each
TaqMan• Assay is available from Applied Biosystems.
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BestKeeper-1 http://www.gene-quantification.de/best-
keeper.html[25] and the comparative delta Ct method
[26]. For geNorm and NormFinder the raw Ct values
were transformed to quantities by using the delta Ct

method [27]. The highest relative quantities for each
gene were set to 1. Bestkeeper-1 and the comparative
delta Ct method use raw Ct values. To evaluate the
results from the four algorithms an integration tool for
analyzing reference genes expression was used http://
www.leonxie.com/referencegene.php. First according to
the reference genes ranking by every algorithm from the
most stable gene to the least stable gene, a series of con-
tinuous integers starting from 1 as weight to each refer-
ence gene is assigned. The geomean of each gene
weights across the four algorithms is calculated and
then these reference genes are re-ranked. The gene with
the less geomean is viewed as more stable reference
gene. Input data is value data from Real-Time qRT-
PCR. Statistical analysis was performed with GraphPad
Prism V5.03 (GraphPad Software, La Jolla, USA). Nor-
mality was assessed according to D'Agostino-Pearson
tests with alpha = 0.05. For evaluation of statistical
equivalence a confidence-interval version of the Two
One-Sided Tests (TOST) procedure of Schuirmann was
used [28]. The groups are considered equivalent at a 5%
significance level if their difference has a 90% confidence
interval that lies entirely inside the upper and lower
equivalence limits. Therefore we considered  • =  1.5
to be reasonable limits of equivalence.

Results
Expression levels of 32 reference genes in meningioma
and normal tissue
To select suitable reference genes TaqMan• human endo-
genous control plates (Applied Biosystems, Foster City,
CA, USA) were used containing 32 known housekeeping
genes (Table 1). Four different meningiomas, the malig-
nant meningioma cell line IOMM-Lee, normal brain, cere-
bral meninges and dura mater were analyzed regarding the
gene expression levels of those housekeeping genes. The

mean Ct values displayed a wide range of expression levels
between 10.41 and 33.78 as shown in Figure 1. The most
abundant transcript was S18 with median Ct value of
11.50 in meningiomas and a mean Ct value of 13.59 in
normal tissue. In meningioma the lowest expressed genes
were YHWAZ with median Ct value of 30.27 and TBP
with 30.08. In normal tissue HMBS had the lowest expres-
sion with a median Ct value of 32.70. Tumour tissue and
normal tissue group of five candidate reference genes
(CASC3, CDKN1B, POLR2A, PUM1 and UBC) were sta-
tistically equivalent to within  1.5.

Expression stability of 32 candidate reference genes in
meningioma and brain
All 32 housekeeping genes were analyzed using four dif-
ferent algorithms, geNorm NormFinder, Bestkeeper-2
and the comparative delta Ct method. An integration
tool calculated the geomean of each gene across the
four algorithms and ranked the reference genes accord-
ing to their comprehensive gene stability (Figure 2). The
three most stable reference genes were PGK1 > RPL37A
> POP4. The least stable reference genes were CDKN1A
> RPL0 > GADD45A. Three of four used algorithms
ranked PGK1 highest, only Bestkeeper-1 ranked CASC3
highest and PGK1 only in fourteenth place. For further
analysis eight of the highest ranked expression genes
were chosen: PGK1, RPL37A, POP4, MRPL19, IPO8
and CASC3. Additionally the most used reference genes
in meningioma qPCR experiments ACTB and GAPDH
were also chosen although being only ranked in fifteenth
respectively eighteens place and being considered incon-
sistent with a standard deviation (SD) higher than 1 by
Bestkeeper-1. Three reference genes (CDKN1B, UBC
and POLR2A) with equivalent tumour and normal tissue
group were ranked low from position 19 to 22 respec-
tively 13. CASC3 was the only one included for further
investigation with statistically equal groups.

Expression stability of eight reference genes plus GAPDH
and ACTB in meningiomas, arachnoidea, dura and normal
brain
To validate the expression stability of CASC3, EIF2B1,
IPO8, MRPL19, PGK1, POP4, PPIA, RPL37A plus
GAPDH and ACTB, thirty-four randomly chosen pri-
mary cultured meningiomas, the meningioma cell line
IOMM-Lee, two arachnoidea, six dura mater, one cer-
ebral meninges and two pooled normal brain samples
were screened for these reference genes. For analysis
two different algorithms were chosen: NormFinder
and Bestkeeper-1. NormFinder has a model-based
approach whereas Bestkeeper-1 employs a pair-wise
correlation analysis. NormFinder also estimates the
variation between subgroups such as normal and can-
cer tissue.

Table 2 Efficiency data for evaluated genes

Gene symbol Slope R2 Efficiency (100%)

ACTB - 3.420 1.000 96.1

CASC3 - 3.442 0.999 95.2

EIF2B1 - 3.434 0.997 95.5

GAPDH - 3.430 1.000 95.7

IPO8 - 3.390 1.00 97.3

MRPL19 - 3.364 0.999 98.3

PGK1 - 3.266 0.994 100.2

POP4 - 3.410 0.999 96.4

PPIA - 3.497 1.00 93.2

RPL37A - 3.406 1.000 96.6
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Both algorithms identified RPL37A as the most stable
gene in meningiomas and normal control tissue with an
average expression stability value (M) value of 0.54 (Best-
keeper-1) respectively 0.12 (NormFinder). NormFinder
not only determines the most stable gene, but also the
best combination of two genes, which are RPL73A and
EIF2B1 with a stability value of 0.088. The remaining
ranking differed significantly for Bestkeeper-1 and Norm-
Finder (Table 3). Bestkeeper-1 considered ACTB incon-
sistent with SD = 1.00 in meningiomas and their control
tissue, whereas PGK1 was inconsistent in meningiomas
(SD = 1.04). Both algorithms determined EIF2B1 and
RPL37A as the two most stable genes in normal tissue
(Table 5). In contrast there were significant differences
between the ranking of Bestkeeper-1 and NormFinder in
meningiomas (Table 4). Bestkeeper-1 ranked CASC3 and
RPL37A highest. NormFinder identified MRPL19 and
POP4 as the two most suitable genes, ranking CASC3
and RPL37A in eighth respectively ninth position.

TOST procedure showed statistical equivalence
between normal tissue and meningiomas (•• = • 1.5)
for three reference genes: CASC3 (+0.87), IPO8 (+0.57)

and POP4 (+1.36). Those three genes were not normally
distributed in meningiomas (CASC3 (P-value = 0.002),
IPO8 (P-value < 0.0001) and POP4 (P-value = 0.0005).
After inclusion of the normal tissue group IPO8 and
POP4 remained not normally distributed.

Contribution of reference genes on expression levels of
target genes
The selection of a reference gene for normalisation of
qPCR can have a distinct influence on the expression
profile of target genes [29]. To show the influence of dif-
ferent reference genes on the determination of gene
expression levels, VEGFA expression levels in meningio-
mas and their control tissues were sequentially normal-
ized with the analyzed ten reference genes. The Ct values
for VEGFA were between 29 and 31. The expression
level of VEGFA was normalized to each single reference
gene as shown in Figure 3. The relative gene expression
level (RQ) of VEGFA was calculated relative to the ara-
chnoidea group (RQArachnoidea= 1). Subsequent bars
represented the different expression levels of VEGFA in
normal brain, dura and meningiomas normalized by

Figure 1 Expression levels of 32 candidate reference genes. Expression levels of 32 reference genes in four meningiomas, the malignant
meningioma cell line IOMM-Lee, normal brain, cerebral meninges and dura mater. Real-Time PCR cycle threshold numbers are shown (Ct value).
Box plots represent maximum and minimum values with median. Lower Ct values indicate higher gene expression.
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different reference genes. Most reference genes main-
tained the ratio between brain, dura and meningioma
except IPO8 and CASC3. Normalization with IPO8 or
CASC3 showed significantly increased ratio for brain to
dura and brain to tumour.

Discussion
The requirement for distinct and reproducible results
from quantitative gene expression analysis is accurate

data normalization [23,24,29,30]. The application of an
inappropriate reference gene can lead to false experi-
mental conclusions [31-33]. Therefore one or more
reference need to be chosen dependent on used tissue
and experimental conditions.

To our knowledge, this is the first systematic analysis
of average expression stability of reference genes in
meningiomas for data normalisation in qPCR experi-
ments. To evaluate the average expression stability four
analysis software programs (geNorm, NormFinder,
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Figure 2 Comprehensive gene stability of 32 candidate reference genes in meningiomas and control tissue. Geomean of ranking values
(y-axis) of 32 reference genes with their ranking from least to most stable gene expression (x-axis). Lower geomean values indicate more stable
gene expression.

Table 3 Ranking of ten candidate reference genes in
meningiomas and their control tissue based on average
expression stability value as calculated by Bestkeeper-1
and NormFinder

Rank Bestkeeper-1 NormFinder

Gene name Stability value Gene name Stability value

1 RPL37A 0.54 RPL37A 0.118

2 CASC3 0.54 EIF2B1 0.122

3 MRPL19 0.65 POP4 0.155

4 IPO8 0.66 MRPL19 0.163

5 POP4 0.70 PGK1 0.169

6 PPIA 0.73 PPIA 0.200

7 EIF2B1 0.74 GAPDH 0.286

8 PGK1 0.76 ACTB 0.287

9 GAPDH 0.83 CASC3 0.289

10 ACTB 1.00 IPO8 0.380

Table 4 Ranking of ten candidate reference genes in
meningiomas based on average expression stability
value as calculated by Bestkeeper-1 and NormFinder

Rank Bestkeeper-1 NormFinder

Gene name Stability value Gene name Stability value

1 CASC3 0.43 MRPL19 0.197

2 RPL37A 0.45 POP4 0.269

3 MRPL19 0.59 IPO8 0.277

4 IPO8 0.62 PPIA 0.312

5 PPIA 0.63 PGK1 0.332

6 POP4 0.63 EIF2B1 0.355

7 PGK1 0.67 GAPDH 0.386

8 EIF2B1 0.70 CASC3 0.388

9 GAPDH 0.75 RPL37A 0.447

10 ACTB 0.95 ACTB 0.521
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Bestkeeper-1 and the comparative delta Ct method)
based on different algorithms were used. So far various
reference genes (GAPDH, ACTB, S18, TBP) were used
in qPCR experiments in meningiomas [11-21,34],
although GAPDH was mainly used for normalizations.
This study demonstrates that none of these reference
genes were ranked under the ten most stable genes of
32 analyzed reference genes. However GAPDH and
ACTB as the most used reference genes in meningioma
qPCR experiments were further analyzed. After reducing
the number of reference genes and increasing the num-
ber of samples both reference genes were considered

one of the least stable genes. Bestkeeper-1 considered
ACTB unsuitable as reference gene in meningiomas and
their control tissues.

Because there is so few data available for gene expres-
sion of reference genes in meningiomas a large number
of reference genes were screened. Using four randomly
chosen meningiomas, the malignant meningioma cell
line IOMM-Lee, pooled normal brain, cerebral meninges
and dura mater was sufficient to determine expression
levels of all reference genes as shown in Table 1.
Because the four algorithms use different approaches for
their rankings of the 32 reference genes, the ranking dif-
fered significantly making a selection of genes for
further investigation difficult. Using the integration tool
which weighs the ranking of each algorithm made the
selection easier and more comprehensible. The six most
stable reference genes according to the integration tool
(PGK1, RPL37A, POP4, MRPL19, IPO8 and CASC3)
were chosen for further analysis. Additionally PPIA and
EIF2B1 were selected. PPIA was the highest ranked
gene, which displayed high expression levels. EIF2B1
was the most stable gene with low expression levels.
Because RPL30 is potentially co-regulated with RPL37A,
it was not chosen, so the outcome of the result would
not be affected.

For a more detailed analysis the remaining ten refer-
ence genes were analyzed using an increased number of
samples (ntotal = 46 with nnormal = 11 and nmeningioma =
35) but a decreased number of software (NormFinder
and Bestkeeper-1). NormFinder was chosen because of

Table 5 Ranking of ten candidate reference genes in
normal control tissue based on average expression
stability value as calculated by Bestkeeper-1 and
NormFinder

Rank Bestkeeper-1 NormFinder

Gene name Stability value Gene name Stability value

1 EIF2B1 0.45 EIF2B1 0.306

2 RPL37A 0.56 RPL37A 0.318

3 PPIA 0.65 MRPL19 0.329

4 MRPL19 0.69 PPIA 0.404

5 ACTB 0.75 GAPDH 0.415

6 POP4 0.77 POP4 0.419

7 IPO8 0.82 CASC3 0.462

8 GAPDH 0.82 ACTB 0.542

9 CASC3 0.85 PGK1 0.590

10 PGK1 1.04 IPO8 0.621
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the model-based approach and the additional estimation
of variation between normal and cancer tissue. In con-
trast Bestkeeper-1 employs a pair-wise correlation analy-
sis and uses raw Ct values whereas NormFinder uses
transformed quantities. Also Bestkeeper-1 directly
includes qPCR efficiency.

Both algorithms considered RPL37A as the most suita-
ble reference gene for normalization in qPCR in meningio-
mas and their control tissue. The following ranking
differed significantly especially for CASC3, IPO8 and
EIF2B1. Bestkeeper-1 considered CASC3 as the most
stable genes in meningiomas, but ranked CASC3 only in
ninth place for normal control tissue. This led to a second
place in the combined ranking due to the higher number
of tumour samples. In contrast NormFinder ranked
EIF2B1 highest for normal control tissue and only in sixth
place in meningiomas. Because NormFinder weighs the
two subgroups, normal tissue versus meningiomas, the
ranking of the control tissue has more influence on the
combined ranking. This is also demonstrated with IPO8
and conversely with RPL37A. NormFinder ranks RPL37A
in meningiomas only in ninth place and in normal control
tissue in second place. But after including the variation
between those subgroups NormFinder displays RPL37A as
the most stable gene for both subgroups.

Considering the results of the normalization of
VEGFA against every single reference genes with signifi-
cantly altered results for CASC3 and IPO8, NormFinder
displays a more accurate ranking for meningiomas and
their control tissue.

Some researchers recommend the use of multiple refer-
ence genes for calculating a normalization factor [23].
NormFinder also determines the best combination of two
genes, when subgroups are included. For meningiomas
and their normal control tissue the combination is
RPL37A and EIF2B1.

