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The protein expression profile of meningioma cells is associated with distinct cytogenetic

tumour subgroups

Aims: Limited information exists about the impact of
cytogenetic alterations on the protein expression profiles
of individual meningioma cells and their association with
the clinicohistopathological characteristics of the disease.
The aim of this study is to investigate the potential asso-
ciation between the immunophenotypic profile of single
meningioma cells and the most relevant features of the
tumour. Methods: Multiparameter flow cytometry (MFC)
was used to evaluate the immunophenotypic profile of
tumour cells (n = 51 patients) and the Affymetrix U133A
chip was applied for the analysis of the gene expression
profile (n=40) of meningioma samples, cytogeneti-
cally characterized by interphase fluorescence in situ
hybridization. Results: Overall,
between the pattern of protein expression and the
cytogenetic profile of tumour cells was found. Thus,

a close association

diploid tumours displayed higher levels of expression of
the CD55 complement regulatory protein, tumours carry-
ing isolated monosomy 22/del(22q) showed greater levels
of bcl2 and PDGFRP and meningiomas carrying complex
karyotypes displayed a greater proliferation index and
decreased expression of the CD13 ectoenzyme, the CD9
and CD81 tetraspanins, and the Her2/neu growth factor
receptor. From the clinical point of view, higher expression
of CD53 and CD44 was associated with a poorer outcome.
Conclusions: Here we show that the protein expression
profile of individual meningioma cells is closely associated
with tumour cytogenetics, which may reflect the involve-
ment of different signalling pathways in the distinct
cytogenetic subgroups of meningiomas, with specific
immunophenotypic profiles also translating into a differ-
ent tumour clinical behaviour.

Keywords: CD44, CD53, iFISH, meningioma, multiparameter flow cytometry, protein expression profile

Correspondence: Maria Dolores Tabernero, Unidad de Investigacion,
Hospital Universitario de Salamanca, Paseo de San Vicente 58,
37007 Salamanca, Spain. Tel: +923 29 12 30; Fax: +923 29 46 24;
E-mail: taberner@usal.es

'Both authors should be considered as ‘last author’.

© 2014 British Neuropathological Society

Introduction

Meningiomas consist of a heterogeneous group of central
nervous system (CNS) tumours both on histopatholo-
gical and on genetic/molecular grounds [1-3]. Most
meningiomas show a benign clinical behaviour and
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patients are cured after complete surgical resection of
the tumour. However, up to 20% of the cases will show
tumour recurrence, which leads to an increased mor-
bidity and mortality [1,4]. For decades now, it is well
established that grade II (e.g. atypical) and grade III
(e.g. anaplastic) meningiomas show higher recurrence
rates and a poorer prognosis, compared with grade I
tumours [1,2]. Despite this, in absolute numbers, the
majority of recurrences observed among meningioma
patients still occur in histologically benign/grade I
tumours [4].

In recent years, evidence has accumulated which
shows an association among histologically benign/grade
I meningiomas, between complex tumour karyotypes
(22 genetic alterations), particularly those that include
monosomy 14, and a shorter patient relapse-free survival
(RES) [3,5-7]. Although distinct cytogenetic subtypes of
meningiomas are associated with specific histopatho-
logical subtypes and unique gene expression profiles
(GEP), to the best of our knowledge, no study has been
reported so far in which the pattern of expression of
a broad panel of proteins has been analysed in
meningiomas to determine whether the immunop-
henotypic profile of single cells from individual tumours is
associated with the most relevant features of the disease,
including tumour histopathology and cytogenetics, as
well as patient outcome. In this regard, we have recently
shown that multiparameter flow cytometry (MFC)
immunophenotyping is a well-suited technique for the
evaluation of the pattern of (quantitative) expression of
relatively large numbers of tumour-associated proteins in
individual tumour cells, when an appropriate marker
combination is used for exclusion of other types of non-
neoplastic cells (e.g. inflammatory cells) infiltrating the
tumour [8].

