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José Marı́a Sayagués,* Marı́a Dolores Tabernero,†

Angel Maı́llo,‡ Ana Espinosa,* Ana Rasillo,*
Pedro Dı́az,‡ Juana Ciudad,* Antonio López,*
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Meningiomas are cytogenetically heterogeneous tumors
in which chromosome gains and losses frequently occur.
Based on the intertumoral cytogenetic heterogeneity of
meningiomas, hypothetical models of clonal evolution
have been proposed in these tumors which have never
been confirmed at the intratumoral cell level. The aim of
this study was to establish the intratumoral patterns of
clonal evolution associated with chromosomal instability
in individual patients as a way to establish tumor progres-
sion pathways in meningiomas and their relationship
with tumor histopathology and behavior. A total of 125
meningioma patients were analyzed at diagnosis. In all
cases, multicolor interphase fluorescence in situ hybrid-
ization (iFISH) studies were performed on fresh tumor
samples for the detection of quantitative abnormalities for
11 different chromosomes. In addition, overall tumor cell
DNA content was measured in parallel by flow cytometry.
iFISH studies were also performed in parallel on tissue
sections in a subset of 30 patients. FISH studies showed
that 56 (45%) of the 125 cases analyzed had a single tumor
cell clone, all these cases corresponding to histologically
benign grade I tumors. In the remaining cases (55%) more
than one tumor cell clone was identified: two in 45 cases
(36%), three in 19 (15%), and four or more clones in five
cases (4%). Overall, flow cytometric analysis of cell DNA
contents showed the presence of DNA aneuploidy in 44 of
these cases (35%), 30% corresponding to DNA hyperdip-
loid and 5% to hypodiploid cases; from the DNA aneuploid
cases, 35 (28%) showed two clones and 9 (7%) had three
or more clones. A high degree of correlation (r > 0.89; P <
0.001) was found between FISH and flow cytometry as

regards the overall quantitative DNA changes detected
with both techniques, the former being more sensitive.
Among the cases with chromosome abnormalities, the
earliest tumor cell clone observed was frequently charac-
terized by the loss of one or more chromosomes (64% of
all meningiomas); loss of either a single chromosome 22
or, less frequently, of a sex chromosome (X or Y) and del
(1p) was commonly found as the single initial cytogenetic
aberration (30%, 5%, and 5% of the cases, respectively).
Interestingly, an isolated loss of chromosome 22 was only
found as the initial abnormality in one out of 14 atypical/
anaplastic meningiomas, while the same cytogenetic pat-
tern was present in the ancestral tumor cell clone of 32%
of the benign tumors. Cytogenetic patterns based on chro-
mosome gains were found in the ancestral tumor cell
clone in 4% of the patients, 2% corresponding to tet-
raploid tumors. Overall, cytogenetic evolution of the ear-
liest tumor cell clones was frequently associated with tet-
raploidization (31%). Our results show that meningiomas
are genetically heterogeneous tumors that display differ-
ent patterns of numerical chromosome changes, with the
presence of more than one tumor cell clone detected in
almost half of the cases including all atypical/anaplastic
cases. Interestingly, the pathways of intratumoral clonal
evolution observed in the benign tumors were different
from those observed in atypical/anaplastic meningiomas,
suggesting that the latter tumors might not always repre-
sent a more advanced stage of histologically benign me-
ningiomas. (J Mol Diagn 2004, 6:316–325)
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Solórzano Barruso (Salamanca, Spain), the Ayuda Biomedicina of the Conseje-
rı́a de Sanidad y Bienestar Social, Junta de Castilla y León (Exp SA 02/02,
Valladolid, Spain), grants 02/9103 and 020010 from the Ministerio de Sanidad y
Consumo, (Madrid, Spain) (J.M.S. and A.E.), and by a grant from the Ministerio
de Ciencia y Tecnologı́a (Programa Ramón y Cajal; Madrid, Spain) (M.D.T.).

J.M.S. and M.D.T contributed equally to this study and are joint first
authors.

Accepted for publication June 3, 2004.

Address reprint requests to Dr. Alberto Orfao, Centro de Investigación
del Cancer, Paseo de al Universidad de Coimbra S/N, 37007 Salamanca,
Spain. E-mail: orfao@usal.es.