Conclusions
In conclusion, the results from the current study demon-
strate that RPL37A is the most appropriate single refer-
ence gene for the normalization process of gene profiling
studies in meningiomas and their normal control tissue
arachnoidea, dura mater and normal brain. If a combina-
tion of reference genes is applicable RPL37A and EIF2B1
are most suitable. Additionally results from the current
study indicate that widely used GAPDH and ACTB are
both inappropriate reference genes for meningiomas.
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Vascular endothelial growth factor signals through platelet-derived
growth factor receptorb in meningiomasin vitro

C Pfister * ,1, H Pfrommer 1, MS Tatagiba 1 and F Roser1

1Department of Neurosurgery, University of Tuebingen, Hoppe-Seyler-Strasse 3, Tuebingen 72076, Germany

BACKGROUND: Vascular endothelial growth factor (VEGF)-mediated angiogenesis mediates tumour growth and metastasis.
Meningiomas are primarily benign, slow-growing, highly vascularised tumours. Aside from VEGF, there is little data on the function
of major angiogenic proteins in meningiomas.
METHODS: The VEGFA, platelet-derived growth factor B (PDGFB), and their respective receptors ± VEGF receptor 2 (KDR) and
PDGF receptorb (PDGFRb) ± were quantified using real-time PCR and a TaqMan Protein Assay in meningiomasin vivoandin vitro.
The effect of VEGFA and PDGFB on cell proliferation and the tyrosine phosphorylation of PDGFRb were examined.
RESULTS: Most meningiomas displayed no KDR protein expression but elevated PDGFRb levels. Exogenous VEGFA stimulation
significantly increased cell proliferation. The PDGFRb inhibition before stimulation with VEGFA abolished the proliferative stimuli. The
VEGFA induced concentration-dependent PDGFRb tyrosine phosphorylation comparable to PDGFB-induced PDGFRb tyrosine
phosphorylation. The PDGFRb inhibitors gambogic acid, sunitinib, and tandutinib equally impaired the migration of meningioma cells.
In addition, gambogic acid suppressed the VEGFA-induced PDGFRb tyrosine phosphorylation.
CONCLUSION: Collectively, our data suggest that VEGFA primarily regulates VEGF-mediated migration throughPDGFRb in meningiomas.
The inhibitory effect of gambogic acid and tandutinib against meningioma growthin vitrosuggests that selective PDGFRb inhibitors, in
combination with VEGF inhibitors, should be evaluated further as potential therapies for recurrentand malignant meningiomas.
British Journal of Cancer(2012)107, 1702±1713. doi:10.1038/bjc.2012.459 www.bjcancer.com
Published online 9 October 2012
& 2012 Cancer Research UK

Keywords: meningioma; VEGF; PDGFRb; gambogic acid; tandutinib
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Meningiomas are the most common type of intracranial tumours.
They originate from the arachnoidal cap cells of the meningeal
cover of the spinal cord and brain and account forB 13±26% of all
intracranial neoplasms (Riemenschneideret al, 2006; Louiset al,
2007). The conventional treatment for meningiomas is surgery
(McMullen and Stieber, 2004). The 5-year recurrence rates after
complete resection in benign, atypical, and anaplastic meningio-
mas were 3%, 38%, and 78%, respectively, for World Health
Organisation (WHO) grade I meningiomas, the recurrence rate
increased after incomplete resection from 7.5% to 9.8% at 10 years
and 9.3% to 25.6% at 20 years (JaÈaÈskelaÈinen, 1986; Nakasuet al,
2009). The potential for malignancy is unresolved, due to a
frequent discordance between histology and biology (Mahmood
et al, 1993; Schittenhelmet al, 2006). Meningiomas are categorised
into three grades by the WHO, and there are several subtypes
based on histology.

Angiogenesis is essential for the enlargement of any solid
tumour. Vascular endothelial growth factor (VEGF) is the key
regulator of pathological angiogenesis (Ferraraet al, 2003). The
VEGFA is the most abundant member of the VEGF family (Holmes
and Zachary, 2005; Yamazaki and Morita, 2006), which comprising
several isoforms, such as VEGF165, through alternative splicing.

There are three VEGF receptor tyrosine kinases (VEGFR1±3), but
VEGFA only binds to VEGFR1 (FLT1) and VEGFR2 (KDR),
and most of the signal transduction is mediated by the latter
(Crosset al, 2003).

The VEGF and VEGFRs mediate angiogenesis in various brain
tumours (Nishikawa et al, 1998; Huanget al, 2005). Although
VEGF is upregulated in meningiomas (Provias and Claffey, 1997;
Christov et al, 1999; Lamszuzet al, 2000; Parket al, 2000;
Yamasaki, 2000), it is unknown whether the degree of malignancy
correlates with the expression of VEGF (Provias and Claffey, 1997;
Lamszuzet al, 2000; Yamasaki, 2000).

Platelet-derived growth factor B (PDGFB) is another critical
factor that promotes the recruitment and proliferation of vascular
cells (Yancopouloset al, 2000). The PDGF signalling indirectly
regulates angiogenesis. Platelet-derived growth factor receptorb
(PDGFRb) can induce the transcription and secretion of VEGF.
The PDGFB and its receptors (PDGFR) are expressed in several
human cancers, such as gliomas, breast cancer, colorectal cancer,
and myelomonocytic leukaemia (Yuet al, 2003). The PDGFRb and
PDGFB are expressed in meningiomas, and their overexpression
correlates with the WHO grade (Wanget al, 1990; Yang, 2001).

Several therapeutic agents that specifically target the angiogenic
pathway, such as sunitinib and tandutinib, have entered clinical
development. Both compounds are tyrosine kinase inhibitors, but
while sunitinib inhibits at least eight receptor protein tyrosine
kinases, including KDR and PDGFRb (Mendel et al, 2003),
tandutinib only acts on PDGFRb, Fms-like tyrosine kinase 3
(FLT3), and c-Kit (Kelly et al, 2002). Sunitinib is used to treat
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metastatic renal cell cancer and gastrointestinal stromal tumours
(Motzer et al, 2006), and tandutinib is in early-phase clinical
evaluation for acute myeloid leukaemia (Cheng and Paz, 2008).

Recently, Liu et al (2010) demonstrated that gambogic acid
inhibits cell migration by suppressing PDGFRb tyrosine phospho-
rylation. Gambogic acid is the major active compound in gamboge, a
resin from Garcinia hanburyi. Gambogic acid has potent apoptotic
activity against several cancer cell linesin vitro andin vivo, including
glioblastoma cell lines (Guet al, 2008; Qianget al, 2008).

In this study, we analysed the expression of VEGFA, KDR,
PDGFB, and PDGFRb in vitro and in vivo using quantitative
real-time PCR (qRT±PCR) and the TaqMan Protein Assay. We
examined the biological significance of VEGFA signalling through
PDGFRb by comparing the effects of VEGFA and PDGFB on
meningioma cell proliferation and PDGFRb tyrosine phosphoryla-
tion. We also determined the effects of gambogic acid and two
tyrosine kinase inhibitors of PDGFRb (sunitinib and tandutinib)
on meningiomasin vitro .

MATERIALS AND METHODS

Tumour specimens and cell culture

The meningioma surgical specimens, arachnoidea, and dura were
obtained from the Neurosurgical Department of the University of
Tuebingen according to the guidelines of the ethics committee.
The primary cultures were established from tumour tissue samples
within 30 min of surgical removal. Samples were washed in
phosphate-buffered saline (PBS), reduced, passed through a filter,
and placed in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 0.1%
10 mg mlÿ 1 gentamycin (Invitrogen, Grand Island, NY, USA). The
cells were plated in 25-mm2 tissue culture flasks and incubated at
371C in a humidified atmosphere with 5% CO2. The medium was
changed every 3±4 days, and the cultures were split with 600ml
Accutase (PAA, Pasching, Austria). The viable cells were stored in
liquid nitrogen in 90% medium/10% dimethyl sulphoxide
(DMSO). To verify the presence of tumour cells, the primary
meningioma cultures were tested immunocytochemically for the
expression of epithelial membrane antigen and vimentin. Both
proteins are expressed in most meningiomas. The cells were also
tested for the expression of CD34, an endothelial cell marker.
The malignant meningioma IOMM-Lee cell line was a kind gift
from A Lal (Department of Neurological Surgery, University
of California, San Francisco, CA, USA). The IOMM-Lee cell
line was tested using cytogenic characterisation. The human
umbilical vein endothelial cells (HUVECs) (Genlantis‡ Cell
Applications, Inc., San Diego, CA, USA) were cultured in
endothelial cell growth medium (Genlantis, San Diego, CA,
USA). The human prenatal neural cells (HNCs; dv Biologics,
Costa Mesa, CA, USA) were cultured in Neurobasal A medium
supplemented with B27 and 10 ng mlÿ 1 FGF basic (Invitrogen).
The human adult mesothelial cells (HMCs; Zen-Bio, Research
Triangle Park, NC, USA) were cultured in mesothelial cell growth
medium (MSO-1; Zen-Bio).

TaqMan protein assays

The following biotinylated antibodies (R&D Systems, Minneapolis,
MN, USA) were used: VEGFA (BAF293), KDR (BAF357), PDGFB
(BAF220), and PDGFRb (BAF385). Phospho-PDGFRb (AF1767)
and phospho-KSR (AF1766) were labelled with biotin using the
Biotin-XX Microscale Protein Labelling Kit (Invitrogen, Carlsbad,
CA, USA) according to manufacturer's instructions. The biotiny-
lated antibodies were labelled with the TaqMan Protein Assay
Open Kit (Applied Biosystems, Foster City, CA, USA) as per
manufacturer's instructions. The specificity of each assay was

determined using the recombinant proteins VEGFA, PDGFB
(Invitrogen Inc.), KDR, and PDGFRb (R&D Systems). Applied
Biosystems recommendsDCt values for recombinant proteins
greater than 5. AllDCt values for the above-mentioned assays were
greater than 5 (VEGFADCtˆ 8.32; KDR DCtˆ 7.13; PDGFB
DCtˆ 8.44; and PDGFRb DCtˆ 5.17). The assays for phospho-
PDGFRb and phospho-KDR consisted of probe A PDGFRb and
probe B phospho-PDGFRb and probe A KDR and probe B
phospho-KDR, respectively. The specificity for phosphorylated
PDGFRb and KDR was determined using the recombinant
proteins for PDGFRb and KDR, which the respective assay
could not detect.

The total meningioma proteinin vitro was isolated directly from
primary cell cultures before being split using the PARIS kit
(Ambion, Inc., Austin, TX, USA).In vivo meningioma and dura
proteins were isolated from fresh tissue using the Protein Quant
Sample Lysis kit (Applied Biosystems) according to manufac-
turer's protocol. A two-fold serial dilution was prepared according
to manufacturer's protocol with a cell lysate input per well of 5mg
for meningiomas and dura. Total human brain protein (Biochain,
Hayward, CA, USA) was used as a reference with an input amount
of 25mg. A TaqMan Protein Assay was performed using the
TaqMan Protein Assay Core Reagents Kit with Master Mix
(Applied Biosystems) according to manufacturer's instructions.
qRT±PCR was performed on the StepOne Real-Time PCR System
(Applied Biosystems) using the standard instrument protocol for
the TaqMan Protein Assay. The data were analysed using
the ProteinAssist Software 1.0 (Applied Biosystems), which uses
the DCt2 method to calculate relative protein expression between
untreated controls and treated samples. The sample dilutions were
assayed, and the resulting Ct values were normalised to the sample
input, which requires accurate protein quantitation. Every 48-well
plate included a no-protein control (NPC) to calculate theDCt
values (Ct value (sample)ÿ Ct value (NPC)). Then, a linear range
was generated for each sample, and aDCt threshold was designated.
The fold change between samples was calculated between the
crossover points of each linear trend line at theDCt threshold.

RNA isolation and reverse transcription

Total meningioma RNA was isolatedin vitro directly from
primary cell cultures before being split. Meningioma, arachnoidea,
and dura RNA were isolatedin vivo from fresh tissue using the
PARIS kit (Ambion, Inc.) according to manufacturer's protocol.
The RNA was treated with DNAfree (Ambion, Inc.) to remove
residual genomic DNA. The RNA concentration and 260/280
absorbance ratios were measured in triplicate on an Eppendorf
Biophotometer (Eppendorf, Hamburg, Germany). The integrity
of the RNA samples was confirmed by electrophoresis on a 2%
SYBR Green agarose gel (Invitrogen Inc.). The criteria for the
inclusion of RNA samples were a 260/280 ratio ofB 2 (1.9±2.2)
and a 28S/18S ratio ofX 1.7. The probes were stored atÿ 801C
until use.

For normal brain samples, FirstChoice Human Brain Reference
RNA (Ambion, Inc.), which pools RNA from various donors and
several regions of the brain, was used. The RNA samples were
treated with DNAfree (Ambion Inc.). The total RNA (1mg) was
reverse transcribed to cDNA using the High-Capacity RNA-to-
cDNA Kit (Applied Biosystems) in 20ml according to manufac-
turer's protocol.

Quantitative real-time PCR

TaqMan qRT±PCR was performed in triplicate in 48-well reaction
plates with StepOne (Applied Biosystems). Each reaction contained
1ml of cDNA (5 ngml ÿ 1) in 20ml of reaction mix, containing 10ml
of TaqMan Gene Expression Master Mix (Applied Biosystems) and
1ml of TaqMan Gene Expression Assay (Applied Biosystems).
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The following TaqMan Gene Expression primers were used:
VEGFA (Hs99999070_m1), KDR (Hs00911700_m1), PDGFB
(Hs00234042_m1), and PDGFRB (Hs00387364_m1). All primers
span an exon junction and will not detect genomic DNA. The
cycling conditions were as follows: an initial hold at 951C for
10 min, 951C for 15 s, and 601C for 1 min for 40 cycles.

Reverse transcriptase-negative controls and no-template con-
trols (without cDNA) were included. RPL37A (Hs01102345_m1),
which is the optimal reference for meningiomas and control
tissues (Pfisteret al, 2011), was used as the reference gene for
relative quantification. The data were collected and analysed
quantitatively using StepOne, v2.2 (Applied Biosystems). The
relative gene expression data were analysed using the 2ÿ DDCt

method (Ericksonet al, 2007).

Immunohistochemistry

Four-micron sections that contained human meningiomas were
cut from formalin-fixed paraffin-embedded tissue blocks. The
slides were deparaffinised in a series of histolene (Engelbrecht,
Edermuende, Germany) and alcohol solutions. The Vectastain Elite
Universal Kit (Vector Laboratories, Burlingame, CA, USA) was
used according to manufacturer's protocol. Briefly, the slides were
treated with an antigen unmasking solution (citrate buffer, pH 6.0;
941C; 30 min), rinsed with PBS, and bathed in 3% H2O2 for 10 min,
followed by blocking with avidin/biotin (Vector Laboratories).

The slides were incubated overnight at 41C with a primary
VEGFA rabbit polyclonal antibody (sc-152; Santa Cruz, Santa Cruz,
CA, USA) at 1 : 60, a KDR rabbit polyclonal antibody (Ab2349;
Abcam, Cambridge, MA, USA) at 1 : 100, a PDGFB rabbit
polyclonal antibody (sc-127; Santa Cruz) at 1 : 100, or a PDGFRb
rabbit polyclonal antibody (sc-339; Santa Cruz) at 1 : 200. Next, the
slides were washed three times with PBS, a biotinylated secondary
antibody was applied, and a premixed avidin-biotin-peroxide
complex was added (ABC; Vector Laboratories). The stains were
developed with Vector Novared (Vector Laboratories). The
positive controls were selected for each specimen as follows:
VEGFA‡ KDR (human kidney), PDGFRb (human placenta), and
PDGFB (human pancreas). The negative control slides were
incubated either without primary antibody or with a blocking
peptide. The sections were counterstained with haematoxylin and
examined using light microscopy. The immunohistochemical
samples were graded from 0% to 100% based on the percentage
of cells that were positive relative to the total tissue.

Growth factors, inhibitors, and drugs

VEGF165 (VEGFA, PHC9391; Invitrogen Inc.) was reconstituted in
sterile distilled water, aliquoted, and stored atÿ 201C until use.
PDGF-BB (PDGFB, PHG0041; Invitrogen Inc.) was reconstituted
in 100 mM acetic acid and 0.1% BSA, aliquoted, and stored at
ÿ 201C until use. The VEGFR2 (KDR) kinase inhibitor VI (Ki8751)
(676484; Merck, Darmstadt, Germany) inhibits KDR with an IC50
of 0.9 nM and has no effect on PDGFRb at concentrations as high
as 10mM. PDGFR tyrosine kinase inhibitor III (521232; Merck)
inhibits PDGFRb with an IC50 of 80 nM with no inhibitory effect
on KDR. Both inhibitors were dissolved in DMSO (Sigma-Aldrich,
St Louis, MO, USA) and stored atÿ 201C. Sunitinib malate (SU-11248,
Sutent) and gambogic acid were obtained from Santa Cruz,
and tandutinib (MLN518) was purchased from Selleck Chemicals
(Houston, TX, USA). The stock solutions of sunitinib, tandutinib,
and gambogic acid were dissolved in DMSO, stored atÿ 201C, and
diluted in fresh medium immediately before use.