In this study, we analysed the pattern of expression
of a large panel of markers by MFC, in 51 meningiomas.
Our ultimate goal was to determine the potential associa-
tion between the immunophenotypic profile of individual
tumour cells and the clinical, histopathological and
cytogenetic features of the disease, as well as patient
outcome. Overall, our results show that a close associa-
tion exists in meningiomas between the pattern of
protein expression and the cytogenetic profile of tumour
cells, pointing out the involvement of different pathoge-
netic mechanisms associated with unique protein expres-
sion profiles, in different cytogenetic subgroups of
meningiomas.
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Materials and methods

Patients and samples

Atotal of 75 patients (20 males and 55 females; mean age
of 60 + 14 years; range: 23 to 84 years) diagnosed with
meningioma at the Neurosurgery Service of the Univer-
sity Hospital of Salamanca (Salamanca, Spain), and who
gave their informed consent to participate, according to
the guidelines of the local Ethics Committee and the Dec-
laration of Helsinki, were included in this study. Overall,
78 freshly frozen (liquid nitrogen) tumour samples from
the 75 patients, were studied. According to their localiza-
tion, tumours were distributed as follows: parasagittal, 9
cases (12%); convexity, 21 (27%); parasagittal and con-
vexity, 8 (10%); tentorial, 2 (3%); cranial base, 25 (32%);
spinal tumours, 12 (15%); and one case (1%) corre-
sponded to an intraosseous tumour. According to the
extension of brain oedema, 11 (15%) patients were clas-
sified as having light oedema (smaller or equal to the
volume of the tumour), 16 (21%) moderate (doubling the
volume of the tumour) and 10 (13%) as showing severe
oedema (more than twice the volume of the tumour); the
remaining 38 (51%) patients showed no oedema. From
the histopathological point of view, 64 (82%) tumours
were benign/grade I meningiomas, 11 (14%) were grade
IT tumours and 3 (4%) were grade Il meningiomas [1]. All
but three cases underwent complete tumour resection at
diagnostic surgery. Adjuvant radiotherapy was given after
surgery in four WHO grade II/I1I and two grade I tumours.

From all tumours, 29/78 (37%) showed a diploid
interphase fluorescence in situ hybridization (iFISH)
cytogenetic profile, 26/78 cases (33%) had isolated
monosomy 22/del(22q) and 22/78 cases (28%) displayed
a complex iFISH karyotype, as defined by the presence of
cytogenetic alterations (losses and/or gains) of >2 chro-
mosomes [6], as specified for individual tumours in
Supplementary Table S1; the remaining case showed an
isolated loss of chromosome 1p. More detailed informa-
tion about those samples that have also been previously
reported in other studies is provided in Supplementary
Table S2. (EDTA)-
anticoagulated peripheral blood (PB) samples were also

Ethylenediaminetetraacetic acid

obtained from each patient and processed in parallel. At
the moment of closing this study 6/75 patients had
relapsed (8%) and one showed tumour regrowth (after
partial tumour resection) after a median follow-up of 48
months (range: 1 to 238 months).
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Multiparameter flow cytometry (MFC)
immunophenotypic studies

Immunophenotypic analysis of the cells present in the
tumour was performed in a subset of 51 freshly frozen
meningioma samples, using a FACSCanto II flow
cytometer — Becton/Dickinson Biosciences (BD), San Jose,
CA, USA - equipped with the FACSDiva™ 6.0 software
(BD). After thawed, tumour samples were dissociated into
single cell suspensions through conventional mechanical
disaggregation procedures [8,9]. Single cell suspensions
were then stained for 30 min at 4°C in the darkness,
with four-colour combinations of monoclonal antibodies
(MAD) conjugated with fluorescein isothiocyanate (FITC)
and phycoerythrin (PE). For the identification of all nucle-
ated cells and the discrimination between neoplastic
meningioma cells and infiltrating immune cells, PE- and
FITC-conjugated MADb were systematically combined
with the DRAQ5 DNA dye (Cytognos SL, Salamanca,
Spain) and CD45-Pacific Blue (PacB) (DAKO, Glostrup,
Denmark), as previously described [8]. The following
FITC- and PE-conjugated MAb were used: CD2-FITC,
CD13-PE, CD14-PE, CD58-PE, HER2/neu-PE and HLA-
DR-FITC, purchased from BD; CD53-PE, CD55-FITC,
CD81-PE, CD99-PE, epidermal growth factor receptor
(EGFR)-PE, insulin-like growth factor receptor (IGFR)-PE
and platelet derived growth factor receptor B (PDGFRp)-
PE, purchased from BD Pharmigen (San Diego, CA, USA);
CD9-FITC, CD63-FITC and HLA-I-FITC obtained from
Beckman/Coulter (Fullerton, CA, USA); CD44-PE and
CD59-FITC from Immunostep SL (Salamanca, Spain);
bcl2-FITC and CD38-FITC were from DAKO and Cytognos
SL respectively (Supplementary Table S3). For sample
preparation, a stain-and-then-wash method was used, as
previously described [8]. For cytoplasmic (Cy) markers
(Cybcl2), cells were permeabilized (1 h at —20°C) prior to
intracellular staining, as described elsewhere [10]. Stain-
ing with DRAQ5 was systematically performed by adding
this reagent 5 min prior to the measurement in the flow
cytometer; an aliquot of each tumour sample stained only
for DRAQS5 was also prepared in parallel for each tumour
sample, to assess control baseline autofluorescence levels
[11]. The proliferation index (PI) of tumour cells was cal-
culated as the percentage of cells showing a higher DNA
content than that of GO/G1 cells, after excluding debris
and cell doublets in a FSC-Area vs. SSC-Area and a
DRAQS5-Area vs. DRAQ5-Width bivariate dot plots respec-
tively [11]. Data analysis was performed using the
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INFINICYT software (Cytognos SL), and both the percent-
age of positive cells and the amount of protein expressed
per cell — mean fluorescence intensity (MFI) expressed in
arbitrary units scaled from O to 262 144 — were calculated
for each individual marker analysed within the tumour
cell population from each sample.

