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Abstract. Tumor invasion or infiltration of adjacent tissues 
is the source of clinical challenges in diagnosis as well as 
prevention and treatment. Among brain tumors, infiltration 
of the adjacent tissues with diverse pleiotropic mechanisms is 
frequently encountered in benign meningiomas. We assessed 
whether a multiparametric analysis of meningiomas based on 
data from both clinical observations and molecular analyses 
could provide a consistent and accurate appraisal of invasive 
and infiltrative phenotypes and help determine the diag-
nosis of these tumors. Tissue analyses of 37 meningiomas 
combined enzyme-linked immunosorbent assay (ELISA) and 
surface-enhanced laser desorption/ionization time-of-flight 
(SELDI-TOF) assays of two different protein biomarkers 
(thrombospondin 1 and a phosphorylated form of vimentin) as 
well as gene expression analyses with oligonucleotide micro-
arrays. Up to four different clinical and molecular parameters 
were then examined for tumor classification. From this study, 
we were able to cluster 36 out of the 37 tumors into two 
different subsets corresponding to infiltrative/invasive and 
non-infiltrative tumors. In addition, meningiomas that invade 
brain and those that infiltrate the neighboring skull bone 
exhibited no distinguishable molecular features. Our multi-
parameter analysis that combines clinical data, transcriptomic 
and molecular assays clearly reveals the heterogeneity of menin-
giomas and distinguishes the intrinsically infiltrative/invasive 
tumors from the non-infiltrative meningiomas. 

Introduction

Phenotypic characterization of tumors to provide cellular 
identification of neoplastic tissues is a question of primary 
clinical interest, but other important intrinsic tumor charac-
teristics should also be considered when designing the most 
efficient therapeutic strategy: tumor drug sensitivity, tendency 
to recurrence, propensity to invade vicinal tissues, and ability 
to generate metastases. Methods to satisfactorily assess tumor 
features are not currently available or they are not sufficiently 
accurate for all tumors. Clearly, a molecular description of the 
cellular components or events that are responsible for these 
characteristics would be valuable. 

In the present study, we provide a molecular characteriza-
tion of meningiomas, one of the most common central nervous 
system tumors that arises from arachnoid cells. Driven by 
unknown cellular determinants, even though they are usually 
slow-growing tumors and even in their low-grade status, menin-
giomas often exhibit (in ~20% of the cases in our experience) 
a variety of general aggressive behaviors such as penetration 
of surrounding tissues, modification of bone structure, rapid 
regrowth of partially resected tumor and recurrence. Tissue 
infiltrations can target different anatomic areas or adjacent 
tissues such as the sinuses, the adjacent brain, or the skull 
bone, thereby causing major focally limited or extensive damage 
(1-5). Typically, the term invasion is restricted to infiltration 
into adjacent brain cortex. Since brain infiltration increases the 
recurrence risk of grade I meningiomas, it has been suggested 
that brain-infiltrative meningiomas be classified as grade II 
meningiomas (6). However, some grade I meningiomas may 
also extensively invade the bone or the sinuses with higher 
recurrence rates and a shorter patient survival time.

According to the World Health Organization (WHO) grading 
scale, meningiomas are currently classified into three main 
grades: grade I (benign tumors, which are the most frequent, 
accounting for ~94% of meningiomas), grade  II (atypical 
meningiomas), and grade III (anaplastic tumors) (4,6-8). Several 
groups have already compared the three different grades menin-
giomas and/or the various grades of meningiomas versus normal 
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brain by gene expression profiling studies (9-13). These studies 
pinpointed several genes, revealed by their altered expression 
levels, which are involved in the events controlling meningioma 
pathogenesis or malignancy progression. However, none of these 
studies were specifically designed to characterize the invasive 
phenotypes of these tumors. 

Two published investigations reported approaches and 
identified markers for predicting aggressive meningioma 
phenotype. In these studies, meningiomas were classified as 
clinically aggressive by combining diverse criteria such as 
their histological features (Ki-67 proliferative index, number 
of mitoses), recurrence rate and clinical signs (tissue invasion, 
perilesional edema). It was shown that qRT-PCR of c-Myc 
transcript (14) or fluorescence in situ hybridization (FISH) 
experiments and 1H magnetic resonance spectroscopy (15) 
could help distinguish subsets of aggressive versus non-aggres-
sive meningiomas. Moreover, based on an immunohistolabeling 
approach, SPARC, one extracellular matrix protein was found 
at a high level in benign, atypical, or malignant meningiomas 
that shared invasive phenotypes (16).

The present study proposes a molecular characterization 
of benign meningiomas with a selective and specific focus 
on their infiltrative/invasive or non-infiltrative phenotypes. 
Experiments were conducted using different low- or high-
throughput technical approaches so as to assay and analyze 
sets of proteins and transcriptomic biomarkers in 37 menin-
giomas that exhibited either non-infiltrative phenotypes or 
on the contrary apparent infiltrative/invasive behaviors, as 
evidenced by their location in different adjacent tissues or 
areas such as brain cortex, bone and sinuses. This study had 
two specific goals. First, it attempted to evaluate whether 
meningiomas could be subtyped according to their infiltra-
tive/invasive or non-infiltrative features. Second, we aimed 
to validate the proof of concept of a multiparameter analysis 
based on molecular markers and/or a combination of different 
technical approaches for an accurate diagnosis and prognosis. 
This analysis demonstrated tumor clustering that is quite 
closely related to the infiltrative/invasive features of the tumor 
and validated the concept of a multiparameter-based analysis 
to improve the accuracy of meningioma diagnosis.