Proliferation assay

The IOMM-Lee cells and primary meningioma cells in mid-log
phase were seeded onto 24-well culture plates in DMEM containing

10% FBS for 24 h. Subsequently, the cells were treated with increasing
concentrations of VEGFA (0, 5, 10, 20, 50, and 100 ng mlÿ 1) in serum-
free medium for 4 h. After 3 h of treatment, 5-Bromo-20-deoxy-uridine
(BrdU) was added to each well (1 : 1000). After incubation, BrdU
was detected using the BrdU Labelling and Detection Kit II (Roche,
Mannheim, Germany) according to manufacturer's protocol. The
cell number was evaluated under a light microscope.

GAP assay

Primary meningioma cells (0.3� 106cells per ml) were seeded onto
24-well tissue culture dishes using the Radius 24-Well Cell
Migration Assay (Cell Biolabs, Inc., San Diego, CA, USA) according
to manufacturer's instructions. After 24 h of incubation to allow
spreading, the gel was removed. The compounds were added in a
medium that contained 10% FBS, and the cells were incubated for
24 h with various concentrations of sunitinib, tandutinib, and
gambogic acid (0.125±10mg mlÿ 1) to determine their effect on cell
migration. The meningioma cell migration was observed and
photographed under an inverted microscope before and after
24 h of inhibition with sunitinib, tandutinib, or gambogic acid.
The cells were analysed using CellProfiler (www.cellprofiler.org)
(Carpenteret al, 2006).

Statistical analysis

Statistical analysis was performed with GraphPad Prism, V5.03
(GraphPad Software, La Jolla, CA, USA). All results are expressed
as mean values• standard deviation (s.d.). Statistical comparisons
between two groups were made using the Mann±Whitney test. For
statistical comparisons between a group and the human brain
reference, the Wilcoxon signed-rank test was used. Significant
differences between sets of data were determined using a paired
t-test. The level of significance was set atPo 0.05. All tests were
two-sided.

RESULTS

Elevated PDGFRb expression in meningiomas

The RNA and protein expression was measured in meningiomas
in vitro and in vivo (Table 1). The RNA expression was quantified
using qRT±PCR with RPL37A for normalisation. The protein levels
were measured with a TaqMan Protein Assay. The human brain
was used as a reference. Only three samples of arachnoidea, the cap
cells from which meningiomas originate, were obtained. Due to the
small sample size and the structure of the arachnoidea, only a
small amount of RNA and protein was isolated. The RNA and
protein levels of several angiogenesis genes in the arachnoidea and

Table 1 The number of meningiomas used for thein vivoandin vitro
experiments

RNA Protein

In vivo In vitro In vivo In vitro

Arachnoidea 3 ± 3 ±
Dura 10 ± 6 ±
Meningioma WHO1I 28 39 17 17
Meningioma WHO1II 21 34 17 17
Meningioma WHO1III 3 5 3 5

Abbreviation: WHÔ World Health Organisation.In vivoRNA and protein were
isolated directly from fresh surgical specimen. For thein vitroRNA and protein
isolation, the surgical specimen were processed and cultured, and the RNA and
protein were isolated before the cells were split. The RNA and protein were isolated
from human dura directly due to the difficulties in handling.
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dura were similar, with the exception of KDR, which was
significantly higher in arachnoidea (Pˆ 0.002). Thus, we chose
to measure the gene expression in the dura, from which ample
RNA and protein could be isolated. Due to the small number of
arachnoidea samples, the expression of angiogenesis genes in
meningiomas was compared with the expression in dura to detect
significant changes in expression levels, except for KDR. All results
are expressed as the relative gene expression levels (RQ) to brain
(RQBrain ˆ 1) for RNA or as the fold change with brain as reference
(fold changeBrain ˆ 1) for protein.

The PDGFRb RNA and protein expression was significantly
higher in meningiomas compared with the brain (Po 0.0001)
(Figure 1A). The PDGFRb RNA expression in vitro was
significantly decreased in WHO1III ( PWHO 1I vs WHO 1III ˆ 0.0198
and PWHO 1II vs WHO 1III ˆ 0.0004), but there was no difference
between WHO1I and 1II. The in vivo RNA expression of PDGFRb
was significantly decreased in meningiomas compared with dura
(Pˆ 0.0014) but displayed no significant changes between WHO
grades. In contrast to thein vitro RNA levels, thein vitro protein
expression of PDGFRb was significantly decreased in dura
compared with meningioma (Pˆ 0.042). The PDGFRb RNA
and protein levelsin vitro were significantly higher than those
detectedin vivo (PRNAˆ 0.0002;PProteinˆ 0.0045).

Most meningiomas displayed no KDR protein expression

The KDR RNA and protein expression was significantly elevated in
arachnoidea compared with dura (PRNAˆ 0.002;PProteinˆ 0.0167)
(Figure 1B). In addition, the KDR levels were higher in dura
compared with the brain (PRNAˆ 0.002; PProteinˆ 0.0156). In
contrast, the KDR RNA and protein expression in meningiomas
was significantly decreased (PRNAˆ 0.001; PProteinˆ 0.0014). In
fact, KDR could not be detected in most meningiomas. Only 4 of 38
(10.3%) primary meningioma cell cultures displayed positive KDR
protein expression (Figure 1C). In all, 8 of the 37 (21.6%)
meningiomas that were isolated directly from fresh surgical
specimens were KDR positive. The KDR RNA expression
was extremely low in most meningiomas (medianin vitro ˆ 0.17;
medianin vivo ˆ 0.28). Only fivein vitro (6.4%) and ninein vivo
(17.3%) meningiomas displayed an RQ of4 0.5. The KDR
expression was two-fold higher in meningiomasin vivo, but a
significant difference was only displayed between thein vivo and
in vitro RNA levels (Pˆ 0.0043). There were no significant
differences in the expression levels between WHO grades. For
comparison, the RNA and protein expression levels of PDGFRb
and KDR in eight cancer cell lines were determined (data not
shown). The PDGFRb expression was on average 97% lower in
cancer cell lines compared with brain expression, and KDR
expression was on average 15% higher.

Broad distribution of VEGFA expression and low PDGFB
expression in meningiomas

VEGFA RNAin vivo and in vitro was significantly downregulated
in meningiomas compared with arachnoidea and dura (arachnoi-
dea: Pin vitro ˆ 0.0346; Pin vivo ˆ 0.0331; dura:Pin vitro ˆ 0.012;
Pin vivo ˆ 0.0023) (Figure 1D). In contrast, thein vitro VEGFA
protein expression was significantly higher in meningiomas
compared with dura (Pˆ 0.034). In addition, the VEGFA expres-
sion in meningiomas displayed a broad distribution, especially
in vivo. For the in vivo RNA expression, the minimum was 0.02
and the maximum was 132.5 with a median of 0.725.In vitro , the
lowest VEGFA expression was 0.22 and the highest expression was
38.34 with a median of 1.42. For thein vivo protein expression,
the minimum was 0.001 and the maximum was 80 with a median of
2.6. The lowest VEGFA expressionin vitro was 0.029 and the
highest expression was 65 with a median of 0.92.

The PDGFB RNA and protein levels were significantly
downregulated in meningiomas compared with dura
(RNA: Pin vitro ˆ 0.0002;Pin vivo ˆ 0.0076; protein:Pin vitro ˆ 0.003;
Pin vivo ˆ 0.0082), as shown in Figure 1E. There were no significant
differences in expression levels between WHO grades.

Immunohistochemical staining of angiogenetic proteins

Immunohistochemistry was performed using 54 surgical human
meningioma specimens that included ± 28 WHO1I, 21 WHO 1II,
and 5 WHO1III meningiomas. Figure 2A shows a representation of
the staining in a negative control (A), a positive control (kidney)
for VEGFA (B), positive VEGFA expression in a meningioma (C),
a positive control (kidney) for KDR (D), positive KDR expression
in a meningioma (E), negative KDR expression in a meningioma
(F), a positive control (placenta) for PDGFRb (G), and positive
PDGFRb expression in two meningiomas (H‡ I). All angiogenetic
proteins displayed cytoplasmic and membranous staining in
neoplastic cells. Expression of KDR and PDGFRb was also found
in blood vessels. Figure 2B±E shows the expression of angiogenetic
proteins based on the percentage of cells that were positive relative
to the total tissue sample.

All meningiomas stained positive for VEGFA and PDGFRb. The
median percentage of PDGFRb-positive cells in meningiomas was
20% (range 2±80%). As shown in Figure 2C, PDGFRb expression
differed between grades (PWHO 1I vs WHO 1II ˆ 0.0426;PWHO 1II vs

WHO 1III ˆ 0.0315). The median percentage of VEGFA-positive
cells was 30% (range 2±90%). The expression in meningiomas did
not differ between WHO1I and WHO 1II. In contrast, VEGFA
expression was higher in grade WHO1III vs grade WHO 1II
meningiomas (Pˆ 0.02) (Figure 2D).

Forty-seven meningiomas (87%) were positive for KDR with a
median percentage of 2.5%. Most meningiomas (67%) showed low
KDR expression with up to 5% positive cells. Eleven meningiomas
(20%) demonstrated 10±30% positive staining. Expression of KDR
was not significantly different between the WHO grades
(Figure 2E).

Fifty-three meningiomas (98%) were positive for PDGFB
(median percentage 20% and maximum 90%). There were no
differences in PDGFB expression between the WHO grades.

Proliferative response to exogenous VEGFA in
meningiomas

To investigate the biological significance of the elevated PDGFRb
expression and the mostly non-expression of KDR in meningiomas
IOMM-Lee cells, a malignant proliferating meningioma cell
line, were cultured with increasing amounts (0, 5, 10, 20, 50, and
100 ng mlÿ 1) of VEGFA and PDGFB for 4 h in serum-free medium.
As shown in Figure 3A, cell proliferation was significantly
increased after treatment with 10 ng mlÿ 1 VEGFA (‡ 42%
compared with control conditions,Po 0.05), 20 ng mlÿ 1 VEGFA
( ‡ 87.4% compared with control conditions, Po 0.005),
50 ng mlÿ 1 VEGFA (‡ 94.6% compared with control conditions,
Po 0.005), and 100 ng mlÿ 1 VEGFA (‡ 99% compared with
control conditions, Po 0.001). The control cells were also
incubated with PDGFB. As shown in Figure 3B, cell proliferation
was similarly increased after treatment with 10 ng mlÿ 1 PDGFB
( ‡ 46.2% compared with control conditions,Po 0.05), 20 ng mlÿ 1

PDGFB (‡ 71.2% compared with control conditions,Po 0.005),
and 50 ng mlÿ 1 PDGFB (‡ 87.5% compared with control condi-
tions, Po 0.005). After treatment with 100 ng mlÿ 1 PDGFB,
proliferation decreased compared with treatment with 50 ng mlÿ 1

PDGFB (‡ 71.3% compared with control conditions,Po 0.005).
To determine if these results also apply to benign meningiomas

with low proliferation, two primary cell cultures of meningothelial
meningiomas were treated as described. As shown in Figure 3C,
the mean proliferation without growth factors was 5.4• 1.7%.
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Cell proliferation was significantly increased after treatment with
20 ng mlÿ 1 VEGFA (‡ 100% compared with control conditions,
Po 0.05), 50 ng mlÿ 1 VEGFA (‡ 126.2% compared with control
conditions, Po 0.005), and 100 ng mlÿ 1 VEGFA (‡ 114.7% com-
pared with control conditions,Po 0.001). Treatment with PDGFB
significantly increased proliferation in benign meningiomas after
treatment with 10 ng mlÿ 1 PDGFB (‡ 84.7% compared with
control conditions, Po 0.05), 20 ng mlÿ 1 PDGFB (‡ 99.1%

compared with control conditions, Po 0.005), and 50 ng mlÿ 1

PDGFB (‡ 134.4% compared with control conditions,Po 0.005).
After treatment with 100 ng mlÿ 1 PDGFB proliferation slightly
decreased compared with treatment with 50 ng mlÿ 1 PDGFB
( ‡ 130.8% compared with control conditions,Po 0.005), as shown
in Figure 3D.

To evaluate the functional effect of these findings, PDGFRb and
KDR were inhibited with an anti-PDGFRb neutralisation antibody
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Figure 1 The in vitroandin vivoRNA and protein expression of angiogenetic proteins in meningiomas and dura. Expression of RNA was quantified using
qRT±PCR with RPL37A for normalisation. The protein levels were measured using the TaqMan Protein Assay. The data for RNA are expressed as the
relative gene expression level (RQ) compared with the brain (RQBrain̂ 1). The data for protein are expressed as fold change, with the brain as the
reference. (A) The PDGFRb RNA and protein expression was significantly higher in meningiomas compared with the brain. Thein vitroPDGFRb RNA
expression was significantly decreased in WHO1III, *PRNA WHO 1I vsWHO 1IIIˆ 0.0198; **PRNA WHO 1II vsWHO 1IIIˆ 0.004; the PDGFRb RNA and protein
levelsin vitrowere significantly higher compared with thosein vivo. #PRNA in vitro vs in vivoˆ 0.0002;## PProtein in vitro vs in vivoˆ 0.045. The bars represent the
mean• s.d. (B) The KDR RNA and protein expression levels were significantly elevated in arachnoidea compared with dura, *PRNAˆ 0.002;
** PProtein̂ 0.0167. In meningiomas, the KDR RNA and protein expression levels were significantly decreased,#PRNAˆ 0.001;## PProtein̂ 0.0014. (C) Most
meningiomas displayed no KDR protein expression. In addition, the KDR RNA expression was extremely low in most meningiomas (medianin vitrô 0.17;
medianin vivô 0.28). The symbols represent single data points. The horizontal bars represent the median. (D) The VEGFA RNA was significantly
downregulatedin vivoand in vitroin meningiomas compared with arachnoidea (*Pˆ 0.0331) and dura (**Pˆ 0.0023). In contrast, the VEGFA protein
expressionin vitrowas significantly higher in meningiomas compared with dura (***Pˆ 0.034). (E) The PDGFB RNA and protein levels were significantly
downregulated in meningiomas compared with dura, *PRNAˆ 0.0076; **PProtein̂ 0.0082.
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or a PDGFRb tyrosine kinase inhibitor or an anti-KDR neutralisa-
tion antibody or a KDR tyrosine kinase inhibitor, respectively,
before stimulation with VEGFA.

Pre-treatment with either 10mg mlÿ 1 anti-PDGFRb neutra-
lisation antibody or 2mM PDGFRb tyrosine kinase inhibitor
(PDGFRb-TK) for 1 h followed by incubation with 10 ng mlÿ 1

VEGFA for 4 h resulted in a significant decrease in IOMM-Lee cell
growth compared with VEGFA grown without pre-treatment

( ÿ 38.7% after anti-PDGFRb pre-treatment, Po 0.005 and
ÿ 32.6% after PDGFRb-TK pre-treatment, Po 0.05, Figure 3E).
In contrast, pre-treatment with either 10mg mlÿ 1 anti-KDR
neutralisation antibody or 100 nM KDR tyrosine kinase inhibitor
(KDR-TK) before incubation with VEGFA displayed no anti-
proliferating effect.