Gene expression profiling (GEP)

GEP analysis was performed in a subset of 40 (freshly
frozen) meningioma samples, using the Human Genome
133A Affymetrix array (Affymetrix Inc., Santa Clara, CA,
USA), as reported elsewhere [6,12]. Total RNA was
isolated from thawed tumour samples using TRIzol
(Invitrogen, Carlsbad, CA, USA) and the RNeasy Mini Kit
(QIAGEN, Valencia, CA, USA) and its integrity/purity was
determined using a microfluidic electrophoretic system
(Agilent 2100 Bioanalyser; Agilent Technologies, Palo
Alto, CA, USA). GEPs were then determined according
to the manufacturer’s instructions, using the one-cycle
cDNA synthesis kit and the Poly-A RNA gene chip control
kit (Affymetrix Inc.). Data files with data on the gene
expression levels were normalized — Robust microarray
normalization (RMA) — and analysed by specific software
tools — R (version 2.7.0; http://www.r-project.org) and
Bioconductor software (http://www.bioconductor.org).
For the investigation of the functional impact of specific
GEPs, the Ingenuity Pathway Analysis (IPA) software was
used (Ingenuity Systems Inc., Redwood City, CA, USA).

Statistical methods and hierarchical clustering

For continuous variables, median, mean and standard
deviation (SD) values, as well as range and the 10th, 25th,
75th and 90th percentiles, were calculated; for categorical
variables, frequencies were reported. Statistical signifi-
cance (P-value < 0.05; with a FDR correction for multiple
comparisons of <10%) of differences observed between
groups was determined through the nonparametric
Kruskal-Wallis and Mann—Whitney U tests (for continu-
ous variables), or the Pearson’s Chi-square test (for cat-
egorical variables). The Spearman’s correlation was used
to explore the degree of correlation between different vari-
ables. The Kaplan—-Meier method was used to construct
RFS curves, and the log-rank test was applied to compare
RFS curves. For multivariate analysis of patient RFS, the
Cox regression model was used (SPSS 15.0 software, SPSS,
Chicago, IL, USA).
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Unsupervised hierarchical clustering analysis was per-
formed using the Pearson correlation and the average
linkage clustering method (Cluster 3.0 and Tree View soft-
ware; Stanford University, Stanford, CA, USA), after loga-
rithmic (base 2) transformation of normalized data sets
against the median value of all samples analysed.

Results

Immunophenotypic profile of meningioma cells
and its association with the clinicobiological and
cytogenetic features of the disease