Materials and methods

Clinical features and pathology analysis of the tumors. 
The study was approved by the local ethics committee and 
written informed consent was obtained from the patients 
or their families. Pathological and clinical features were 
determined in a cohort of 37 randomly chosen patients with 
meningiomas. This cohort was defined by the average age 
of the patients, 59 years (range, 34-79), and by a sex ratio 
of 29 females to eight males (this gender bias was related to 
the pronounced female prevalence of the pathology). Tumors 
were graded according to the WHO classification criteria 
and the recommendations concerning atypical meningiomas 
(4,6-7). In addition, preoperative magnetic resonance (MR) 
and computed tomography (CT) scanner imaging as well as 
the pathology examination reports were reviewed to establish 
whether the tumors had a non-infiltrative behavior or on the 
contrary exhibited pathological manifestations of infiltration 
into adjacent tissues. Tumor features such as sinus or bone 

infiltration were routinely detected on images. Diagnosis and 
tissue infiltration were ascertained by pathology examination 
on paraffin-embedded tissue samples. Brain invasion was 
ascertained by histological evidence of the presence of menin-
gioma cells inside brain tissue. Hyperostosis or osteolysis 
with presence of meningioma cells inside bone interstices on 
pathology examinations were both signs of bone infiltration 
phenotypes. Meningioma infiltrations of cavernous sinus 
or veinous sinuses were confirmed by pathology examina-
tion searching for the presence of meningioma cells inside 
adjacent tissues when it was possible to do so, since pathology 
examinations were most often carried out on resected samples 
from outside the sinuses. According to these criteria, infiltra-
tive tumors could have pathological manifestations such as a 
simple infiltration into one tissue or a combined infiltration 
into several types of neighboring tissues.

We annotated the infiltrative/invasive tumors by speci-
fying whether brain cortex, bone, or sinuses were affected 
by an infiltration phenomenon. All the clinical data (WHO 
grade, location, tissue infiltration and recurrence status) are 
reported Table IA.

Based on the above-mentioned criteria, 33 tumors were 
classified as grade I meningiomas and four as grade II because 
these cases showed brain invasion. A total of 20 meningiomas 
were clinically infiltrative or invasive (Table IA, samples 1-11; 
13; 15-21 and 25). Brain invasion was found in combination with 
bone and sinus infiltration in three out of the four brain invasion 
cases. Bone infiltration with sinus infiltration was observed in 
ten cases and six tumors exhibited sinus infiltration only. 

Tissue samples. The study was approved by the ethics committee. 
Written consent was obtained from the patients or their families. 
A total of 37 meningioma samples were collected from the oper-
ating room and were immediately frozen and stored at -80˚C. 

Primary culture of meningiomas. Immediately upon surgical 
removal, tissue samples were chopped into small pieces and 
placed in Dulbecco's modified Eagle's medium (DMEM) 
(Invitrogen, Gibco, Cergy-Pontoise, France) supplemented 
with 10% fetal calf serum (Abcys, Paris, France), 100 U/ml 
penicillin G and 100 µg/ml streptomycin (Life Science, Cergy-
Pontoise, France) to obtain primary cultures. Adherent tumor 
cells were allowed to grow at 37˚C in a 5% CO2 atmosphere. 

THBS1 immunocytochemical detection. The immunocyto-
chemical analysis was performed after permeabilization 
of the cells with Triton X-100 (0.3%) in PBS, BSA (1.5%). 
Permeabilized cells were incubated with a mouse monoclonal 
anti-human THBS1 antibody (Boehringer/Roche, Meylan, 
France) at dilution 1:500 in PBS for 4 h at room temperature. 
Anti-THBS1 reactivity was detected after incubation with an 
FITC-labeled secondary antibody (rabbit anti-mouse IgG, 
AEC Vector) (at dilution 1:1000 for 45 min at room tempera-
ture). Nuclei were stained with propidium iodide.

ELISA determination of THBS1. Cultured cells were incubated 
for 24 h in serum-free DMEM and THBS1 concentration was 
measured by ELISA in culture media following the procedure 
described by Tenan et al (17). THBS1 concentrations were 
expressed in ng of THBS1 per mg of total proteins in medium. 
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All the measurements were taken twice on early cultures (P3 
passages) with four determinations for each culture dish. 

SELDI-TOF mass spectrometry profiling of tumor lysates. 
Cryostat slices (10 µm thick) of the frozen tumor specimens 
were suspended in 300 µl of Reporting lysis buffer (Promega, 
Madison, WI, USA) containing a mixture of antiproteases 
(Boehringer/Roche), to obtain a final protein concentration close 
to 2 µg/µl. After 30 min of incubation on ice and centrifugation 
(10,000 x g for 10 min at 4˚C), the supernatant was diluted in a 
binding buffer (100 mM Tris and 0.1% Triton X-100 at pH 8.0) 
to a final protein concentration of 0.1 µg/µl and 100 µl of this 
suspension was applied to Q10 anion-exchange active binding 
surfaces of SELDI ProteinChip Arrays (Bio-Rad, Marnes-
La-Coquette, France). The arrays were washed three times 
with the binding buffer, then once with the binding buffer 
without Triton, for 5 min, then once with 2 mM HEPES at 
pH 7.5. Sinapinic acid was used as the ionization matrix 
and ProteinChip arrays were analyzed for high mass range 
optimization in a Bio-Rad PCS4000 mass spectrometer. The 
spectra were calibrated using a mixture of standard proteins 
(Bio-Rad all-in-one standard) and intensity normalization 
to total ion current in the 4-100-kDa range was carried out 
with the Biomarker Wizard software (Bio-Rad). The 53-kDa 
protein peak surface was measured for all the samples.