In addition, two benign meningiomas were pre-treated as
described before and then incubated with 50 ng mlÿ 1 VEGFA

100B C

D E

A

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

40

30

20

10

0

VEGFA KDR PDGFB PDGFRB WHO I WHO II WHO III
PDGFRB

WHO I WHO II WHO III
KDR

WHO I WHO II WHO III
VEGFA

Im
m

un
oh

is
to

ch
em

ic
al

st
ai

ni
ng

 (
%

)
Im

m
un

oh
is

to
ch

em
ic

al
st

ai
ni

ng
 (

%
)

Im
m

un
oh

is
to

ch
em

ic
al

st
ai

ni
ng

 (
%

)
Im

m
un

oh
is

to
ch

em
ic

al
st

ai
ni

ng
 (

%
)

Figure 2 Immunohistochemical staining of angiogenic proteins in meningiomas. The paraffin-embedded, formalin-fixed sections of meningiomas were
stained with antibodies against VEGFA, KDR, PDGFB, and PDGFRb. Positive immunoreactivity appears as red staining (Vector NovaRed). The stains were
graded from 0% to 100% based on the percentage of cells that were positive relative to the total tissue. (A) The panels are a representation of staining in a
negative control (a), a positive VEGFA control (kidney) (b), positive VEGFA expression in a meningioma (c), a positive KDR control (kidney) (d), positive
KDR expression in a meningioma (e), negative KDR expression in a meningioma (f), a positive PDGFRb control (placenta) (g), and positive PDGFRb
expression in two meningiomas (h‡ i). (B) All 54 meningiomas (28 WHO1I, 21 WHO 1II, and 5 WHO1III) stained positive for VEGFA and PDGFRb.
Forty-seven meningiomas (87%) were positive for KDR with a median percentage of 2.5%. (C) The PDGFRb expression differed between grades (PWHO 1I vs

WHO 1IIˆ 0.0426;PWHO 1II vs WHO 1IIIˆ 0.0315). (D) The VEGFA expression did not differ between WHO1I and WHO 1II. In contrast, the VEGFA
expression was higher in grade WHO1IIIvsgrade WHO1II meningiomas (Pˆ 0.02). (E) The KDR expression displayed no significant differences between
WHO grades. The box plots represent maximum and minimum values with the median.
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for 4 h, because the primary meningioma cell cultures displayed
the highest proliferation effect after treatment with this growth
factor concentration. Cell growth significantly decreased after the
inhibition of PDGFRb ( ÿ 43.1% after anti-PDGFRb pre-treatment,
Po 0.05 and ÿ 54.2% after PDGFRb-TK pre-treatment, Po 0.05;
Figure 3F). The control cells were incubated with 50 ng mlÿ 1

PDGFB. Cell proliferation significantly decreased after anti-
PDGFRb pre-treatment 37.7% and decreased 44.4% after
PDGFRb-TK pre-treatment (Po 0.05). In addition, meningioma
cell growth significantly decreased after the inhibition of KDR and
incubation with VEGFA (ÿ 47.5% after anti-KDR pre-treatment,
Po 0.05 andÿ 48.1% after KDR-TK pre-treatment,Po 0.005).

VEGFA induced PDGFRb tyrosine phosphorylation

To provide further evidence that PDGFRb is stimulated by VEGFA,
six randomly chosen primary meningioma cells (four WHO1I ‡
two WHO 1II) were starved for 24 h in serum-free medium.
The cells were stimulated with increasing amounts of either

VEGFA or PDGFB for 10 min at 371C. PDGFRb expression and
PDGFRb phosphorylation were measured with the TaqMan
Protein Assay. The HUVEC was used as the control. PDGFRb
and KDR expression was determined in different cell types
(Figure 4A). As expected, the HUVECs displayed high KDR and
very low PDGFRb expression. Because meningiomas are of
mesenchymal origin cultured normal mesothelial cells (HMCs)
were also examined. These cells showed both PDGFRb and KDR
expression. In contrast, HNCs displayed very low KDR expression
and decreased PDGFRb levels compared with the brain.

After the HUVECs were stimulated with VEGFA, the tyrosine
phosphorylation of KDR was evaluated. The tyrosine phospho-
rylation of KDR reached a maximum with 10 ng mlÿ 1 VEGFA and
decreased with higher VEGFA concentrations (Figure 4B).
The tyrosine phosphorylation level of PDGFRb was determined
after stimulation with PDGFB, which was three-fold higher after
stimulation with 10 ng mlÿ 1 PDGFB.

All meningiomas tested displayed high PDGFRb expression, and
KDR was not detectable. The PDGFRb expression and PDGFRb
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phosphorylation were determined from VEGFA-treated primary
meningioma cells. As shown in Figure 4C, the phosphorylation
of PDGFRb by VEGFA increased with increasing concentrations.
The tyrosine phosphorylation level was three-fold higher after
stimulation with 10 ng mlÿ 1 VEGFA (fold changê 3.4• 1.18,
Po 0.05) and doubled after stimulation with 20 ng mlÿ 1 VEGFA
(fold changê 6.1• 3.62,Po 0.05). The tyrosine phosphorylation
of PDGFRb reached its maximum with 100 ng mlÿ 1 VEGFA
(fold changê 9.5• 4.79, Po 0.005). The control cells were also
stimulated with PDGFB. As shown in Figure 4D, the tyrosine
phosphorylation of PDGFRb increased higher after stimulation
with 5 ng mlÿ 1 PDGFB (fold changê 3.1• 1.75, Po 0.05) and
10 ng mlÿ 1 PDGFB (fold changê 5.5• 1.28, Po 0.005). After
stimulation with 20 ng mlÿ 1 PDGFB, the tyrosine phosphorylation
of PDGFRb was similar to VEGFA (fold changê 6.9• 0.98,
Po 0.005). With 50 ng mlÿ 1 PDGFB, the tyrosine phosphorylation
of PDGFRb reached its maximum (fold changê 11.9• 3.43,
Po 0.005).

Gambogic acid, sunitinib, and tandutinib inhibit migration
of primary meningioma cells

The Radius cell migration assay was used to examine the migration
of six randomly chosen primary meningioma cells (four WHO
1I ‡ two WHO 1II) after treatment with the angiogenesis inhibitors
sunitinib and tandutinib. Sunitinib is a tyrosine kinase inhibitor
that inhibits at least eight receptor protein tyrosine kinases,
including KDR and PDGFRb, at the same IC50 (10 nM) (Mendel
et al, 2003). In contrast, tandutinib is a more selective tyrosine
kinase inhibitor that does not inhibit KDR up to IC50ˆ 30mM but
affects PDGFRb in vitro at IC50ˆ 30 nM and in cellular assays at

IC50ˆ 200 nM (Kelly et al, 2002). The effect of gambogic acid
on meningioma cell migration was also examined. Gambogic acid
inhibits the transferrin receptor with an IC50 of 1mM, induces
apoptosis and inhibits cell growth with an EC50 of 0.5±1.5mM

(Kasibhatlaet al, 2005).
Sunitinib, tandutinib, and gambogic acid suppressed cell

migration (Figure 5A). With increasing doses of gambogic acid
(b±i), meningioma cells became unable to close the uncoated gap
in 24 h. Figure 5B shows the dose-dependent inhibition of
cell migration by meningiomas following incubation with 31.25±
2000 ng mlÿ 1 gambogic acid. Cell migration was inhibited in a
concentration-dependent manner with a mean of 9.3% for
31.25 ng mlÿ 1 gambogic acid to 72.1% for 2000 ng mlÿ 1 gambogic
acid. Migration was suppressed by 50% on average with 1mg mlÿ 1

gambogic acid (1.6 nM). Sunitinib and tandutinib inhibited cell
migration similar to gambogic acid. Migration was suppressed by
50% on average with 3.8 nM sunitinib and with 3.6 nM tandutinib
(Supplementary material online).

Gambogic acid inhibits tyrosine phosphorylation of
PDGFRb

Gambogic acid inhibits cell migration by suppressing PDGFRb
tyrosine phosphorylation, as demonstrated by Liuet al (2010).
Thus, three randomly chosen primary meningothelial meningioma
cells were pre-treated with increasing concentrations (0.125±
2 ng mlÿ 1) of gambogic acid for 1 h. Then, cells were stimulated
with either 100 ng mlÿ 1 VEGFA or PDGFB for 10 min at 371C.
PDGFRb expression and PDGFRb phosphorylation were measured
using a TaqMan Protein Assay. As shown in Figure 5C, gambogic
acid inhibited the tyrosine phosphorylation of PDGFRb after
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stimulation with VEGFA and PDGFB (data not shown) in a
concentration-independent manner (ÿ 67% on average compared
with uninhibited cells,Po 0.05).

DISCUSSION

In this study, we demonstrated that VEGFA signals through
PDGFRb in meningioma cellsin vitro . We measured the RNA and
protein levels of angiogenesis-related genes with sensitive and
novel techniques. The KDR was barely detectable in meningiomas
with either qRT±PCR or the TaqMan Protein Assay. In contrast,
PDGFRb was significantly upregulated in meningiomas compared
with normal human brain samples. To provide evidence that
VEGFA signalling through PDGFRb has biological significance, we
compared the effects of VEGFA and PDGFB on cell proliferation.
Additionally, we demonstrated that stimulation with VEGFA
induced PDGFRb tyrosine phosphorylation in meningiomas

similar to PDGFB-stimulated PDGFRb. We also noted that the
PDGFRb inhibitors sunitinib, tandutinib, and gambogic acid
inhibit the migration of meningioma cellsin vitro .

Meningiomas are highly vascularised tumours. Several studies
have demonstrated the significance of VEGF in the proliferation
and migration of meningiomas in which VEGF has been
upregulated (Provias and Claffey, 1997; Christovet al, 1999;
Lamszuz et al, 2000; Parket al, 2000; Yamasaki, 2000). Some
groups have observed a correlation between the degree of VEGF
expression and tumour vascularity or invasiveness (Samotoet al,
1995; Provias and Claffey, 1997). In contrast, Pietschet al (1997)
and Nishikawaet al (1998) could not find a relationship between
VEGF expression and tumour vasculature (Pietschet al, 1997;
Nishikawa et al, 1998). Lamszuzet al (2000) noted a strong
correlation between meningioma histological grade and VEGF
expression, wherein increased VEGF expression was linked to
higher WHO grades. However, Barresi and Tuccari (2010) showed
the absence of correlation between VEGF expression and WHO
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grade (Barresi and Tuccari, 2010). Another study correlated VEGF
expression and the recurrence of benign meningiomas (Yamasaki,
2000).

Uesakaet al (2007) quantified VEGFA expression in meningio-
mas compared with normal human brain samples using qRT±PCR
and did not observe any changes in expression (Uesakaet al, 2007).
In contrast, we observed that VEGFA RNA levelsin vitro and in vivo
were significantly increased in meningiomas compared withthe brain
but were downregulated compared with the arachnoidea and dura.
The VEGFA expressionin vitro and in vivo did not differ between
WHO grades. Only the immunohistochemical staining of VEGFA
showed increased levels in WHO1III meningiomas. This result was
not confirmed by qRT±PCR or the Taqman protein assay results.
Due to the low sample numbers of anaplastic meningiomas results
can be biased especially when using only a single method. While
VEGFA was upregulated on average, VEGFA expression in
meningiomas displayed a broad distribution especiallyin vivo,
which may explain opposing observations.

Several studies have examined KDR and FLT1 in meningiomas
(Hatva et al, 1995; Otsukaet al, 2004; Huanget al, 2005; Preusser
et al, 2012). Hatvaet al (1995), Otsukaet al (2004), and Preusser
et al (2012) determined KDR expression using either immuno-
histochemistry or in situ hybridisation. Hatva et al (1995)
examined only three meningiomas, which cannot provide justifi-
able conclusions. The KDR protein expression was detected in
31.4% of specimens (Otsukaet al, 2004), and KDR mRNA was
demonstrated in 44.4% of samples (Preusseret al, 2012). Those
results show that KDR is not expressed in the majority of
meningiomas. The data also provide no information about the
expression level of KDR. Our finding that most examined
meningiomas displayed no KDR protein expression does not
contradict previous studies. In addition, the methods used may
influence the results. Our immunohistochemical data for KDR
expression show 87% positive specimens, but most meningiomas
displayed low KDR levels.

Contradicting results were reported by Huanget al (2005), who
measured KDR and FLT-1 expression in various brain tumours
with qRT±PCR, using glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) to normalise and compare the results with those in
HUVECs. Of the brain tumours that were examined, meningiomas
had the highest KDR and FLT-1 levels. In contrast, we determined
very low KDR RNA expression in most examined meningiomas.

Huanget al (2005) also observed higher VEGF receptor levels in
meningiomas compared with the brain. Our data showed that KDR
expression was significantly decreased in meningiomas compared
with the brain. These RNA findings were verified by measuring
KDR with a TaqMan Protein Assay. The reason for these
contradictory results cannot be satisfactorily explained because
the study does not state the number of examined samples. A few
meningiomas show higher KDR expression compared with the
brain. If a small specimen number was analysed, then that could
account for the high KDR RNA levels.

Low or absent KDR expression suggests that mechanisms other
than VEGFA signalling through KDR influence angiogenesis in
meningiomas.

In addition to VEGF, PDGF signalling indirectly regulates
angiogenesis. Yang (2001) showed that nearly all meningiomas
express PDGFB and PDGFRb in vitro , and both were increased in
WHO 1II meningiomas. Several groups have proposed an
autocrine mechanism in meningiomas, based on the co-expression
of PDGFB and PDGFRb, which regulate growth (Wanget al, 1990;
Figarella-Brangeret al, 1994; Kuratsuet al, 1994; Mauroet al,
1995).

In contrast, we showed that PDGFB expressionin vitro and
in vivo was significantly decreased compared with the brain and
dura. Further, PDGFRb expressionin vivo and in vitro rose in
meningiomas compared with the brain. The significantly decreased
in vitro PDGFRb RNA levels in WHO 1III meningiomas were

probably influenced by the small sample numbers (n ˆ 5). The low
number is due to their rarity among meningiomas. Moreover,
surgically resected anaplastic meningiomas are almost always
previously irradiated, which influences the cell quality.

High PDGFRb expression combined with low KDR and PDGFB
levels in meningiomas suggests that PDGFRb has a significant
function in tumorigenesis in meningiomas.

We determined that the addition of exogenous VEGFA doubled
cell proliferation in malignant IOMM-Lee and benign primary
meningioma cells, comparable to exogenous PDGFB, suggesting
that VEGFA signalling through PDGFRb is biologically significant
in meningiomas. To evaluate the functional effect of these findings,
PDGFRb was inhibited with an anti-PDGFRb neutralisation
antibody or a PDGFRb tyrosine kinase inhibitor before stimulation
with VEGFA. The proliferative stimuli were abolished under these
conditions. The control experiments with PDGFB stimulation
showed that PDGFRb inhibitors also neutralised PDGFB-induced
proliferation. Why the presence of the PDGFRb inhibitor did not
significantly influence the PDGFB-induced proliferation rate in
IOMM-Lee cells remains to be determined.

The cells were also inhibited with an anti-KDR neutralisation
antibody or a KDR tyrosine kinase inhibitor before stimulation
with VEGFA or PDGFB, respectively. As expected, the PDGFB-
induced proliferation was not influenced by KDR inhibition. The
VEGFA-induced proliferative stimuli were abolished after KDR
inhibition in benign meningiomas but not in IOMM-Lee cells.
There are two possible ways to interpret these results. First, the
VEGFA-induced proliferative stimuli may be dependent on the
binding of VEGFA to PDGFRb as implied by the IOMM-Lee data.
Second, the VEGFA-induced cell proliferation may rely on both
KDR and PDGFRb binding to VEGFA. Because some meningiomas
express detectable KDR the second possibility is preferable to the
first.