Overall, tumour cells systematically displayed high reac-
tivity for the CD9, CD63 and CD81 tetraspanin molecules,
the CD55/CD59 complement regulatory proteins, HLA-T
and the CD13 ectoenzyme (Supplementary Table S4). The
other markers investigated showed more variable patterns
of expression. Some were detected in most cells from the
majority of cases — PDGFR (77 £ 28% of PDGFR[" cells
from 96% of cases), IGFR (73 £ 25% of IGFR" cells from
96% of cases), HER2/neu (73 = 26% positive cells from
96% of cases), EGFR (69 + 24% of EGFR" cells from 78%
of cases), CD38 (66 +27% of CD38* cells from 86%
cases), bcl-2 (65 £ 24% positive cells from 86% of cases),
CD14 (76 £ 19% positive cells from 76% of cases) and
HLA-DR (69 £ 23% positive cells from 80% of cases),
while other proteins were present in a lower percentage of
cases (62 £24%, 61 £22%, 60£21% and 51 £21% of
CD53, CD58, CD99 and CD2 positive cells in 63%, 59%,
47% and 22% of cases respectively). Additionally, menin-
gioma cells showed a mean (£ one standard deviation)
MEC PI of 10% * 6%, with a greater variability among
different cases (wider range of percentages) than when
assessed in parallel, as percentage of MIB-1* cells by
immunohistochemistry, in a subset of 10 cases (data not
shown).

From the clinical point of view, female meningiomas
and convexity/parasagittal tumours showed greater
expression of Cybcl2 (P =0.03 and P = 0.01 respectively).
Parasagittal tumours also showed higher expression of
CD63 vs. all other meningiomas (P <0.04), whereas
spinal tumours presented lower reactivity (P < 0.03 vs.
intracranial tumours) for the IGFR growth factor receptor.
Additionally, fibroblastic meningiomas showed higher
bcl2 levels/tumour cell vs. other histological subtypes
(P =0.002), while CD99 expression was greater in transi-
tional vs. meningothelial meningiomas (P = 0.004) and

© 2014 British Neuropathological Society

the reactivity for PDGFRP was significantly lower among
high grade meningiomas (P = 0.04). Presence of moder-
ate to severe oedema was associated with higher CD38
expression (P=0.02) and lower reactivity for HLA-DR
(P=0.02).

Despite all the above associations, protein expression
profiles of tumour cells from meningiomas were most
strongly associated with tumour cytogenetics (Table 1).
Thus, meningiomas with complex karyotypes showed
decreased expression of the CD55 complement regula-
tory protein (P=0.01 vs. diploid tumours), the CD9
(P <0.001 vs. all other groups) and CD81 (P < 0.03 vs.
all other groups) tetraspanins, the CD13 ectoenzyme
(P < 0.04 vs. all other groups) and the HER2/neu growth
factor receptor (P < 0.02 vs. all other groups) (Table 1
and Figure 1A). In turn, cases with isolated monosomy
22/del(22q) displayed a higher reactivity for the PDGFR[3
receptor (P<0.01 vs. diploid and complex tumours;
Table 1 and Figure 1B) and bcl2 (P < 0.005 vs. diploid and
complex tumours; Table 1 and Figure 1C). In addition, a
progressively higher PI was found from diploid tumours,
to cases with isolated —22/22q~ and meningiomas with
complex karyotypes (P < 0.003).

Unsupervised hierarchical clustering analysis based
on the immunophenotypic features of tumour cells,
revealed two clearly distinct subgroups of meningiomas
(Figure 2). Interestingly, while one group included mostly
(21/25 cases, 84%) patients with diploid meningiomas
(11/17 diploid cases; 65%) or tumours carrying an
isolated cytogenetic alteration (10/17 tumours with
monosomy22/del(22q); 60%), the other group comprised
almost all patients with a complex karyotype (12/16
cases, 75%). Of note, the majority of grade II/IIT menin-
gioma samples (4/5 cases) were included in this latter
group. The former group was characterized by a low PI
together with a higher reactivity for CD9, CD55, CD81,
CD13, PDGFRP and HER2/neu, while the latter group dis-
played higher PI and lower levels of expression of the
above referred markers (Figure 2).

Concerning patient outcome, although recurrent
tumours showed higher levels of expression of HLA-DR
(P=0.02), CD44 (P =0.01) and CD53 (P =0.006), only
the two latter markers retained a significant adverse
impact on RFS (P=0.01 and P=0.04 respectively;
Figure 3), in addition to tumour grade (P < 0.001) and
cytogenetics (P = 0.003; Supplementary Figure S1). Mul-
tivariate analysis for RFS, including those variables which
showed prognostic impact in the univariate analysis,
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Figure 1. Distribution of Her2/neu*, PDGFRB* and bcl2* tumour cells in meningiomas grouped according to their cytogenetic profile.
Expression of surface membrane Her2/neu, PDGFRP and cytoplasmic bcl2, as percentage of all CD44*CD45™ tumour cells, is shown in
panels A, B and C respectively; for all other markers investigated, no significantly different percentages of positive cells were found among the
distinct cytogenetic groups of meningiomas. Notched-boxes represent 25th and 75th percentile values; the lines in the middle and vertical
lines correspond to median values and the 10th and 90th percentiles respectively.

showed that tumour grade was the only variable retaining
an independent prognostic value (P = 0.03) in this group
of meningiomas. Of note, co-expression of both the CD44
and CD5 3 markers at higher levels/tumour cell was asso-
ciated with a particular adverse impact on patient RFS
(P =0.001; Figure 3C).