Transcriptomic analysis. Tissue slices (40 µm thick, a total 
of approximately 100 mg of tissue) were immediately resus-
pended in the denaturing solution of the RNA-gents Total 
RNA isolation system (Promega). Total RNAs were then 
purified by phenol-chloroform-based extraction following the 
recommendations of the RNA isolation system (Promega). 
Quantification and quality control of the extracted RNA 
samples were assessed by spectrometric measurement and 
electrophoretic profiling using RNA 6000 Nano kit on a 
BioAnalyser 2100 (Agilent Technologies, Palo Alto, CA, USA). 

cDNAs were obtained by reverse transcription of the total 
RNA samples using the M-MLV reverse transcriptase (Promega, 
Charbonnières-les-Bains, France) with poly-dT priming 

Figure 1. Unsupervised hierarchical clustering of the tumors. A two-dimen-
sional hierarchical clustering of 37 meningiomas (20 infiltrative/invasive 
and 17 non-infiltrative meningiomas, according to clinical and pathology 
analysis criteria) was performed with data from the transcriptomic analysis 
carried out by hybridization with membrane arrays. Discriminant genes (a 
total of 46) and patient samples were clustered using complete linkage clus-
tering methods from Eisen's cluster software. Clustered trees are displayed 
using Treeview software. Red squares denote a high expression level and 
green squares a low expression level in comparison to the mean. The sample 
numbers and the clinical status of the tumors are indicated (I stands for 
infiltrative/invasive; NI for non-infiltrative). Gene symbols are reported on 
the right (see identity in Table II). 

Figure 2. Immunocytochemical staining of primary cultured cells of infiltrative/invasive and non-infiltrative samples for THBS1 detection. Cultured cells 
were stained with antibodies directed against THBS1 (green labeling) and nuclei were stained with propidium iodide (red). All procedures are described in 
Materials and methods. (A) Sample from non-infiltrative meningioma. (B) Sample from infiltrative meningioma.
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and α33P-dCTP (18). Radiolabeled cDNAs were purified by 
column filtration (Microcon YM-50, Millipore, Saint Quentin-
en-Yvelines, France) and hybridized to membrane arrays. 
Membrane arrays were prepared as described previously (18) 
by spotting in duplicate 70-mer oligonucleotides onto nylon 
membranes (Hybond N+, Amersham, Velizy, France) using an 
Affymetrix R417 Microarrayer (MWG, Ebersberg, Germany). 
The set of oligonucleotides was chosen to allow detection of 
transcripts corresponding to 800 genes with expected roles in 
oncogenesis, as reported in the literature (19).

After hybridization and washing, membrane arrays were 
exposed to a high-resolution phosphor screen for 3 days 
and then scanned (BAS-5000, Fuji-Film; Raytest, Paris la 
Defense, France). Recorded signals were quantified using the 
Array Gauge Software (Fuji-Film). Only transcripts detected 
by spot intensities higher than three times the value of the 
background average intensity were kept for further analysis. 
Inter-assay data were normalized with the global normaliza-
tion method using the linear regression of all intensity data of 
the arrays. Expression levels were reported in arbitrary units. 
The relative changes in expression status for all the genes and 
different samples were analyzed using the hierarchical Cluster 
and Treeview software packages available on http://bonsai.
hgc.jp/~mdehoon/software/cluster/software.htm.

Results

Membrane-array-based transcriptomic analysis. Gene expres-
sion profiling was carried out for all the 37 tumor samples. This 
was done using homemade membrane arrays that allowed us to 
investigate the individual expression levels of 800 different genes 
of general interest in oncology. For most of the 800 analyzed 
genes, the expression levels were found to be either undetectable 
or expressed at the same level in all the meningioma samples. 

An unsupervised hierarchical clustering of the samples was built 
with the expression data of 46 genes for which changes in the 
levels of expression in several tumors were noticeable (Materials 
and methods). The resulting clustering pattern (Fig. 1) sorted the 
37 tumors into two main groups (clusters A and B, Fig. 1) based 
on these 46 genes with significant differential expression levels 
between the two groups of tumors (p<0.05) (Table II). Group A 
clustered 15 tumors, most of them with a non-infiltrative/non-
invasive phenotype (12/15). Group B grouped 22 samples, with 
most of them corresponding to tumors with infiltrative/invasive 
phenotypes according to the clinical and pathology criteria 
(17/22). It is worth noting that the clustering of the 37 tumors 
only evidenced downregulated genes in cluster B samples in 
comparison to cluster A samples. From the available informa-
tion of the gene ontology functions, the differentially expressed 
genes encode either enzymes and structural proteins, receptors 
and proteins involved in signal transduction or gene products 
with potential functions in DNA binding and transcription 
(Table II). For several of these pinpointed genes, in the context 
of diverse specific tumors, downregulation has been correlated 
with increased invasiveness, tumor progression, or decreased 
apoptosis. This was already reported for ANXA7 (involved in 
calcium signaling) (20); CD63 (involved in signal transduction) 
(21); CEBPD, FOS, HES1, MSX1, TP73 and TSC22D1 (all 
playing a role at least in transcription) (22-27); GLG1 (fibroblast 
growth factor receptor) (28); PLA2G2A (phospholipase activity) 
(29) and PTPN6 (protein tyrosine phosphatase activity) (30). 
These data may support the idea that a decreased expression 
of these genes might be consistent with cellular events that are 
relevant with the infiltrative behaviors of meningiomas. 