To further investigate the effect of VEGFA on PDGFRb in
meningiomas, we determined whether VEGFA caused the
tyrosine phosphorylation of PDGFRb. The protein lysates from
VEGFA-treated primary meningioma cells were analysed with a
TaqMan Protein Assay, which allowed for the quantification of
tyrosine phosphorylation in meningiomas. We demonstrated that
VEGFA induces concentration-dependent PDGFRb tyrosine phos-
phorylation in meningiomas after 10 min. A comparison with
PDGFB-induced meningioma cells showed a similar increase
in the phosphorylation of PDGFRb. The effect of VEGFA on
KDR was not investigated because KDR was not detectable in the
meningiomas used. Thus, the data suggest that VEGFA mediates
proliferation and migration through PDGFRb, but not KDR, in
meningiomas.

To determine if selective PDGFRb inhibitors, such as tandutinib,
have a similar effect as sunitinib, which also inhibits KDR and
several other receptor protein tyrosine kinases, we treated primary
meningioma cells with these two tyrosine kinase inhibitors.
Tandutinib suppressed cell migration in primary meningiomas
as effectively as sunitinib, in spite of the fact that tandutinib only
inhibits PDGFRb.

We also investigated the effect of gambogic acid on primary
meningiomas. Recently Liuet al (2010) reported that gambogic
acid inhibits cell migration by suppressing PDGFRb tyrosine
phosphorylation. The treatment of meningiomasin vitro with
gambogic acid significantly inhibited cell migration. Furthermore,
gambogic acid inhibited the tyrosine phosphorylation of PDGFRb
after stimulation with VEGFA, independent of the gambogic acid
concentration. These results support those of Liuet al (2010),
showing that gambogic acid inhibits cell migration by suppressing
PDGFRb tyrosine phosphorylation.

The low expression or absence of KDR in meningiomas
both in vitro and in vivo, combined with the elevated level of
PDGFRb, suggests that VEGFA primarily regulates VEGF-mediated
migration and proliferation through PDGFRb, not KDR, in
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meningiomas. This model is supported by our findings in which
the stimulation of meningiomasin vitro with VEGFA upregulates
cell proliferation and induces PDGFRb tyrosine. Gambogic acid,
tandutinib, and sunitinib were equally potent at inhibiting
meningioma growth in vitro , suggesting that selective PDGFRb
inhibitors, such as gambogic acid and tandutinib, should be
evaluated as potential therapies for recurrent and malignant
meningiomas, possibly in combination with VEGF inhibitors.

ACKNOWLEDGEMENTS

This study was supported by grants from the Else Uebelmesser-
Stiftung. We are grateful to Anita Lal (UCSF, USA) for kindly
providing the IOMM-Lee cell line.

Supplementary Information accompanies the paper on British
Journal of Cancer website (http://www.nature.com/bjc)

REFERENCES

Barresi V, Tuccari G (2010) Increased ratio of vascular endothelial growth
factor to semaphorin3A is a negative prognostic factor in human
meningiomas.Neuropathology30(5): 537±546

Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, Friman O,
Guertin DA, Chang JH, Lindquist RA, Moffat J, Golland P, Sabatini DM
(2006) CellProfiler: image analysis software for identifying and quantifying
cell phenotypes.Genome Biol7: R100

Cheng Y, Paz K (2008) Tandutinib, an oral, small-molecule inhibitor of
FLT3 for the treatment of AML and other cancer indications.IDrugs
11(1): 46±56

Christov C, Lechapt-Zalcman E, Adle-Biassette H, Nachev S, Gherardi R
(1999) Vascular permeability factor/vascular endothelial growth factor
(VPF/VEGF) and its receptor flt-1 in microcystic meningiomas.Acta
Neuropathol98: 414±420

Cross M, Dixelius J, Matsumoto T, Claesson-Welsh L (2003) VEGF receptor
signal transduction.Trends Biochem Sci28: 488±494

Erickson HS, Albert PS, Gillespie JW, Wallis BS, Rodriguez-Canales J,
Linehan WM, Gonzalez S, Velasco A, Chuaqui RF, Emmert-Buck MR
(2007) Assessment of normalization strategies for quantitative RT-PCR
using microdissected tissue samples.Lab Invest87(9): 951±962

Ferrara N, Gerber HP, LeCouter J (2003) The biology of VEGF and
its receptors.Nat Med 9(6): 669±676

Figarella±Branger D, Vagner±Capodano AM, Bouillot P, Graziani N,
Gambarelli D, Devictor B, Zattara±Cannoni H, Bianco N, Grisoli F,
Pellissier JF (1994) Platelet-derived growth factor (PDGF) and receptor
(PDGFR) expression in human meningiomas: correlations with
clinicopathological features and cytogenetic analysis.Neuropathol Appl
Neurobiol20(5): 439±447

Gu H, Wang X, Rao S, Wang J, Zhao J, Ren FL, Mu R, Yang Y, Qi Q, Liu W,
Lu N, Ling H, You Q, Guo Q (2008) Gambogic acid mediates apoptosis
as a p53 inducer through down-regulation of mdm2 in wild-type
p53-expressing cancer cells.Mol Cancer Ther7(10): 3298±3305

Hatva E, Kaipainen A, Mentula P, Jaaskelainen J, Paetau A, Haltia M,
Alitalo K (1995) Expression of endothelial cell-specific receptor tyrosine
kinases and growth factors in human brain tumors.Am J Pathol146:
368±378

Holmes DI, Zachary I (2005) The vascular endothelial growth factor
(VEGF) family: angiogenic factors in health and disease.Genome Biol6:
209±219

Huang H, Held-Feindt J, Buhl R, Mehdor nH, Mentlein R (2005) Expression
of VEGF and its receptors in different brain tumors.Neurol Res27:
371±377

JaÈaÈskelaÈinen J (1986) Seemingly complete removal of histologically benign
intracranial meningioma: Late recurrence rate and factors predicting
recurrence in 657 patients. A multivariate analysis.Surg Neurol26(5):
461±469

Kasibhatla S, Jessen KA, Maliartchouk S, Wang JY, English NM, Drewe J,
Qiu L, Archer SP, Ponce AE, Sirisoma N, Jiang S, Zhang H-Z, Gehlsen
KR, Cai SX, Green DR, Tseng B (2005) A role for transferrin receptor in
triggering apoptosis when targeted with gambogic acid.Proc Natl Acad
Sci USA102(34): 12095±12100

Kelly LM, Yu J-C, Boulton CL, Apatira M, Li J, Sullivan CM, Williams I,
Amaral SM, Curley DP, Duclos N, Neuberg D, Scarborough RM, Pandey
A, Hollenbach S, Abe K, Lokker NA, Gilliland DG, Giese NA (2002)
CT53518, a novel selective FLT3 antagonist for the treatment of acute
myelogenous leukemia (AML).Cancer Cell1(5): 421±432

Kuratsu JI, Seto H, Kochi M, Ushio Y (1994) Expression of PDGF, PDGF-
receptor, EGF-receptor and sex hormone receptors on meningioma.Acta
Neurochir (Wien)131(3): 289±293

Lamszuz K, Lengler U, Schmidt NO, Stavrou D, Ergun S, Westphal M
(2000) Vascular endothelial growth factor, hepatocyte growth factor/
scatter factor, basic fibroblast growth factor, and placenta growth factor

in human meningiomas and their relation to angiogenesis and
malignancy.Neurosurgery46: 938±947

Liu Y, Li W, Ye C, Lin Y, Cheang T-Y, Wang M, Zhang H, Wang S, Zhang L,
Wang S (2010) Gambogic acid induces G0/G1 cell cycle arrest and cell
migration inhibition via suppressing PDGF receptorb tyrosine
phosphorylation and Rac1 activity in rat aortic smooth muscle cells.
J Atheroscler Thromb17(9): 901±913

Louis D, Ohgaki H, Wiestler O, Cavenee W, Burger P, Jouvet A,
Scheithauer B, Kleihues P (2007) The 2007 WHO classification of
tumours of the central nervous system.Acta Neuropathol 114(2):
97±109

Mahmood A, Caccamo DV, Tomecek FJ, Malik GM (1993) Atypical and
malignant meningiomas: a clinicopathological review.Neurosurgery
33(6): 955±963

Mauro A, Di Sapio A, Mocellini C, Schiffer D (1995) Control of meningioma
cell growth by platelet-derived growth factor (PDGF).J Neurol Sci131(2):
135±143

McMullen KP, Stieber VW (2004) Meningioma: current treatment options
and future directions.Curr Treat Options Oncol5(6): 499±509

Mendel DB, Laird AD, Xin X, Louie SG, Christensen JG, Li G, Schreck RE,
Abrams TJ, Ngai TJ, Lee LB, Murray LJ, Carver J, Chan E, Moss KG,
Haznedar JOÈ, Sukbuntherng J, Blake RA, Sun L, Tang C, Miller T,
Shirazian S, McMahon G, Cherrington JM (2003)In vivo antitumor
activity of SU11248, a novel tyrosine kinase inhibitor targeting vascular
endothelial growth factor and platelet-derived growth factor receptors.
Clin Cancer Res9(1): 327±337

Motzer RJ, Hoosen S, Bello CL, Christensen JG (2006) Sunitinib malate for
the treatment of solid tumours: a review of current clinical data.Expert
Opin Investig Drugs15(5): 553±561

Nakasu S, Fukami T, Jito J, Nozaki K (2009) Recurrence and regrowth of
benign meningiomas.Brain Tumor Pathol26(2): 69±72

Nishikawa R, Cheng S, Nagashima R, Huang H, Cavenee W, Matsutani M
(1998) Expression of vascular endothelial growth factor in human brain
tumors. Acta Neuropathol96: 453±462

Otsuka S, Tamiya T, Ono Y, Michiue H, Kurozumi K, Daido S, Kambara H,
Date I, Ohmoto T (2004) The relationship between peritumoral
brain edema and the expression of vascular endothelial growth
factor and its receptors in intracranial meningiomas.J Neurooncol
70(3): 349±357

Park K, Kim JH, Nam DH, Lee JI, Kim JS, Hong SC, Shin HJ, Eoh W, Park K
(2000) Vascular endothelial growth factor expression under ischemic
stress in human meninigiomas.Neurosci Lett283: 45±48

Pfister C, Tatagiba MS, Roser F (2011) Selection of suitable reference genes
for quantitative real-time polymerase chain reaction in human
meningiomas and arachnoidea.BMC Res Notes4: 275

Pietsch T, Valter MM, Wolf HK, von Deimling A, Huang HJ, Cavenee WK,
Wiestler OD (1997) Expression and distribution of vascular endothelial
growth factor protein in human brain tumors.Acta Neuropathol93:
109±117

Preusser M, Hassler M, Birner P, Rudas M, Acker T, Plate KH, Widhalm G,
Knosp E, Breitschopf H, Berger J, Marosi C (2012) Microvascularization
and expression of VEGF and its receptors in recurring meningiomas:
pathobiological data in favor of anti-angiogenic therapy approaches.
Clin Neuropathol31: 352±360

Provias J, Claffey K, delAguila L, Lau N, Feldkamp M, Guha A (1997)
Meningiomas: role of vascular endothelial growth factor/
vascular permeability factor in angiogenesis and peritumoral edema.
Neurosurgery40: 1016±1026

Qiang L, Yang Y, You Q-D, Ma Y-J, Yang L, Nie F-F, Gu H-Y, Zhao L, Lu N,
Qi Q, Liu W, Wang X-T, Guo Q-L (2008) Inhibition of glioblastoma
growth and angiogenesis by gambogic acid: anin vitro and in vivo study.
Biochem Pharmacol75(5): 1083±1092

VEGF signals through PDGFR b in meningiomas
C Pfisteret al

1712

British Journal of Cancer (2012)107(10), 1702 ± 1713 & 2012 Cancer Research UK

T
ranslationalT

herapeutics



Riemenschneider MJ, Perry A, Reifenberger G (2006) Histological
classification and molecular genetics of meningiomas.Lancet Neurol
5(12): 1045±1054

Samoto K, Ikezaki K, Ono M, Shono T, Kohno K, Kuwano M, Fukui M
(1995) Expression of vascular endothelial growth factor and its possible
relation with neovascularization in human brain tumors.Cancer Res55:
1189±1193

Schittenhelm J, Mittelbronn M, Roser F, Tatagiba M, Mawrin C, Bornemann
A (2006) Patterns of SPARC expression and basement membrane
intactness at the tumour-brain border of invasive meningiomas.
Neuropathol Appl Neurobiol32(5): 525±531

Uesaka T, Shono T, Suzuki SO, Nakamizo A, Niiro H, Mizoguchi M,
Iwaki T, Sasaki T (2007) Expression of VEGF and its receptor genes in
intracranial schwannomas.J Neurooncol83: 259±266

Wang J, Nister M, Hermansson M, Westermark B, Ponten J (1990)
Expression of PDGF beta-receptors in human meningioma cells.Int J
Cancer46: 772±778

Yamasaki F (2000) Recurrence of meningiomas.Cancer89: 1102±1110
Yamazaki Y, Morita T (2006) Molecular and functional diversity of vascular

endothelial growth factors.Mol Divers10: 515±527
Yancopoulos GD, Davis S, Gale N, Rudge J, Wiegand S, Holash J (2000)

Vascular specific growth factors and blood vessel formation.Nature407:
242±248

Yang S (2001) Expression of PDGF and its receptor as well as their
relationship to proliferating activity and apoptosis of meningiomas in
human meningiomas.J Clin Neurosci8(4): 49±53

Yu J, Ustach C, Kim H (2003) Platelet-derived growth factor signaling and
human cancer.J Biochem Mol Biol36: 49±59

This work is published under the standard license to publish agreement. After 12 months the work will become freely available and the
license terms will switch to a Creative Commons Attribution-NonCommercial-Share Alike 3.0 Unported License.

VEGF signals through PDGFR b in meningiomas
C Pfisteret al

1713

& 2012 Cancer Research UK British Journal of Cancer (2012)107(10), 1702 ± 1713

T
ra

ns
la

tio
na

lT
he

ra
pe

ut
ic

s



Supplement 

 

 



Sunitinib and tandutinib inhibits the migration of meningioma cells in vitro. Eight different 

primary meningioma cells were plated in 24-well plates. The next day, the coating of the gap 

was removed followed by sunitinib, tandutinib or vehicle (DMSO) treatment for 24 h. Each 

gap was photographed after 24 h except for the first, which was photographed after 0 h. (A) A 

representative experiment for sunitinib is shown. A: The control group after 0 h. B: The 

control group after 24 h. C: Treatment with 0.125 • g/ml sunitinib. D: Treatment with 0.25 

• g/ml sunitinib. E: Treatment with 0.5 • g/ml sunitinib. F: Treatment with 1 • g/ml sunitinib. 

G: Treatment with 2 • g/ml sunitinib. H: Treatment with 5 • g/ml sunitinib. I: Treatment with 

10 • g/ml sunitinib. The concentration-dependent effect of sunitinib (B) and tandutinib (C) on 

primary meningioma cells in a gap assay. The pictures were analysed using CellProfiler™. 