Relationship between mRNA and protein
expression levels among the different cytogenetic
subgroups of meningiomas

The relationship between mRNA and protein expression
levels was investigated in a subset of 13 meningioma
samples in which both sets of parameters were simultane-
ously analysed. Overall, a similar pattern of expression of
CD13 and Cybcl2 was observed at the mRNA and protein
levels among distinct cytogenetic subgroups of menin-
giomas (Figure 4A and B), with a high correlation coeffi-
cient between mRNA and protein expression (r*=0.9,
P=0.001 and r* = 0.5, P = 0.1 respectively). In line with
flow cytometry results, CD13 mRNA was also decreased
diploid
meningiomas (P =0.01; Figure 4A). In turn, cases with
isolated monosomy 22/del(22q) showed higher BCL2
all other tumours (P<0.03;
Figure 4B). Of note, despite a lower correlation coefficient,
the PDGFRP receptor also showed higher expression at
both the mRNA and the protein levels among tumours
carrying isolated monosomy 22/del(22q) (P<0.03;
Figure 4C). Conversely, an inverse correlation between
both the HER2/neu and CD55 mRNA vs. protein

in tumours with a complex karyotype vs.

mRNA expression vs.

© 2014 British Neuropathological Society

levels was observed (r*=-0.7, P=0.006 and r*=-0.5,
P=0.008 with significantly different
amounts of protein/cell, but similar mRNA expression

respectively),

levels in the distinct cytogenetic subgroups of menin-
giomas (Figure 4D and E respectively). Finally, no signifi-
cant correlation was found between the mRNA expression
profiles and the protein levels of the CD9 and CD81
tetraspanin molecules (Figure 4F and G respectively).

Based on the differential GEP found for the three cyto-
genetic subgroups of meningiomas for the immuno-
phenotypic markers here analysed, we built a schematic
map representation of those intracellular pathways in
which the cell surface and cytoplasmic molecules that
showed unique patterns of expression in individual
cytogenetic subgroups, are involved (Figure 5). High
CD13 (ANPEP) mRNA and protein expression was char-
acteristic of diploid meningioma samples, while higher
PDGFRB and BCL2 mRNA and protein levels were
usually observed in meningiomas carrying monosomy
22/del(22q); in turn, tumours with complex karyotypes
typically showed higher levels of CD44 mRNA (but not
protein) expression, supporting the involvement of differ-
ent signalling pathways in the distinct cytogenetic sub-
groups of meningiomas.

Discussion

In this study we analysed the pattern of expression of a
relatively large panel of proteins in single tumour cell sus-
pension from meningioma samples, using MFC. To the
best of our knowledge, this is the first study to provide
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Figure 2. Hierarchical clustering analysis of meningioma samples
based on the immunophenotypic characteristics and cell cycle
distribution of tumour cells and its relationship with the different
cytogenetic and WHO grade subgroups of the disease. Results are
shown in a matrix format where each column represents a single
variable and each row represents a different meningioma sample
(rows identified with a ‘D’, ‘22" and ‘C’ correspond to diploid,
isolated monosomy 22/del(22q) and complex iFISH karyotype
meningiomas respectively). Normalized values are represented by a
colour scale where red and green colours reflect values above and
below the median values obtained for each variable respectively. On
the right side of the figure, the hierarchical clustering of samples
obtained is shown where most of the tumours tend to be grouped
by protein expression profiles according to their iFISH cytogenetic
pattern.
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detailed immunophenotypic profiles of individual menin-
gioma cells. Our results showed a clear association
between the pattern of expression of several markers and
tumour cytogenetics. As cytogenetically heterogeneous
tumours [2,3], meningioma samples showed three major
cytogenetic profiles which corresponded to diploid, iso-
lated monosomy 22 and complex iFISH karyotypes.