Immunocytochemical detection and ELISA assay of THBS1 
in cultured cells. Since it has been already established that 
SPARC, an extracellular matrix protein, is a candidate marker 
for invasiveness and is overexpressed in invasive tumors (16), 
we decided to have a closer look at the amounts of another specific 
extracellular matrix protein, thrombospondin 1 (THBS1). So we 
analyzed the level of expression of this protein by immuno-based 
assays. Immunocytochemical analysis of cultured meningioma 
cells revealed that there were very different levels of THBS1 
concentrations in the cultured samples. Most of the time, the 
highest amount of THBS1 was found in cultured cells from 
meningiomas with an infiltrative/invasive phenotype (Fig. 2). 
Data reported in the literature (31), reinforced by our immu-
nocytochemical pictures of the cultured meningioma cells, 
suggested that THBS1 is secreted in the surrounding medium. 
We then assayed the amount of THBS1 in the growth medium of 
cultured meningioma cells using ELISA. In primary cultures, cells 
from meningiomas classified as infiltrative/invasive tumors based 
on their clinical features were found to secrete larger amounts 
of THBS1 (mean, 1740 ng/mg of total proteins) than cells from 
noninfiltrative tumors (mean, 29 ng/mg of total proteins).

SELDI-TOF mass spectrometry profiles and correlation 
with THBS1 data. SELDI-TOF mass spectrometry was used 
to analyze protein complexity in meningioma tissue lysates. 
This approach helped us to identify in the mass spectrometry 
profiles a peak corresponding to a 53-kDa molecular mass 
protein that was detectable in most of the non-infiltrative 
tumors but absent in the infiltrative/invasive tumors (Fig. 3). 

Figure 3. SELDI-TOF protein profiles using Q10 anion-exchange ProteinChip 
arrays. The protein mass spectra correspond to the analysis of tissue lysates 
from either a non-infiltrative (A) or an infiltrative tumor (B). Inset, close-up 
of the phosphorylated vimentin (*) that is detectable in the non-infiltrative 
tumor samples.
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Table II. Biological identity of the genes with discriminative expression between infiltrative/invasive and non-infiltrative 
meningiomas.a

Gene symbol	 Full names	 GO molecular function term (from Genecards)

AKR7A2	 Aldo-keto reductase family 7, member A2 	 Aldehyde reductase activity, electron carrier activity, oxidoreductase
	 (aflatoxin aldehyde reductase)	 activity
ANXA7	 Annexin A7	R hodopsin-like receptor activity, calcium ion binding, protein
 		  binding, calcium-dependent phospholipid binding
B2M	 β-2-microglobulin	 Protein binding 
CD63	 CD63 molecule	 Antigen associated with early stages of melanoma tumor progresion.
		  May play a role in growth regulation.
CEBPD	 CCAAT/enhancer binding protein (C/EBP), δ	 Transcription factor activity, sequence-specific DNA binding, protein
		  dimerization activity
CNBP	 Zinc finger protein 9 = CCHC-type zinc finger, 	N ucleic acid binding, single-stranded DNA binding, transcription 
	 nucleic acid binding protein	 factor activity, single-stranded RNA binding, protein binding, zinc ion
  		  binding, metal ion binding
COL6A1	 Collagen, type VI, α1	 Structural molecule activity, protein binding, motor activity, ATP binding
CTSF	 Cathepsin F	 Cysteine-type endopeptidase activity, cathepsin F activity
CTSL1	 Cathepsin L1	 Cysteine-type endopeptidase activity, cathepsin L activity, protein binding
CYP1B1	 Cytochrome P450, family 1, subfamily B, 	 Monooxygenase activity, iron ion binding, protein binding, oxygen
	 polypeptide 1	 binding, electron carrier activity, heme binding, metal ion binding,
		  unspecific monooxygénase activity
DDAH2	 Dimethylarginine dimethylaminohydrolase 2	 Protein binding, dimethylargininase activity, hydrolase activity, acting
 		  on carbon-nitrogen (but not peptide) bonds, in linear amidines,
		NF  -κB binding
EXOSC10	 Exosome component 10	N ucleic acid binding, RNA binding, protein serine/threonine kinase acti-
		  vity, 3'-5' exonuclease activity, hydrolase activity, identical protein binding
FGFR3	 Fibroblast growth factor receptor 3 	N ucleotide binding, protein kinase activity, protein-tyrosine kinase 
	 (achondroplasia, thanatophoric dwarfism)	 activity, protein serine/threonine kinase activity, receptor activity
		  interleukin-1 receptor activity, ATP binding, fibroblast growth factor
		  activity, transferase activity, identical protein binding
FLNA	 Filamin A, α (actin binding protein 280)	 Actin binding, signal transducer activity, protein binding, transcription
 		  factor binding, protein kinase C binding
FOS	 v-fos FBJ murine osteosarcoma viral 	 Double-stranded DNA binding, transcription factor activity, specific
	 oncogene homolog	RN A polymerase II transcription factor activity, sequence-specific
		  DNA binding, protein heterodimerization activity
GDF15	 Growth differentiation factor 15	 Cytokine activity, growth factor activity
GLG1	 Golgi apparatus protein 1	R eceptor binding, fibroblast growth factor binding
HES1	 Hairy protein 	 DNA binding, transcription repressor activity, transcription regulator
		  activity
IGFBP2	 Insulin-like growth factor binding protein 2,	 Insulin-like growth factor binding, oxydoreductase activity, insulin-
	 36 kDa	 like growth factor I binding, insulin-like growth factor II binding, 
		  FAD binding
JAG1	 Jagged 1 (Alagille syndrome)	N otch binding, structural molecule activity, calcium ion binding,
		  protein binding, growth factor activity
MAT2A	 Methionine adenosyltransferase II, α	N ucleotide binding, magnesium ion binding, methionine adenosyltrans
		  ferase activity, ATP binding, transferase activity, potassium ion binding
		  cobalt ion binding
MGEA5	 Meningioma expressed antigen 5 (hyaluronidase)	 Histone acetyltransferase activity, hyalurononglucosaminidase activity,
		  β-N-acetylhexosaminidase activity, acyltransferase activity, transferase 
		  activity, hydrolase activity, acting on glycosyl bonds
MGMT	 O-6-methylguanine-DNA methyltransferase	 DNA binding, catalytic activity, methylated-DNA-[protein]-cysteine
		  S-methyltransferase activity, cysteine-type endopeptidase activity,
		  methyltransferase activity, zinc ion binding, DNA-methyltransferase
		  activity, transferase activity, metal ion binding