The data shown are the mean number of the inhibitory effect of sunitinib or tandutinib 

compared with the uninhibited meningioma cells. (D) A representative experiment for 

tandutinib is shown. A: The control group after 0 h. B: The control group after 24 h. C: 

Treatment with 0.125 • g/ml tandutinib. D: Treatment with 0.25 • g/ml tandutinib. E: 

Treatment with 0.5 • g/ml tandutinib. F: + Treatment with 1 • g/ml tandutinib. G: Treatment 

with 2 • g/ml tandutinib. H: Treatment with 5 • g/ml tandutinib. I: Treatment with 10 • g/ml 

tandutinib. (B) + (C) *, P < 0.05, compared with the respective uninhibited cells. The bars 

represent the mean ± SD. 
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Detection and quanti®cation of farnesol-induced apoptosis
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Abstract Apoptosis can be detected reliably by assaying
for cleaved caspase-3, for which active caspase-3 anti-
bodies are used in several methods, such as immunocyto-
chemistry, enzyme-linked immunosorbent assay, and
western blot. In this study, we used TaqMan protein assay
(TPA), a novel method for protein detection and quanti®-
cation that detects proteins by ampli®cation of substitute
DNA templates. TPA uses antibodies and proximity liga-
tion for quantitative real-time PCR. Meningiomas are pri-
marily benign intracranial tumors. Primary cell cultures of
meningiomas are often unsuitable for sensitive protein
detection methods. We optimized a TPA to detect active
caspase-3 and evaluated its ability to detect farnesol-
induced apoptosis in primary meningioma cells. The
speci®city and sensitivity of the inactive and active cas-
pase-3 assay were determined using recombinant caspase-
3. Apoptosis was induced in meningiomas in the presence
of 0.2 l M farnesol as shown by immunocytochemistry of
single-stranded DNA. Also, viability decreased by over
90 % after treatment with 1.2l M farnesol for 24 h. The
TPA detected a signi®cant increase in active caspase-3
after treatment with 2 and 4l M farnesol for 2 h, which
could not be detected using standard methods such as
western blot and immuno¯uorescence. In addition, TPA
determined that meningiomas show disparate sensitivities
to low concentrations of farnesol. Caspase-3 expression fell
signi®cantly in cells that were treated with 0.25l M far-
nesol for 2 h. Further, by TPA, active caspase-3 peaked
after 2 h and declined with longer incubation times. This

study demonstrates that cleaved caspase-3 is detected and
quanti®ed reliably in meningiomas by TPA.

Keywords Meningioma� Apoptosis� Caspase 3�
Farnesol� Taqman protein assays

Introduction

Apoptosis, programmed cell death, is essential for normal
development and maintenance of multicellular organisms
[1]. Its dysregulation effects the ability to avert apoptosis,
which has a signi®cant function in cancer [2]. Caspase-3 is
the most important executioner caspase. Its activation is a
biochemical hallmark of early apoptosis, which renders the
detection of active caspase-3 in cells a reliable method of
measuring apoptosis, for which antibodies against cleaved
caspase-3 are used in several methods such as immuno-
staining, enzyme-linked immunosorbent assay (ELISA),
¯ow cytometry, and western blot (WB).

Recently, a new method for protein detection and quanti-
tation was developed. TaqMan protein assay (TPA) is a
quantitative PCR-based method for detecting proteins, based
on proximity ligation assay [3]. Each TPA comprises a pair of
protein-speci®c antibodies, polyclonal or a matched mono-
clonal antibody pair that are linked to reporter oligonucleo-
tides (Fig.1). On binding to target TPA probes in proximity,
they are joined by DNA ligase, forming DNA templates,
which are ampli®ed and analyzed by real-time PCR.

Meningiomas are the most common intracranial tumor.
They originate from the arachnoidal cap cells of the
meningeal cover of the spinal cord and brain, constituting
approximately 13 to 26 % of all intracranial pathologies [4,
5]. Meningiomas are categorized into three grades per the
world health organization (WHO), for which there are
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several subtypes, based on histology. WHO I tumors are
benign meningiomas, atypical meningiomas are classi®ed
WHO II and malignant meningiomas are WHO III.

There are few stable meningioma cell lines, which are
primarily malignant [6]. Thus, most meningioma cell cul-
ture research is conducted with primary meningioma cells.
Comparable test conditions are dif®cult to achieve, because
primary meningioma cells undergo senescence in early
passages and alter their phenotype with ongoing culture
[7]. Also due to their low proliferation rates cell numbers
are limited. Thus, the use of commonly used methods in
such cells to detect cleaved caspase-3 is restricted. TPA
combines small cell numbers with increased sensitivity,
which could provide a reliable tool to detect and quantify
apoptosis in meningiomas.

Many chemotherapeutic drugs induce apoptosis. Farne-
sol is a polyprenyl alcohol in plant essential oil. Farnesol
induces caspase-3, -6, -7 and -9 but not caspase-8. In
addition farnesol inhibits survivin and Bcl2 [8]. Farnesol
induces apoptosis in several tumor-derived cell lines [9±
11] and has anti-tumor effects in vivo, suppressing pan-
creatic tumor growth [12].

In this study we optimized a TPA to detect and quantify
inactive and active caspase-3. To evaluate this assay we
induced apoptosis in primary meningioma cells using far-
nesol. On demonstrating that farnesol induces apoptosis in
meningiomas by immunocytochemical staining of single
stranded DNA, we observed that TPA detects farnesol-
induced apoptosis in meningiomas at low concentrations.

Materials and methods

Tumor specimens and cell culture

Meningioma surgical specimens, arachnoidea, and dura
were obtained from the Neurosurgical Department per the

ethical committee of the University of Tuebingen. Primary
cultures were established from tumor tissue samples within
30 min of surgical removal. Samples were washed in
phosphate-buffered saline (PBS), reduced, passed through
a ®lter, and placed in Dulbecco's modi®ed Eagle's medium
(DMEM) with 10 % fetal bovine serum (FBS), 2 mmol/L
L-glutamine, and 0.1 % 10 mg/ml gentamycin (PAA, Pas-
ching; Austria).

Cells were plated in 25-mm2 tissue culture ¯asks and
incubated at 37°C in a humidi®ed atmosphere with 5 %
CO2. Medium was changed every 3±4 days, and cultures
were split with 600l l Accutase (PAA, Pasching; Austria).
Viable cells were stored in liquid nitrogen in 90 % med-
ium/10 % dimethyl sulfoxide (DMSO).

To verify the identity of the tumor cells, primary
meningioma cultures were examined immunocytochemi-
cally for vimentin, CD44, and epithelial membrane
antigen (EMA), which are expressed in most meningiomas
(Fig. 2a±c). Also, the cells were tested for negative
expression of CD34, an endothelial cell marker (not shown).
The malignant meningioma cell line IOMM-Lee was a kind
gift of A. Lal (Department of Neurological Surgery, Uni-
versity of California, San Francisco, CA, USA). A karyo-
gram of IOMM-Lee cells was established using GIEMSA,
which coincides with literature [13]. IOMM-Lee expressed
vimentin and CD44 (Fig.2d ? e). As control cell system a
primary glioblastoma culture was used, which was a kind
gift of S. Noell (Department of Neurosurgery, University of
Tuebingen, Germany). This cell culture was tested for
positive expression of neuro®lament (not shown) and glial
®brillary acidic protein (GFAP) (Fig.2f).

Reagents and antibodies

The following antibodies were used to design TaqManÒ

Protein Assays: caspase-3 (Cat. No. AF-605-NA, R&D
Systems, Minneapolis, MN) and active caspase-3 (Cat. No.

Fig. 1 Schematic overview of Taqman protein assay method. The
work¯ow consists of four steps. 1. Assay preparation: 30- and 50-
oligonucleotides are bound to either a polyclonal antibodyor a monoclonal
antibody pair using a biotin-streptavidin interaction. 30-oligonucleo-
tide ? antibody? probe A? 50-oligonucleotide? antibody? probe

B. 2. Binding step:probe Aandprobe Bbind to their speci®c epitope in a
cell lysate. 3. Ligation step: the assay probe oligonucleotides in close
proximity hybridize to a short connecting oligonucleotideusing DNA
ligase. 4. Ampli®cation step: the ligation product is ampli®ed and detected
using Taqman-based real-time PCR
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700182, Invitrogen, Carlsbad, CA). The secondary anti-
body was streptavidin±alkaline phosphatase (R&D Sys-
tems, Minneapolis, MN). Anti-ssDNA was obtained from
Enzo Life Sciences Inc. (Farmingdale, NY), the secondary
antibody for which was horseradish peroxidase-rat anti-
mouse IgM (Invitrogen, Carlsbad, CA).

Anti-Vimentin, -GFAP, -neuro®lament, -CD44, and -CD34
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Secondary ¯uorescence antibodies were Alexa
Fluor 488 goat anti-mouse, goat anti-rabbit, and donkey anti-
goat (Invitrogen, Carlsbad, CA). Anti-EMA was purchased
from DAKO (Glostrup, Denmark). Secondary antibody was
Universal Biotinylated Anti-Mouse/Rabbit IgG secondary
antibody from Vector Laboratories (Burlingame, CA).

Anti-GAPDH (glyceraldehyde 3-phosphate dehydroge-
nase) and -cleaved PARP1 (poly [ADP-ribose] polymerase
1) were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA), for which the secondary antibody was
goat anti-mouse/rabbit IgG- alkaline phosphatase (Santa
Cruz, Santa Cruz, CA). Jurkat whole cell lysate and Jurkat
whole cell lysate treated with staurosporine were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

WB reagents (VectastainÒ ABC-AmP) were purchased
from Vector Laboratories (Burlingame, CA). Farnesol was
obtained from Sigma±Aldrich Corporation (St. Louis, MO).

Immuno¯uorescence

An immunocytochemical analysis was performed on primary
cell culture growing in a monolayer fashion in culture. The

cells were plated in 4-well glass slides, and allowed to remain
in growth media for 24 h. After removal of the growth media,
the slides were rinsed with PBS for 5 min followed by ®xation
in methanol for 15 min at- 20 °C. The slides were rinsed two-
times with PBS and all cells were blocked with 10 % horse
serum in PBS for 30 min at room temperature (RT). Slides
were incubated with primary antibodies over night at 4°C.
After a three-time wash with PBS, addition of the secondary
¯uorescenceantibodyAlexaFluor 488 (1:200) for 1 h atRT in
the dark. After a two-time wash with PBS the slides were
mounted with DAPI-containing ¯uorescence mounting
medium (Vector Laboratories, Burlingame, CA).

Cell treatment

Primary meningioma cells (* 106 cells/ml) were used to seed
6-well culture plates in DMEM medium containing 10 %
FBS, for 48 h. Next, the cells were treated with increasing
concentrations of farnesol (0, 0.25, 0.5, 1, 2, 4l M) in medium
for 2, 4, and 6 h. The cells were washed twice with PBS and
lysed in cold lysis buffer [protein quant sample lysis kit
(Applied Biosystems, Foster City, CA)] per the manufac-
turer's protocol. Lysates were clari®ed by centrifugation at
1,2009 g for 10 min at 4°C and quanti®ed on an Eppendorf
Biophotometer (Eppendorf, Hamburg, Germany).

TaqManÒ protein assays

Antibodies were labeled with biotin using the Biotin-XX
microscale protein labeling kit (Invitrogen, Carlsbad, CA)

Fig. 2 Marker expression of primary cell cultures fora±c represen-
tative meningioma,d ? e IOMM-Lee, andf glioblastoma. Positive
immunoreactivity appears as green staining (Alexa Fluor 488).

a ? d vimentin, b ? e CD44, c EMA, f neuro®lament. Original
magni®cation9 20
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per the manufacturer. Biotinylated antibodies were labeled
using the TaqManÒ Protein Assay Open Kit (Applied
Biosystems, Foster City, CA) per the manufacturer's
instructions. The speci®city of the caspase-3 assay was
determined using recombinant caspase-3 (Cat.No.
H00000836-P02, Above, Taipei City, Taiwan).

TaqMan protein assay was performed using protein
lysates in triplicates. The initial concentration of menin-
gioma protein lysate was 12.5l g/l l and the initial input
amount was 5l g. Samples were diluted to 5000, 2500,
1250, 625, 312.5, and 0 ng protein per reaction. TPA was
performed using the TaqManÒ protein assay core reagents
kit with master mix (Applied Biosystems) per the manu-
facturer's instructions [14]. Real-time-PCR was performed
on a StepOneTM Real-Time PCR System (Applied Bio-
systems, Foster City, CA) using the standard instrument
protocol for the TPA.

Data were analyzed using ProteinAssistTM 1.0 (Applied
Biosystems, Foster City, CA), which uses theDCt2-method
to calculate relative protein expression between untreated
controls and treated sample. Sample dilutions were
assayed, and the resulting Ct values were normalized to the
sample input, which requires accurate protein quantitation.
Every 48-well plate included a no-protein control (NPC) to
calculateDCt values (Ct-value [sample]- Ct-value [NPC]).
Then, a linear range was generated for each sample, and a
DCt-threshold was designated. The fold-change between
samples was calculated between the crossover points of
each linear trend line at theDCt threshold.

Western blot

Equal amounts of protein (20l g) were resolved by sodium
dodecyl sulfate±polyacrylamide gel electrophoresis (Nu-
pageÒ Bis±Tris-Gel 4±12 %; Invitrogen, Inc., Carlsbad,
CA) and transferred to polyvinylidene di¯uoride Hybond-P
membrane (Invitrogen, Inc., Carlsbad, CA). Western blots
were enhanced using the VectastainÒ ABC-AmP per the
manufacturer's instructions. Membranes were blocked for
5 min at RT and immunoblotted with primary antibodies
for 2 h at RT. Anti-GAPDH was used to con®rm equal
loading between samples. The blots were visualized with
5-bromo-4-chloro-3-indolyl-1-phosphate (BCIP) and
nitroblue tetrazolium (NBT) per the manufacturer's
instructions and the bands were analyzed using ImageJ
1.45 s (http://rsbweb.nih.gov/ij/index.html).

Immunocytochemistry of single-stranded DNA
(ssDNA)

Monolayer cultures of meningioma cells were analyzed by
immunocytochemistry. The cells were treated, plated on
4-well glass slides, and allowed to grow in DMEM,

containing 10 % FBS, for 48 h. Next, the cells were treated
with increasing concentrations of farnesol (0, 1, 2, 4, and
8 l M) in medium for 24, 48, and 72 h. After the growth
media was removed, the slides were rinsed with cold PBS,
and the cells were ®xed with ice-cold methanol for 20 min
at - 20 °C. The slides were rinsed twice with PBS and
incubated with 100 % formamide (Roth, Karlsruhe, Ger-
many) for 20 min at 75°C.

After cooling, the slides were incubated with 3 % H2O2

for 5 min at RT and blocked with 3 % goat nonfat dry
milk in distilled water for 15 min at RT. The slides were
incubated for 15 min at RT with primary monoclonal
anti-ssDNA per the manufacturer's protocol and with the
secondary antibody (1:100 in PBS) for 15 min at RT.
Stains were visualized using VectorÒ Novared (Vector
Laboratories, Burlingame, CA), and the slides were coun-
terstained with hematoxylin (Merck, Darmstadt, Germany)
and examined by light microscopy.

Viability assay

Primary meningioma cells in mid-log phase were used to
seed 4-well culture slides in DMEM medium, containing
10 % FBS, for 24 h. Then, the cells were treated with
increasing concentrations of farnesol (0, 0.4, 0.8, 1.2, 1.6
and 2l M) in medium for 24 h. Cells were stained using
trypan blue solution 0.4 % (Invitrogen Inc., Carlsbad, CA)
per the manufacturer's protocol and were analyzed under a
light microscope.

Statistical analysis

Statistical analysis was performed with GraphPad Prism,
V5.03 (GraphPad Software, La Jolla, USA). All results
were expressed as mean standard deviation (SD). Sta-
tistical comparisons between two groups were made by
Mann±Whitney test. The level of signi®cance was set to
P\ 0.05. All tests were 2-sided. All data are expressed as
mean SD.

Results

Development of TaqManÒ protein assays for caspase-3
and active caspase-3

To optimize a TaqManÒ Protein Assay, the selected anti-
body has to be polyclonal or a quali®ed ELISA antibody
pair. Polyclonal antibodies must be antigen-puri®ed and
raised against full-length antigen.