Among other markers, the CD55 complement regula-
tory protein showed a uniquely high expression among
diploid vs. cytogenetically altered meningiomas. Increased
expression of complement regulatory proteins by tumour
cells has been associated with resistance to complement-
mediated cytotoxicity in several subtypes of solid tumours
[13,14] and it has been proposed as a mechanism that
facilitates tumour survival, leading to a poorer patient
outcome [15]. Although CD55 did not show a significant
association with more aggressive features of the disease,
an inverse correlation was found between cell surface
CD55 protein and total mRNA levels (with greater mRNA
expression among cytogenetically complex tumours).
Such apparent discrepancy may be due to an altered
balance between protein synthesis, degradation, secretion
and/or mobilization of stored CD55. In this regard, recent
reports demonstrate the presence of soluble CD55
(sCD55) at the extracellular matrix level in several differ-
ent tumour types [15].

Meningiomas with isolated monosomy 22/del(22q)
also showed a unique protein (and mRNA) expression
profile vs. other cytogenetic subgroups of meningiomas,
consisting of significantly higher levels of Cybcl2 and
PDGFR. These findings point to the potential relevance of
PDGFRB in this subgroup of meningiomas[16,17], where
it may be associated with inhibition of apoptosis [18—20]
through activation of Akt[21,22]. Finally, cytogenetically
complex tumours showed uniquely low protein and
mRNA expression levels of the CD13 ectoenzyme
(aminopeptidase N; APN), in addition to a higher prolif-
eration index. CD13 has been involved in a variety of
cellular functions, including the control of tumour cell
proliferation and invasion [23], and its relevance in
meningiomas has already been reported by others. Thus,
Mawrin et al. [24] described a significant reduction of
CD13 mRNA and protein expression levels, as well as its
enzymatic activity, in high-grade meningiomas [24,25].
Moreover, cytogenetically complex meningiomas also
showed decreased expression of the CD9 and CDS81
tetraspanins, both of which have been associated with
malignant progression of solid tumours [26—29] lack
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Figure 3. Impact of the pattern of protein expression of tumour cells on relapse-free survival of meningioma patients. Relapse-free survival
curves of meningioma patients classified according to the levels of expression of CD44 (n = 50; panel A) and CD53 (n = 50; panel B) per
tumour cell, are shown. In panel C the impact on relapse-free survival of a score built on the basis of the expression of both CD44 and CD53
is shown: score 0 and 1 were assigned for tumour samples expressing none or only one of the markers and score 2 was assigned to cases
showing co-expression of both CD53 > 500 (MFI) and CD44 > 7500 (MFI). All other markers analysed did not show an impact on patient
relapse-free survival. MFI: mean fluorescence intensity per tumour cell (arbitrary fluorescence units scaled from O to 262 144).

of expression of CD9 and CD81 being associated with
lower integrin-dependent adhesion and enhanced cell
growth [30]. These observations may contribute to
explain, at least in part, the increased proliferation
index of tumour cells from cytogenetically complex vs.
other meningiomas. Finally, expression of the HER2/neu
growth factor receptor protein was also significantly
decreased among tumours with a complex karyotype vs.
other meningiomas. Of note, expression of Her2/neu
should be carefully evaluated for appropriate interpreta-
tion as this protein is expressed at the cytoplasmic mem-
brane, but as other ErbB receptors (e.g. EGFR) it may
undergo internalization and/or cleavage due to recycling
of the receptor between the plasma membrane and the
endosomal compartments, and because of protease-
mediated cell surface cleavage in activated cells respec-
tively [31,32]. This might contribute to explain why
despite lower protein levels were found in cytogenetically
complex vs. other meningiomas, no differences were
detected at the mRNA level between the distinct
cytogenetic tumour subtypes. Therefore, lower Her2/neu
protein levels on the cell membrane of cytogenetically
complex meningiomas may potentially reflect a higher cell
activation and protein processing. Overall, these findings
support previous observations [33—35] suggesting the rel-
evance of ErbB receptors in the biology of meningiomas.