international journal of oncology  38:  1287-1297,  2011 1293

Table II. Continued.

Gene symbol	 Full names	 GO molecular function term (from Genecards)

MMP2	 Matrix metallopeptidase 2 (gelatinase A, 	 Catalytic activity, metalloendopeptidase activity, gelatinase A activity,
	 72 kDa gelatinase, 72 kDa type IV collagenase)	 calcium ion binding, protein binding, metallopeptidase activity, zinc
		  ion binding, metal ion binding
MSX1	 msh homeobox 1	 DNA binding, transcription factor activity, protein binding, transcrip-
		  tion repressor activity, sequence-specific DNA binding
NUMA1	N uclear mitotic apparatus protein 1	N ucleotide binding, structural molecule activity, protein binding,
		  microtubule binding
PCSK7	 Proprotein convertase subtilisin/kexin type 7	 Subtilase activity, peptidase activity
PIM1	 pim-1 oncogene	N ucleotide binding, protein kinase activity, protein serine/threonine
		  kinase activity, protein tyrosine kinase activity, protein binding, ATP
		  binding, transferase activity, manganese ion binding, metal ion binding
PLA2G2A	 Phospholipase A2, group IIA 	 Phospholipase A2 activity, calcium ion binding, hydrolase activity
	 (platelets, synovial fluid)	 calcium-dependent phospholipase A2 activity
PPP3CB	 Protein phosphatase 3 (formerly 2B), 	 Phosphoprotein phosphatase activity, protein serine/threonine
	 catalytic subunit, β isoform	 phosphatase activity, iron ion binding, calcium ion binding, calmodulin
		  binding, zinc ion binding, hydrolase activity
PRRX2	 Paired related homebox 2	 DNA binding, transcription factor activity, sequence-specific DNA binding
PTN	 Pleiotrophin	 Protein phosphatase inhibitor activity, growth factor activity, heparin binding
PTPN6	 Protein tyrosine phosphatase, 	 Phosphotyrosine binding, protein tyrosine phosphatase activity, molecular
	 non-receptor type 6	 function, protein binding, hydrolase activity, phosphatase activity
RAN	R AN, member RAS oncogene family	N ucleotide binding, chromatin binding, transcription coactivator activity
		  GTPase activity, signal transducer activity, protein binding, GTP binding
		  guanyl nucleotide binding, androgen receptor binding
RELB	 v-rel reticuloendotheliosis	 Transcription factor activity, transcription corepressor activity, protein
	 viral oncogene homolog B	 binding
RGS5	R egulator of G-protein signaling 5	 Signal transducer activity, GTPase activator activity
SAT1	 Spermidine N1-acetyltransferase 1	 Acyltransferase activity, diamine N-acetyltransferase activity
SIX3	 SIX homeobox 3	 DNA binding, transcription factor activity, RNA polymerase II transcrip-
		  tion factor activity, enhancer binding, protein binding, transcription
		  repressor activity, sequence-specific DNA binding
SPI1	 Spleen focus forming virus (SFFV) 	 DNA binding, transcription factor activity, RNA binding, protein binding 
	 proviral integration oncogene spi1	 transcription activator activity, sequence-specific DNA binding
SPTAN1	 Spectrin, α, non-erythrocytic 1 (α-fodrin)	 Actin binding, structural constituent of cytoskeleton, calcium ion binding
		  calmodulin binding
SRM	 Spermidine synthase	 Catalytic activity, spermidine synthase activity, transferase activity
TOP2B	 Topoisomerase (DNA) II β 180 kDa	N ucleotide binding, DNA binding, chromatin binding, DNA topoisomerase
		  (ATP-hydrolyzing) activity, protein kinase C binding, protein kinase
		  activity, ATP binding, protein C-terminus binding, histone deacetylase 
		  binding, protein heterodimerization activity
TP73	 Tumor protein p73	 DNA binding, transcription factor activity, protein binding, zinc ion
		  binding, metal ion binding
TSC22D1	 TSC22 domain family, member 1	 Transcription factor activity
VAMP2	V esicle-associated membrane protein 2 	 Protein binding, SNARE binding, calmodulin binding, phospholipid
	 (synaptobrevin 2)	 binding
VEGFB	V ascular endothelial growth factor B	V ascular endothelial growth factor receptor binding, protein binding,
		  growth factor activity, heparin binding, nutrient reservoir activity