The used caspase-3 antibody was antigen af®nity-
puri®ed polyclonal goat IgG againstE. coli derived
recombinant human caspase-3. After labeling biotinylated

Apoptosis

123

Author©s personal copy



caspase-3 with oligonucleotides, we determined its speci-
®city using full-length recombinant caspase-3. The input
amount of caspase-3 was 200 and 2,000 pg. As shown in
Fig. 3a, the linear range for the caspase-3 assay was
0.394±100 pg, resulting in aDCt value of 6.4. The used
active caspase-3 antibody was a puri®ed recombinant
rabbit monoclonal antibody. The immunogen was a peptide
corresponding to the amino acids 171±175 of caspase-3.
The TPA for active caspase-3 consisted of probe A cas-
pase-3 and probe B active caspase-3.

The speci®city for active caspase-3 was also determined
using recombinant caspase-3. Active caspase-3 was
detected in a linear range of 1.95±500 pg. TheDCt value
for active caspase-3 was 5.19.

The passing criteria for TPA per Applied Biosystems are
DCt [ 5 for recombinant proteins andDCt [ 3 for cell
lysates. Thus, the assays detected active and inactive cas-
pase-3, but the ability to detect active caspase-3 by its
speci®c TPA was signi®cantly lower versus caspase-3,
correlating with our WB analysis of recombinant caspase-3
(Fig. 3b).

For WB analysis, the same biotinylated antibodies were
used in the TPA. Inactive caspase-3 was detectable to 1 ng
in untreated meningioma cell lysates. Active caspase-3 was
detected up to 5 ng in apoptosis-induced treated
meningiomas.

Using a random untreated meningioma sample, theDCt
for caspase-3 was determined. As shown in Fig.3c, the

Fig. 3 Development of TPAs
for active and inactive caspase-3
using recombinant caspase-3.
a Linear regression linesof
caspase-3 assay with initial
input amounts of 2,000 pg
(grey) and 200 pg (black).
Quantitation threshold set to
3.0. Linear range for caspase-3
assay was 0.394±100 and
1.95±500 pg for active caspase-
3 assay. LowerDCt values for
caspase-3 quantities over
100 pg are due to an excess of
target. By speci®c TPA, active
caspase-3 was signi®cantly
lower than caspase-3.b This
result correlates with the WB
analysis of recombinant
caspase-3. The same
biotinylated antibodies were
used for western blot analysis as
in the TPA. Inactive and active
caspase-3 was detectable up to 1
and 5 ng, respectively.
c Caspase-3 quantity in random
meningioma cell lysate (grey)
compared with recombinant
protein (black)
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linear range was 2.44±2,500 ng cell lysate resulting in a
DCt of 7.3. In eight meningiomas, the concentration of
caspase-3 was 21.5• 10.5 pg/l g protein lysate. The

concentration of active caspase-3 was 4.4• 2.1
pg/l g protein lysate in apoptosis-induced treated
meningiomas.

Fig. 4 Calibration of input quantity and quantitation threshold for
inactive and active caspase-3 in meningiomas.a To calibrate the input
quantity for the caspase-3 assay four untreated random meningiomas
were examined using ®ve input amounts (10000 (red), 5000 (green),
2500 (blue), 250 (yellow), and 12.5 (black) ng cell lysate). Results of
a representative meningioma are shown at a quantitation threshold of

3.0. Slope oflinear regression lineswere comparable for 2.5±10l g
input (3.01, 3.04, and 3.14) but ¯attened with lower input amounts.
b For input determination of active caspase-3 250 to 10,000 ng cell
lysate was used. Active caspase-3 was detectable using 2.5±10l g
input. An initial input quantity of 5l g cell lysate was selected for
both assays
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Calibration of input quantity and quanti®cation
threshold

To calibrate the ideal input quantity for the caspase-3
assay, four untreated random meningiomas were examined
with ®ve input amounts (10000, 5000, 2500, 250 and
12.5 ng cell lysate). Figure4a shows a representative
meningioma. The slope of the linear regression lines were
comparable for 2.5±10l g of input (3.01, 3.04, 3.14) but
¯attened at lower amounts. Caspase-3 was detected in one
meningioma at 12.5 ng cell lysate. In three of four
meningiomas, caspase-3 was detected at input amounts of
250 ng but the results differed signi®cantly compared to
with higher input amounts.

To calibrate the ideal input quantity for the active cas-
pase-3 assay, four farnesol-treated random meningiomas
were examined with ®ve input amounts (10000, 5000,
2500, 250 and 12.5 ng cell lysate). Active caspase-3 was
detectable at 2.5±10l g of input amounts, as shown in
Fig. 4b. Thus, an input quantity of 2.5±10l g cell lysate
was considered. Because 10l g cell lysate led to lowerDCt
values for higher amounts of cell lysates due to the avail-
ability of excess target, we selected an initial input quantity
of 5 l g cell lysate for both assays.

The quanti®cation threshold is used to calculate fold-
changes between unknown and control samples. To calibrate
the quanti®cation thresholds for both assays, cell lysates
were diluted to 100, 50, 25, 2.5, and 0.125 % meningiomas.
Table1a shows the fold-change results at various quanti®-
cation thresholds (0.5, 1, 2, 3, 4, and 5) for caspase-3.

The fold-changes at a threshold setting of 3.0 (1.0, 0.5,
0.25, 0.025, 0.00125) most closely approximated the theo-
retical values (1.0, 0.48, 0.25, 0.025, 0.001). The active
caspase-3 assay detected its target at 100, 50, and 25 %
meningioma. As shown in Table1b, a quanti®cation
threshold setting of 0.9 or 1.0 resulted in fold-change values
that were closest to the theoretical values. To determine the
fold-change in subsequent experiments, we used a threshold
of 3.0 for caspase-3 and 1.0 for active caspase-3.

Determination of staurosporine-induced apoptosis using
active caspase-3 TPA

To verify active caspase-3 as apoptotic marker the IOMM-
Lee cell line and primary glioblastoma cells were cultured
in the presence of 5l M staurosporine (STR) for 3 h.
Staurosporine is a widely used apoptosis inducer. As shown
in Fig. 5a, STR induced apoptosis in both cell types.
IOMM-Lee displayed positive immuno¯uorescence stain-
ing for active caspase 3 (Fig.5B) and cleaved PARP1
(Fig. 5C). Primary glioblastoma cells only stained positive
for active caspase-3 (Fig.5E ? F).

Next IOMM-Lee cell line and primary glioblastoma cell
culturewereseeded in12-well cultureplates inDMEMfor24 h
for WB and TPA analysis. Cells were treated with increasing
concentrations of STR (0.5±8l M) for 4 h. Also cells were
treated with 5l M STR for 1, 2, 3, 4, 5, and6 h. All experiments
were conducted in replicates. WB analysis of STR-treated
IOMM-Lee cells displayed only barely detectable bands for
cleaved PARP1, as shown in Fig.5b. As negative control a

Table 1 In¯uence of quantitation threshold settings on fold-change fora caspase-3 TPA andb active caspase-3 TPA in a representative
meningioma

a

Meningioma
cell lysate (%)

Theoretical
fold-change

Observed fold-change at threshold setting

0.5 1 2 3 4 5

100 1 1 1 1 1 1 1

50 0.5 0.44 0.45 0.46 0.48 0.5 0.51

25 0.25 0.25 0.25 0.25 0.25 0.25 0.26

2.5 0.025 0.03 0.029 0.027 0.025 0.023 0.021

0.125 0.00125 0.0035 0.0027 0.0016 0.001 0.0006 0.0004

b

Meningioma
cell lysate (%)

Theoretical
fold-change

Observed fold-change at threshold setting

0.5 0.8 0.9 1 1.5 2

100 1 1 1 1 1 1 1

50 0.5 0.61 0.55 0.53 0.51 0.43 0.36

25 0.25 0.25 0.23 0.22 0.21 0.18 0.15

2.5 0.025 ± ± ± ± ± ±

Fold-changes at used quantitation threshold appear in bold
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purchasedJurkat whole cell lysate wasused. Aspositive control
a purchased Jurkat whole cell lysate treated with STR was used.
Con®rming the immuno¯uorescence stainings primary

glioblastoma displayed no bands for cleaved PARP1 and weak
bands for PARP1 (not shown). Active caspase-3 was not
detectable in both cell types using WB (Fig.5b).

Fig. 5 TPA detected staurosporine (STR) induced apoptosis in
malignant meningioma cell line IOMM-Lee and primary glioblas-
toma cell culture.a Immuno¯uorescence staining of active caspase-3
and cleaved PARP1. Positive immunoreactivity appears as green
staining (Alexa Fluor 488). Original magni®cation9 20.A±C IOMM-
Lee, D±F glioblastoma,A ? D active caspase-3 in untreated cells,
B ? E positive active caspase-3 cells after treatment with 5l M STR
for 3 h, C IOMM-Lee cells stained positive for cleaved PARP1 after
treatment with 5l M STR for 3 h,F negative staining of glioblastoma
cells after treatment with 5l M STR for 3 h. b WB analysis of
PARP1, cleaved PARP1, inactive, and active caspase-3 in STR-

treated IOMM-Lee cells. As negative control a purchased Jurkat
whole cell lysate was used. As positive control a purchased Jurkat
whole cell lysate treated with STR was used. GAPDH was used to
con®rm equal loading between samples. STR-treated IOMM-Lee
cells displayed only barely detectable bands for cleaved PARP1 and
no bands for active caspase-3.c Active caspase-3 TPA showed, that
5 l M STR induced apoptosis in IOMM-Lee cells in a time-delayed
manner increasing with ongoing time.d Primary glioblastoma cells
displayed a 4-fold increased active caspase-3 expression after 1 h,
which peaked after 5 h.Bars represent mean SD determined from
triplicate assays. *P\ 0.05 versus control
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Analysis of apoptosis by active caspase-3 TPA showed,
that 5 l M STR induced apoptosis in IOMM-Lee cells in a
time-delayed manner (Fig.5c). Active caspase-3 increased
4-fold after 2 h. After 5 h active caspase-3 expression
doubled and increased further to a fold change of 12 after
6 h. In contrast, primary glioblastoma cells displayed a
4-fold increased caspase-3 expression after 1 h, which
peaked after 5 h (fold change= 25.0  3.0), as shown in
Fig. 5d.

Farnesol induces apoptosis in meningiomas

To determine the concentration of farnesol that induces
apoptosis, three primary meningioma cell cultures (WHO
grade I±III, Table2: 1±3) and primary glioblastoma cell
culture were cultured in the presence of 0.2±8l M farnesol.
After 24, 48, and 72 h, apoptotic cells were measured by
antibody-based assay to detect DNA damage (ssDNA);
control cells were incubated with equal volumes of DMSO.
Farnesol is a water-insoluble oil; thus, it was added directly
to growth medium.

None of the meningiomas or glioblastoma underwent
apoptosis after incubation with DMSO for 24 h, as shown
in Fig. 6a, (A±C). Farnesol induced apoptosis in each
meningioma sample and glioblastoma after 24 h at a con-
centration of 0.2l M. Figure6a, (D±F) shows that the
number of apoptotic cells rose with increasing farnesol
concentrations in malignant meningioma. Further, apopto-
sis increased after 48 h, as shown in Fig.6b. After 72 h,
more than 50 % cells were dead in meningioma and glio-
blastoma cell cultures that were given 4±8l M farnesol.

Low concentrations of farnesol impair viability
of meningiomas

To determine the effects of farnesol on meningioma, eight
primary meningiomas (seven WHO grade I and one WHO
grade II meningioma; Table2: 4±11), IOMM-Lee cell line,
and primary glioblastoma were treated with increasing
concentrations of farnesol for 24 h and stained with trypan
blue; the control was incubated with 2l l DMSO. All
experiments were conducted in replicates.

The control group displayed a viability rate of
92.11 4.1 %. After treatment with 0.4 and 0.8l M far-
nesol meningiomas were divided into two groups. In group
1, comprising ®ve meningiomas, farnesol had minor effects
on viability. Viable cell number decreased from
92.6  2.9 % to 87.0 4.1 % and 74.0 21.6 %,
respectively (Fig.7a). Group 2 reacted more severely with
0.4 and 0.8l M farnesol (30.25 8.6 %; 14.34 9.3 %),
as shown in Fig.7b. Both groups showed highly impaired
viability on treatment with 1.2l M farnesol (3.1 2.4 %;
9.2  5.2 %). After treatment with higher farnesol

concentrations, nearly all meningioma cells were dead, as
shown in Fig.7a ? b.

In addition, the effect of farnesol on control cells
malignant meningioma cell line IOMM-Lee and primary
glioblastoma were evaluated. IOMM-Lee displayed a via-
bility rate of 87.4 6.1 % (Fig.7c). After treatment with
0.4 l M farnesol viability decreased to 28.1 16.0 %,
showing a similar reaction as meningioma group 2. IOMM-
Lee cells treated with 1.2l M farnesol showed no viability.
Primary glioblastoma displayed a different behavior. Via-
bility decreased from 90.8 4.6 % to 10.7 10.7 % after
treatment with 0.4l M farnesol (Fig.7d). But after treat-
ment with higher farnesol concentrations primary glio-
blastoma still showed low viability.

Determination of farnesol-induced apoptosis by TPA

To determine if active caspase-3 TPA detects farnesol-
induced apoptosis in meningiomas, malignant meningioma
cell line IOMM-Lee and as control a primary glioblastoma
cell culture were treated with either 60l M farnesol for 1,
2, 3, and 4 h or with 8±200l M farnesol for 3 h. As control
two other methods (immuno¯uorescence and WB) were
used to detect apoptosis markers active caspase-3 and
cleaved PARP1. IOMM-Lee cells displayed positive
immuno¯uorescence staining for active caspase-3 (Fig.8a,
D) and cleaved PARP1 (Fig.8a, E) after treatment with
60 l M farnesol for 3 h. In addition, farnesol-treated glio-
blastoma cells stained positive for active caspase-3
(Fig. 8a, F). WB analysis detected bands of cleaved
PARP1 in farnesol-treated IOMM-Lee cells after treatment
with 60, 80, 100, and 200l M farnesol for 3 h, as shown in
Fig. 8b. Also cleaved PARP1 bands were detected after
treatment with 60l M farnesol for 3 and 4 h and after
treatment with 100l M farnesol for 3 h (Fig.8c). After
treatment with 100l M farnesol for 4 h most IOMM-Lee
cells were dead. WB analysis of inactive and active cas-
pase-3 showed similar results. Inactive caspase-3 bands
weakened with increasing farnesol concentrations, but
showed no bands for active caspase-3 (Fig.8b). In addi-
tion, active caspase-3 bands were detected after treatment
with 60 l M farnesol for 3 and 4 h and after treatment with
100 l M farnesol for 2 and 3 h (Fig.8c). Inactive caspase-3
bands weakened with increasing incubation time corre-
sponding with the detection of active caspase-3 bands.

Figure8d shows the active caspase-3 TPA diagram.
Active caspase-3 TPA con®rmed the WB analysis dis-
playing highest active caspase-3 expression after 3 h. Also
TPA showed higher sensitivity displaying an increased fold
change after 1 h (fold change= 2.9  0.4) and 2 h (fold
change= 9.2  0.8) (Fig.8e). Active caspase-3 peaked
after 3 h (fold change= 27.0  2.0). In addition, TPA
detected increased active caspase-3 level after treatment
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with 8 l M farnesol after 3 h. Active caspase-3 rose with
increasing farnesol concentrations and peaked at 80l M
farnesol (not shown).

As shown in Fig.8f, primary glioblastoma cells dis-
played a 4.5-fold increased active caspase-3 expression
after 1 h, which peaked after 3 h (fold change=
7.4  1.7).