The level of expression of distinct proteins on tumour
cells was also associated with other features of the disease,
including patient outcome. Of note, higher expression of
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both CD44 and CD53 was associated with a shorter RFS.
Interestingly, CD44 is involved in the regulation of cell-
cell and cell-matrix adhesion, acting as a functional
antagonist of the merlin protein [36,37], which is the
product of the NF2 tumour suppressor gene that is fre-
quently lost during meningioma tumorigenesis [2,36,38].
In this regard, it has been described that monosomy 22 is
closely associated with the presence of coding NF2 muta-
tions [39,40], although not all cases with monosomy 22
carry NF2 mutations (Supplementary Table S2) [39].
Greater CD44 expression in higher grade meningiomas
has also been previously found by others [41,42]. Regard-
ing CD53, to the best of our knowledge this is the first
report in which this protein is specifically investigated in
meningiomas; however, as a member of the tetraspanin
family, CD53 has been associated with cell adhesion and
motility [26,43] and, similarly to other tetraspanin family
members (e.g. CD9/CD81), it might be related to tumour
invasion [27-30].

Other clinical-phenotypic associations observed in
our study included higher bcl2 levels in tumours from
females with a convexity/parasagittal localization and
fibroblastic histopathology, higher expression of CD63 in
convexity/parasagittal tumours, lower levels of IGFR in
spinal tumours and greater expression of CD99 in tran-
sitional vs. meningothelial meningiomas, together with
higher CD38 levels among cases with moderate to severe
oedema. IGF has long been shown to regulate, at least in
part, meningioma growth through its effect on tumour
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cell proliferation and survival [44,45]; however, to
the best of our knowledge its expression has not been
previously related in meningiomas to other disease
features. Regarding CD99, this marker is used in the
histological diagnostic work-up of some CNS tumours
[46,47], being positive in spindle cell tumours (e.g.
meningeal haemangiopericytoma and solitary fibrous
tumours of the meninges) [48]; among our cases, CD99
also showed higher levels of expression among those
histopathological subtypes of meningiomas which show
spindle-shaped cells (fibroblastic/transitional). Of note,
CD38 was the only immunophenotypic marker whose
expression was significantly related with brain oedema.
CD38 is a multifunctional ectoenzyme essential for the
regulation of intracellular calcium. Brain oedema in
meningioma patients is mainly due to an increase in
the permeability of the blood-brain barrier (BBB) [49].
As regulation of extracellular and intracellular calcium
levels seems to be critical in the normal functioning
of the BBB [50], and calcium overload is a main cause
of ischemia and brain oedema after trauma [51], our
results suggest that CD38 expression by tumour cells
could play a role in the genesis of oedema in these
patients.

Interestingly, recent studies have focused on the muta-
tional status of several genes other than NF2, which seem
to be important for the biology of meningiomas; these
include mutations of genes such as AKT1, a constituent of
the PI3K which has been related to specific localizations
and histological subtypes of meningiomas, and KLF4, a
gene typically altered in secretory meningiomas [40,52].
In our series, PDGFRP expression (a gene also related to
the PI3K pathway) was associated with meningioma his-
tology and cytogenetics.

In summary, here we show that the protein expression
profile of individual meningioma cells, as evaluated by
MFC immunophenotyping, is closely associated with
tumour cytogenetics, which may reflect the involvement
of different signalling pathways in the distinct cytogenetic
subgroups of meningiomas. In addition, our data also
show a close association between some of the markers
investigated (e.g. CD44 and CD53) and patient RFS, sug-
gesting that specific protein expression profiles may trans-
late into a more aggressive vs. mild clinical behaviour
of the tumour. Further investigations in larger series of
patients, analysed with extended antibody panels and the
flow cytometry techniques here described, are required to
confirm this hypothesis.

© 2014 British Neuropathological Society
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Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. Impact of tumour WHO grade and cytogenetics
on relapse-free survival of meningioma patients. Relapse-
free survival curves of meningioma patients classified
according to tumour grade (n=78; panel A) and
cytogenetics (n = 77; panel B) are shown.

Table S1. Relevant clinical, histopathological and genetic
characteristics of the 78 meningioma samples studied by
multiparameter flow cytometry immunophenotyping
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(n=51) and gene expression profiling by oligonucleotide
arrays (n = 40).

Table S2. Identification (ID) number of the 78 samples
included in the present study and that have also been
included in other previous reports with their correspond-
ing code number.

Table S3. Antibody reagents used for the immuno-
phenotypic analysis of tumour cells in meningioma.
Table S4. Immunophenotypic characterization of menin-
geal neoplastic cells evaluated by multiparameter flow
cytometry: percentage of positive cases, positive cells per
case and amount of expression —mean fluorescence inten-
sity (MFI) for each analysed marker (n= 51).
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