aOfficial gene symbols are reported with their official full names. Gene ontology molecular function terms were obtained from the Genecards database (http://
www.genecards.org).
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This marker was identified as a phosphorylated form of 
vimentin (32). For quantitative assessment of the amount of 
the phosphorylated vimentin in 14 tumor samples, the surface 
of the peak was measured in the spectra. We then plotted the 
amount of secreted THBS1 by the cultured meningioma cells 
(see above) versus the amount of the phosphorylated vimentin 
in the corresponding tumors (Fig. 4). From this figure, three 
different groups of tumors can be tentatively identified. A first 
group corresponds to tumors with low amounts of both THBS1 
(values lower than 100 ng/mg of total proteins) and phospho-
rylated vimentin (<1 AU). The second group includes tumors 
with a high amount of THBS1 (values higher than 100 ng/mg 
of total protein) and a low amount of phosphorylated vimentin. 
Most of the clinically infiltrative/invasive tumors were found 
clustered in this group. Finally, the third set groups tumors with 
a low amount of THBS1 and a high level of phosphorylated 
vimentin (higher than 1 AU) that exhibited non-infiltrative 
features.

Final tumor classification and overall quality assessment 
of the multiparameter analysis. We attempted to take into 
account all the different criteria assessed in this study and to 
validate whether a multiparameter approach can help accu-
rately predict infiltrative/invasive or non-infiltrative phenotypes 
of all the tumors. A synopsis of all the results and correlations 
between clinical observations and the different molecular 
assays was therefore generated (Table IB) according to the 
following rationale: based on the results of the diverse experi-
ments or clinical data, tumors were labeled infiltrative/invasive 
(I) or non-infiltrative (NI) or unclassified (U) tumors. In this 

labeling process, the different molecular assays as well as the 
clinical data were all taken as four independent parameters 
for classification (Table I). From the clinical observations and 
pathology analyses (Table I, parameter 1: clinical data), tumors 
were classified into only two groups, the non-infiltrative (NI) 
or the infiltrative/invasive (I) tumor groups. Data from the 
transcriptomic analysis also generated two main clusters 
(Fig. 1). Tumors in cluster A (sample numbers 17, 21, 22, 25, 
26, 28-37) were called non-infiltrative tumors and tumors 
in cluster B (sample numbers 1-16, 18-20, 23, 24, 27) were 
classified as infiltrative/invasive tumors (Table I, parameter 2: 
RNA micro-array). For all the other molecular assays, tumors 
were classified as infiltrative/invasive or non-infiltrative 
regarding the quantitative level of the parameter assessed in 
comparison to the threshold levels we specified. Tumors with 
intermediate values for a specific parameter were otherwise 
labeled unclassified tumors. In the case of the THBS1 ELISA 
assay (Table  I, parameter 3: THBS1 assay), all samples 
producing <50 ng/ mg total protein in the medium of in vitro 
cultured cells were called non-infiltrative tumors, those with 
values between 50 and 300 ng/mg total protein were unclas-
sified tumors, and those with values higher than 300 ng/mg 
total protein were described as infiltrative/invasive tumors. 
Finally, tumors with phosphorylated vimentin measured above 
2 arbitrary units were labeled non-infiltrative tumors, those 
with an amount between 0.5 and 2 arbitrary units were labeled 
unclassified tumors, and those with values lower than 0.5 were 
considered as infiltrative/invasive tumors. 

For each tumor sample, we then calculated the percentage 
of the total number of available parameters that are indicative 
of an infiltrative/invasive status as well as the percentage of the 
parameters that predict a non-infiltrative status. The percent-

Figure 4. Plot of the amounts of THBS1 in the medium of cultured menin-
gioma cells versus the amounts of the phosphorylated vimentin assessed by 
SELDI-TOF mass spectrometry in tumor lysates. Assays of THBS1 and of 
the phosphorylated vimentin were performed as described in Materials and 
methods. X-axis: total amount of the phosphorylated vimentin assessed in 
tumor lysates (AU). Y-axis: THBS1 amounts expressed in ng/mg of total 
proteins in the growth medium of cultured meningioma cells from the cor-
responding tumors. X and Y axes are in logarithmic scales. Filled diamonds: 
samples exhibiting high amounts of THBS1 (>100 ng/mg of total proteins) 
but low amounts of the phosphorylated vimentin (<1 arbitrary unit); filled 
squares: samples with low amounts of THBS1 (<100 ng/mg) and high 
amounts of the phosphorylated vimentin (>1 arbitrary unit); open triangles: 
samples with low amounts of both THBS1 and phosphorylated vimentin.

Figure 5. Scatter plot of the samples according to their infiltrative/invasive 
or non-infiltrative predictable status. The percentage of the total number of 
assayed parameters that are indicative of an infiltrative/invasive status of the 
tumors are plotted versus the percentage of the total number of parameters 
that are indicative of a non-infiltrative status for all the samples (Table I). 
Filled diamonds: tumors clinically phenotyped as infiltrative/invasive, open 
diamonds: tumors clinically phenotyped as non-infiltrative. Lines A and B 
illustrate specific ratios of y-axis values to x-axis values: A line for a ratio of 2; 
B line for a ratio of 0.5.
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ages of infiltrative/invasive parameters were plotted versus 
the percentage values of non-infiltrative parameters (Fig. 5). 
In this figure, the clinically diagnosed infiltrative/invasive 
samples are indicated by filled diamonds and the clinically 
diagnosed non-infiltrative samples by open diamonds. 