Active caspase-3 TPA detects low concentrations
of active caspase-3 in meningiomas

Six primary meningiomas (®ve WHO grade I and one
WHO grade II meningioma; Table2: 4±9) were used to
seed 6-well culture plates in DMEM, containing 10 %
FBS, for 48 h. Next, the cells were treated with increasing

Table 2 Histopathological data of used primary meningioma cell cultures, meningioma cell line IOMM-Lee, and control primary glioblastoma
cell culture

Case no. Gender Age WHO grade Histological subtype Recurrence Brain invasion Ki-67 [%]

Glioblastoma F 60 4 ± - ? 20

IOMM-Lee [13] M 61 3 ± ? ? 36

1 M 75 3 Anaplastic ? ? 20

2 F 53 2 Atypical ? ? 10

3 F 62 1 Meningothelial - - 3

4 F 76 2 Atypical ? ? 20

5 F 86 1 Meningothelial - - 4

6 F 52 1 Meningothelial - - 3

7 F 61 1 Meningothelial - - 2

8 M 55 1 Meningothelial - - 4

9 F 58 1 Transitional - - 3

10 F 47 1 Transitional - - 3

11 M 48 1 Transitional - - 2

M male,F female

Fig. 6 Farnesol induced
apoptosis in primary
meningioma cell cultures.
a ? b Immunocytochemical
staining of ssDNA of three
primary meningioma (WHO
grade I±III) cells treated with
1±8 l M farnesol. Cells were
analyzed for ssDNA after 24,
48, and 72 h of incubation.
Positive immunoreactivity
appears as red staining (VectorÒ

NovaRedTM). a (A±C) Control
cells were incubated with equal
volumes of DMSO. After 24 h,
none of the DMSO-treated
meningiomas showed apoptosis.
(D±F) Apoptotic cell number
rose with increasing farnesol
concentrations in meningiomas,
as shown in a representative
malignant meningioma.
b Apoptosis increased after 48 h
in both (A±C) WHO II and
(D±F) WHO I meningioma.
After 72 h, up to 50 % of all
meningioma cells were dead.
Original magni®cation9 10
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concentrations of farnesol (0, 0.25, 0.5, 1, 2, 4l M) for 2, 4,
and 6 h. Control cells were incubated with equal volumes
of DMSO. Cells were lysed and quanti®ed, and protein
lysates were diluted to a 12.5-l g/ml stock solution. TPA
was performed using an initial amount of 5l g protein
lysate.

As shown in Fig.9a, after 2 h meningiomas that were
treated with 0.25±1l M farnesol showed no signi®cant
increase in active caspase-3. Treatment with 2 and 4l M
farnesol for 2 h up-regulated active caspase-3, indicating
early apoptosis. Three of six meningiomas displayed sim-
ilar behavior. Active caspase-3 expression rose abruptly
after treatment with 2 or 4l M farnesol. In contrast, the
remaining three meningiomas upregulated active caspase-3
with increasing farnesol concentrations (Fig.9b). To
compare, inactive caspase-3 was also measured in these
samples. Caspase-3 expression declined after treatment
with 0.25±2l M farnesol (fold-change 0.41±0.71), but the
4 l M farnesol downregulated caspase-3 with a fold change
of 0.064 (- 93.6 %), as shown in Fig.9c.

Active caspase-3 increased in all six meningiomas after
treatment with 2 and 4l M farnesol for 2 h (P2
l M = 0.014; P4 l M = 0.012; Fig.9e). Inactive caspase-3

declined in meningiomas that were treated with 0.25l M
farnesol (P = 0.0001; Fig.9f). As shown in Fig.9d ? g,
active caspase-3 peaked at 2 h with 4l M farnesol and fell
with longer incubations to baseline; the same pattern was
observed on treatment with 1 and 2l M farnesol (data not
shown).

Discussion

In this study, we determined whether early apoptosis can be
detected and quanti®ed reliably using TPA by optimizing
an assay for caspase-3 and active caspase-3. Traditional
protein detection methods such as WB or ELISA displayed
several limitations when used with primary meningioma
cell cultures. WB requires a high input quantity and has a
low sensitivity. Primary meningioma cell cultures have a
slow growth rate and show replicative senescence, due in
part to low or absent telomerase activity. The few stable
meningioma cell lines that exist are highly malignant,
whereas meningiomas are primarily benign or genetically
altered. These cell lines were established by telomerase-
mediated immortalization [15, 16]. ELISAs require less

Fig. 7 Farnesol impaired viability in eight primary meningioma and
glioblastoma cell culture, and IOMM-Lee cell line. The effect of
farnesol on viability was determined using trypan blue. The control
was incubated with 2l l DMSO. a Group 1 (n = 5) showed minor
effects on viability after treatment with 0.4 and 0.8l M farnesol
(87.0  4.1 %; 74.0 21.6 %). Less than 5 % of cells were viable
after incubation with 1.2l M farnesol. b Farnesol signi®cantly
impaired viability in group 2 (n = 3) already at a concentration of
0.4 and 0.8l M (30.25  8.6 %; 14.34 9.3 %). Viability was
reduced more than 90 % at 1.2l M farnesol. After treatment with

higher farnesol concentrations, nearly all meningioma cells in both
groups were dead.c After treatment with 0.4l M farnesol viability of
IOMM-Lee was decreased to 28.1 16.0 %, showing a similar
reaction as meningioma group 2. IOMM-Lee cells treated with
1.2 l M farnesol showed no viability.d Primary glioblastoma
displayed a different behavior. Viability decreased from 90.8 4.6
to 10.7 10.7 % after treatment with 0.4l M farnesol. But after
treatment with higher farnesol concentrations primary glioblastoma
still showed low viability. Data shown are the mean cell num-
ber  SD determined from triplicate assays (nmeningioma= 8)
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sample input and show a higher sensitivity than WB.
ELISAs are usually conducted using 96-well plates. In each
well an exact cell number is pipetted. Primary meningioma
cells display tight cell±cell junctions. When these cells are
completely separated meningioma cells show severely
impaired growth behavior, go into senescence, or die.
Especially proliferating primary meningioma cells are
affected. This behavior in¯uences further experiments
negatively leading to false conclusions.

The bene®ts of using primary meningioma cell cultures
are their morphological and genetical similarity to menin-
gioma cells in vivo and the variety in cell cultures sub-
types. Thus, primary meningioma cell cultures remain the
closest samples to in vivo conditions.

Despite the limitations of primary meningioma cell
cultures, recently developed TPAs have provided the pos-
sibility to quantify protein. TPA detects protein by quan-
titative PCR, based on proximity ligation assay. TPA
requires considerably less sample input, which is an
advantage when slow growing primary cell cultures are
used. In this study TPA input quantity was 5l g, whereas
Western blot input quantity was 4-fold higher. In addition,
TPA displays a high sensitivity of TPA detecting 0.4 pg
caspase-3 and 2 pg active caspase-3, respectively. In
comparison Western blot detection was limited to 0.5 ng
caspase-3 and 5 ng active caspase-3. Thus TPA showed a
1,000-fold higher sensitivity than Western Blot. Compared

with other quantitative apoptosis detection methods, such
as ELISA and ¯ow cytometry, protein lysates from an
experiment can be used later to determine several protein
expressions with regard to apoptosis. Also, TPA compares
protein quanti®cation and quantitative mRNA analysis
directly.

Although most meningiomas are benign, some recur or
are resected subtotally due to their delicate location in
skullbased structures. Additionally, in a minority of
patients, regrowth of tumor tissue after irradiation is a
major clinical problem. Despite several chemotherapeutic
trials, medical interventions for these tumors are unsatis-
factory [17]. Thus, chemotherapeutic drugs without severe
side effects are favorable.

Farnesol induced apoptosis in several tumor-derived cell
lines [9±11, 18] and has anti-tumor effects in vivo [12].
Further, tumor cells are considerably more sensitive to
farnesol-induced inhibition of growth and apoptosis than
normal cells [19±21].

After evaluation of TPA speci®city the widely applied
apoptosis inducer staurosporine was used to determine
active caspase-3 as apoptotic marker in two different cell
systems (IOMM-Lee and primary glioblastoma cells).
Apoptosis was veri®ed using immunocytochemical stain-
ing of ssDNA and determination of cleaved PARP1. Active
caspase-3 and cleaved PARP1 were analyzed by several
methods (TPA, immuno¯uorescence, and WB). Immuno-
¯uorescence staining of active caspase-3 was positive for
both staurosporine-treated cell systems, whereas only
IOMM-Lee showed positive immuno¯uorescence for
cleaved PARP1. WB analysis con®rmed the cleaved
PARP1 results, but active caspase-3 was not detectable in
both cell systems. TPA was able to detect and quantify
active caspase-3 in staurosporine-treated IOMM-Lee and
glioblastoma cells. TPA analysis showed that staurosporine
induced apoptosis in IOMM-Lee cells in a time-delayed
manner in contrast to primary glioblastoma cells.

The effects of farnesol on primary meningioma cells
were determined using immunocytochemical staining of
ssDNA and a viability test (trypan blue). As control
IOMM-Lee and primary glioblastoma cells were also
treated with farnesol. Analysis of ssDNA showed that
farnesol induced apoptosis in all three cell systems at a
concentration of 0.2l M after 24 h. Furthermore apoptosis
increased with farnesol concentration and incubation time.
Viability test of primary meningioma cells, IOMM-Lee,
and glioblastoma cells displayed a high sensitivity towards
farnesol. Meningiomas reacted differently after treatment
with low farnesol concentrations. In Group 1 proliferation
decreased slowly with increasing farnesol concentrations
(0.4±0.8l M) and showed a highly impaired viability with
1.2 l M farnesol. Group 2 was more sensitive experiencing
a 70 and 85 % decrease in proliferation at 0.4l M and

Fig. 8 TPA detected farnesol-induced apoptosis in malignant
meningioma cell line IOMM-Lee and primary glioblastoma cell
culture. a Immuno¯uorescence staining of active caspase-3 and
cleaved PARP1. Positive immunoreactivity appears as green staining
(Alexa Fluor 488). Original magni®cation9 20.A Active caspase-3 in
untreated IOMM-Lee cells,B cleaved PARP1 in untreated IOMM-Lee
cells. C Active caspase-3 in untreated glioblastoma cells.D Positive
active caspase-3 IOMM-Lee cells after treatment with 60l M farnesol
for 3 h. E Positive nuclear staining of cleaved PARP1 in 60l M
farnesol-treated IOMM-Lee cells.F Positive active caspase-3 glio-
blastoma cells after treatment with 60l M farnesol for 3 h.b ? c WB
analysis of PARP1, cleaved PARP1, inactive, and active caspase-3 in
farnesol-treated IOMM-Lee cells time- and concentration dependent.
As positive control a purchased Jurkat whole cell lysate treated with
STR was used. Bands for cleaved PARP1 were detected after treatment
with 60 l M farnesol for 3 and 4 h, also after treatment with 80, 100,
and 200l M farnesol for 3 h. Caspase-3 bands weakened with
increasing farnesol concentrations and incubation time. The WB for
concentration-dependent farnesol treatment showed no positive active
caspase-3 bands (b). Active caspase-3 bands were barely detectable
showing positive bands after treatment with 60l M farnesol for 3 and
4 h and with 100l M for 2 and 3 h (c). d Active caspase-3 TPA
diagram.e Active caspase-3 TPA con®rmed WB analysis (c). TPA
showed higher sensitivity and allowed accurate quanti®cation. IOMM-
Lee displayed a 3-fold increase of active caspase-3 expression after 1 h.
Active caspase-3 peaked after 3 h (fold change= 27.0  2.0).
f Primary glioblastoma cells displayed a 4.5-fold increased active
caspase-3 expression after 1 h, which peaked after 3 h (fold
change= 7.4  1.7). Bars represent mean SD determined from
triplicate assays. *P\ 0.05 versus control

b
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0.8 l M farnesol, respectively. After treatment with 1.2l M
farnesol viability in group 2 was similar to group 1.
IOMM-Lee cells displayed a similar behavior towards
farnesol as group 2 meningiomas.

To evaluate active caspase-3 TPA for determination of
farnesol-induced apoptosis IOMM-Lee and glioblastoma
cells were treated with high concentrations of farnesol.

Active caspase-3 and cleaved PARP1 were detected using
immuno¯uorescence, WB, and TPA. Immuno¯uorescence
stainings of active caspase-3 and cleaved PARP1 corre-
sponded to those of staurosporine-induced apoptosis. In
addition, cleaved PARP1 was detected by WB in IOMM-
Lee after treatment with 60l M farnesol showing the
highest active caspase-3 level at 80l M farnesol and after

Fig. 9 TPA results on farnesol-induced apoptosis. Six primary
meningioma cell cultures were treated with increasing concentrations
of farnesol (0, 0.25, 0.5, 1, 2, and 4l M) for 2, 4, and 6 h.
a ? b Active caspase-3 expression in farnesol-treated meningiomas
after 2 h representing the different behavior of meningioma cells.
a Group 1 (n = 3) showed a signi®cant increased active caspase-3
expression after treatment with 2 or 4l M farnesol. b In group 2
(n = 3) active caspase-3 was upregulated with increasing farnesol
concentrations.DCt values and the resulting linear regression lines are
shown. Quantitation threshold was set to 1.0c Caspase-3 expression

in a representative farnesol-treated meningioma after 2 h. Quantita-
tion threshold was set to 3.0.d Active caspase-3 expression in a
representative 4l M farnesol-treated meningioma after 2, 4, and 6 h.
Summary of TPA results ofe active caspase-3 andf inactive caspase-
3. Treatment with 2 and 4l M farnesol for 2 h signi®cantly increased
active caspase-3. Inactive caspase-3 expression decreased at 0.25l M,
with similar levels at higher concentrations.g Active caspase-3
increased signi®cantly after 2 h with 4l M farnesol and declined with
longer incubations to baseline.Bars represent mean SD (n = 6).
*P\ 0.05 versus control
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treatment for 3 h. WB detection of inactive and active
caspase-3 showed partly similar results as cleaved PARP1,
but active caspase-3 was barely detectable using WB. In
addition, several bands of active caspase-3 were not
detectable and the band intensity did not correspond with
the cleaved PARP1 bands. Active caspase-3 TPA con-
®rmed the WB analysis of cleaved PARP1 also displaying
the highest active caspase-3 level at 80l M farnesol and
after treatment for 3 h. In addition, TPA displayed signif-
icant higher sensitivity. Active caspase-3 was detectable
after treatment with 8l M farnesol for 3 h.

The effect of low farnesol concentrations were evaluated
using TPA. By TPA, elevated active caspase-3 levels were
determined in all treated meningiomas after a short incu-
bation time at 2l M farnesol. Similar to its effects on
viability, the meningiomas showed disparate sensitivities to
low concentrations of farnesol. In one group, active cas-
pase-3 did not up-regulate until 2l M, increasing abruptly.
In the other group, active caspase-3 expression rose with
increasing farnesol concentrations.

Active caspase-3 was also measured at various incuba-
tion times. Signi®cantly elevated active caspase-3 levels
were noted in all meningiomas after 2 h, independent of
farnesol concentration. With longer incubations, active
caspase-3 levels declined to baseline level.

Our results suggest that meningiomas are sensitive to
farnesol-induced apoptosis and inhibition of growth. Fur-
ther, meningiomas behave differently after treatment with
low concentrations of farnesol, which should be examined
further. TPA for active caspase-3 showed a signi®cant
higher sensitivity compared to standard protein detection
methods such as WB and immuno¯uorescence. The com-
bination of TPA to detect active caspase-3 and immuno-
cytochemistry of ssDNA is a valuable tool that can be used
to analyze and quantify apoptosis in primary cell cultures.
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