At first glance, the 37 cases did not seem to be discriminated 
into two perfectly separate clusters, one with all the infiltrative/
invasive tumors and another one with the non-infiltrative 
tumors. However, the ratio between the total number of 
parameters that predict an invasive status and the total number 
of parameters that are indicative of a non-invasive status (I/NI 
ratio, referred to as the infiltrative index) can help delineate 
distinct areas in Fig. 5. The area left of line A groups samples 
with an infiltrative index >2 (putative infiltrative samples), 
while the area below line B groups tumors with an infiltrative 
index <0.5 (putative non-infiltrative samples). 

According to this distribution based on the I/NI infiltrative 
index, it was possible to identify a total of 20 tumors with 
potential infiltrative/invasive behaviors (samples 1-20) and 
16 other tumors with the non-infiltrative phenotype (samples 
22-37) (Table I). Only one tumor with a clinically described 
infiltrative phenotype (sample 21 in Table I), had an infiltra-
tive index between 0.5 and 2 and therefore was unclassified 
tumor. Two tumors (cases 12 and 14) with a non-infiltrative 
phenotype according to the clinical observations were clus-
tered in the group of infiltrative/invasive tumors in the present 
multiparameter analysis. In addition, in the non-infiltrative 
cluster, only one clinically diagnosed infiltrative tumor (case 
number 25) seemed misclassified. 

Intrinsic validity of the individual analytical parameters. 
We also made a comparative evaluation of all the individual 
parameters or assays regarding their ability to appropriately 
classify the tumors by calculating the sensitivity and speci-
ficity of the assays. Sensitivity was taken as the proportion of 
actual infiltrative tumors (samples 1-20, as classified from the 
present multiparameter study) which are correctly identified 
as such and specificity as the proportion of non-infiltrative 
tumors (samples 22-37) which are correctly identified by a 
given method. These results are reported in Table III. Clinical 
evaluation and phosphorylated vimentin assay appeared valu-
able individual parameters for infiltrative/non-infiltrative 
phenotype prediction. 

Independently of the final classification of tumor phenotypes, 
it was also possible to benchmark the different parameters to 
each other by checking the consistency of the results obtained 
with two different parameters or assays. Hence, the percentage 
of tumors identically classified as infiltrative/invasive or non-
infiltrative by two parameters are reported in Table IV. The 
overall consistency between these four criteria ranged from 
~57 to 81% of the different samples. 

Discussion

The aim of this study was to analyze a cohort of 37 menin-
gioma samples, both at the clinical and molecular levels, in 
an attempt to investigate whether tumors exhibit clear-cut 
features that correlate with their non-invasive phenotype or 
their complex infiltrative/invasive behaviors. This study was 
also designed to assess the biological assays and clinical 
observations that have the highest value in providing the most 
appropriate classification of the different types of menin-
gioma.

To achieve these goals, we carried out a multiparameter 
analysis of the tumors including four different variables. The 
first one was the clinical evaluation of the tumor phenotypes, 
based on tissue examination and combines imaging techniques, 
surgical observations as well as histological examinations. 
The other parameters relied on molecular analyses of the 
tumor samples. One belongs to the field of transcriptomics 
and is designed to cluster tumors according to the expression 
levels of 46 genes. The other parameters measure the amounts 
of two different proteins in the tissue samples or in tumoral 
cells. A phosphorylated form of vimentin was assessed in 
tumor lysates using a mass spectrometry-based assay and 

Table III. Parameter accuracy.a 

Parameter	 Approaches	 Sensitivity	 Specificity

Clinical data	 Imaging and pathology analysis	 0.90	 0.94
Transcriptomics	 Hybridisation on micro-arrays	 0.95	 0.81
THBS1 	 ELISA	 0.54	 1.00
Phosphorylated vimentin	 SELDI TOF	 0.87	 0.94

aAll the parameters investigated for diagnosis and the approaches used are indicated. Sensitivity was taken as the proportion of actual infiltra-
tive tumors which are correctly identified as such and specificity as the proportion of non-infiltrative tumors which are correctly identified by 
a given method.

Table IV. Consistency between parameters and methods.a 

	 Clinical data	 Transcriptomics	 THBS1

Transcriptomics 	 78 (29/37)		
THBS1	 61 (11/18)	 61 (11/18)	
Phosphorylated	 81 (26/32)	 75 (24/32)	 57 (8/14)
vimentin

aThe percentage of tumors identically phenotyped by two different 
parameters or methods are indicated. Parentheses: number of con-
sistent phenotypings/total number of samples phenotyped by either 
indicated parameters or methods.
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the amount of thrombospondin 1 (THBS1) expressed in the 
medium of primary cultured tumoral cells was measured by 
ELISA. 

From the synoptic table of the recorded data (Table I) and 
Fig. 5, tumors were tentatively classified into three different 
groups (infiltrative/invasive, non-infiltrative and unclassified). 
For this process, and for every tumor, when the number of 
assessed parameters that predict an infiltrative/invasive phenotype 
was at least twice the number of parameters that are indicative of 
a non-infiltrative phenotype, we decided to classify this tumor 
as infiltrative/invasive. On the contrary, when the number of 
parameters that predict an infiltrative/invasive phenotype was 
found to be half or less than the number of parameters that 
predict a non-infiltrative phenotype, the tumor was classified as 
non-infiltrative. This led to the classification of 20 meningiomas 
(samples 1-20) as infiltrative/invasive tumors and 16 others 
(samples 22-37) as non-infiltrative (Table I). 

The parameters of the current analysis were challenged indi-
vidually so as to assess which of them were the best classifiers 
for tumor phenotype characterization. Clinical data, and the 
phosphorylated vimentin assay, showed reasonable consistency 
and accurately classified the tumors (Tables III and IV). 

It should also be noted that we found that concentrations 
of the phosphorylated vimentin and THBS1 are inversely 
correlated in meningiomas according to their phenotypes. 
Infiltrative/invasive tumors showed high amounts of THBS1 
and low amounts of the phosphorylated vimentin, whereas 
non-infiltrative tumors were characterized by low amounts of 
THBS1 and high levels of the phosphorylated vimentin. This 
observation shows that combined use of assays with some 
markers overexpressed and others underexpressed in tumors 
should greatly enhance the accuracy of the classification of 
these tumors.

Our classification of the tumors into the two distinct pheno-
typic groups should also be critically evaluated. In fact, the data 
displayed in Fig. 5 show that there seems to be a continuum 
from the infiltrative/invasive tumors at one extreme to the 
non-infiltrative ones at the other extreme. As stated above, 
improvements in the choice of the discriminative markers will 
probably help sort the different tumors unambiguously. Again, 
to lower the number of unclassified tumors, it is important to 
accurately appraise the precise ranges of the threshold values 
of the parameters that correlate with the distinct behaviors 
(infiltrative/invasive versus non-infiltrative). This improved 
assessment of the ranges of values is expected after prospec-
tive analysis of large cohorts of patients is conducted.

However, tumors may not be triggered from a non-infiltra-
tive to an infiltrative/invasive phenotype by a single off-and-on 
phenomenon. Some tumors may have only reached early stages 
of this phenotype conversion with clinical signs that are not 
yet detectable, while some or all of the molecular events 
are already committed in the non-infiltrative to infiltrative 
conversion. This hypothesis may be supported in the present 
study by two tumors samples (12 and 14) that show molecular 
parameters indicative of infiltrative/invasive phenotypes but 
clinical non-infiltrative signs. On the other hand, in the case of 
tumor sample 25, which is clinically diagnosed as infiltrative 
even though it exhibits the molecular parameters of a non-
infiltrative tumor, we can assume that the clinical data might 
have been erroneously or overinterpreted by the clinical staff. 

These may be two of the main assets of the multiparameter 
study: first to rectify misinterpretations and second to unveil 
original molecular and behavioral stages of the non-infiltrative-
to-infiltrative/invasive conversion event. For the practitioner, 
patients with tumors that show an uncertain phenotype after 
multiparameter analysis may require very specific care.

Our report as well as others clearly argue for subtyping 
benign meningiomas on the basis of data that describe menin-
gioma physiopathology at the molecular level in addition to 
standard histopathology and histomorphological criteria. For 
example, Pfisterer et al studied a cohort of 30 grade I menin-
giomas, some of which showed clinically aggressive behaviors 
(dura or bone infiltration phenotypes, rapid recurrence) and 
found correlations between chromosomal aberrations exempli-
fied by FISH or metabolite assays by NMR and the aggressive 
phenotype of the tumors (15). 

On the other hand, Durand et al were able to distinguish 
36 grade I meningiomas on the basis of the cMyc gene expres-
sion level. This subtyping correlated well with the main 
histopathology criteria such as the Ki-67 proliferative index 
and the number of mitoses detected by histological examina-
tion (14). The conclusions of our investigation carried out on 
37 grade I meningioma samples are in agreement with the 
above-mentioned results and provide evidence that benign 
meningiomas can be subtyped into two different groups 
according to their molecular features, with a clear correlation 
with clinical infiltrative/invasive phenotypes or outcomes. 
In addition, our study also suggests that there is no apparent 
molecular distinction between the infiltrative grade I benign 
tumors and the brain-invasive grade II tumors. The different 
types of infiltrative/invasive tumors were apparently clustered 
by our results as a homogeneous group whether or not they 
infiltrate one or more of the different types of tissues (sinuses, 
brain cortex and bone). It seems clinically practical to conclude 
that tumors exhibiting bone, brain cortex, or sinus infiltration 
features, as evidenced by clinical observations, imaging, or 
pathology examinations, should be first considered as entities 
with equivalent potential development behavior and presum-
ably morbidity. 

Finally, the molecular rationale that can sustain a possible 
non-infiltrative to infiltrative/invasive conversion remains to 
discover. Remarkably, this work identifies THBS1, as an over-
expressed protein in infiltrative/invasive tumors. THBS1 is a 
protein that belongs to the group of matrix-extracellular proteins 
and has been reported to control adhesion and de-adhesion 
between cells (33). It is involved in tumor cell migration and 
invasion, a role that it shares with SPARC, another matrix-ex-
tracellular protein that was previously found to be overproduced 
in invasive meningiomas of the three different grades (16).

In conclusion, we found our technical approach valuable 
for clinical purposes and we expect that molecular charac-
terization of infiltrative/invasive meningiomas could provide 
accurate classification, diagnosis and prognostic evaluation of 
these tumors. This may ultimately help set up useful therapeutic 
approaches for the control of tissue infiltration by tumors.
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