Journal of Molecular Diagnostics, Vol. 6, No. 4, November 2004

Copyright © American Society for Investigative Pathology

and the Association for Molecular Pathology

316



In recent years, an increasing number of studies have
been reported which show that chromosome gains and
losses are a frequent finding in meningioma tumors;1–6 at
the same time these studies have provided information
on the specific cytogenetic abnormalities accumulat-
ed.1–6 Of these, monosomy 22/22q�, and to a lesser
extent 14q�, 1p� and 10q� abnormalities, together with
loss of a sex chromosome (Y in males and X in females)
and tetraploid karyotypes, are by far the most commonly
observed aberrations. The analysis of large series of
patients, using fluorescence in situ hybridization (FISH)
techniques on interphase (iFISH) nuclei has provided a
further accurate estimation of the incidence of these
chromosomal abnormalities and their potential clinical
significance.6,7–11

For many years it has been well-established that the
development of various human tumors including colorec-
tal carcinomas,12,13 gliomas,14,15 renal cell tumors,16

prostate cancer,17 and head and neck squamous cell
carcinomas18 follows a multi-step pathway where an in-
creasing number of genetic aberrations are accumulated
due to genetic and/or chromosome instability. Typically,
specific patterns of genetic evolution have been associ-
ated with both a more advanced stage and a more ag-
gressive course of the disease.19–23 In a similar way,
some models of clonal evolution have been proposed in
meningiomas based on the intertumoral cytogenetic het-
erogeneity found, through the analysis of large series of
patients by conventional karyotyping.4 These models
provide hypothetical evolution pathways for what occurs
during the sequential transition from normal meningeal
cells to grade I, and grade II/grade III tumors.1,3,11 How-
ever, so far such models have not been confirmed at the
intratumoral level. This is probably related to the fact that
conventional karyotyping techniques have several major
limitations for the assessment of intratumoral clonal evo-
lution in meningiomas: 1) they allow the analysis of only a
small fraction of all tumor cells; 2) the use of cultured
samples may induce selective growth of specific tumor
cell clones; and 3) the low number of metaphases ana-
lyzed makes it difficult to accurately identify the different
tumor cell clones present in a sample.

In recent years, alternative cytogenetic techniques
have been developed which facilitate the analysis of
chromosome abnormalities in both interphase cells and
metaphase chromosomes. Among others, these include
iFISH and flow cytometry assessment of the DNA ploidy
status of tumor cells. Although neither technique provides
specific information on every chromosomal abnormality
present in a tumor, they do allow a sensitive, rapid, and
precise assessment of intratumoral heterogeneity. Multi-
color iFISH is particularly suited to assessing intratumoral
genetic heterogeneity, provided that adequate combina-
tions of probes are used.24

In the present study, we have applied multicolor iFISH
analysis of 12 different probes specific for DNA se-
quences of 11 chromosomes in combination with flow
cytometry DNA cell content measurements in a series of
125 consecutive patients, to explore the intratumoral cy-
togenetic heterogeneity of meningiomas. Our goal is to
establish the intratumoral pathways of clonal evolution

associated with chromosomal instability in individual me-
ningioma patients as a way to identify more precisely the
cytogenetic stage of each individual neoplasia and its
relationship with the histopathology and behavior of the
tumor.

Materials and Methods

Patients

A total of 125 consecutive patients, 44 males and 81
females, diagnosed with meningioma at the Neurosurgi-
cal Unit of the University Hospital of Salamanca were
analyzed. Mean age at diagnosis was 58 � 15 years
(range, 16 to 82 years). All cases were diagnosed with
either intracranial (n � 118; 94%) or spinal (n � 7; 6%)
meningiomas based on conventional histological crite-
ria.25,26 Patient distribution according to the World Health
Organization classification25,26 was as follows: 89% of the
cases were grade I tumors; 10%, grade II; and the remain-
ing 1%, grade III meningiomas. Tumor specimens were
obtained by conventional surgical procedures and were
then cut into several parts. Part of the tumor showing both
macroscopic and microscopic infiltration was used to pre-
pare single cell suspensions as described below. The re-
maining tumor was fixed in formalin (Paureac Quimicasa,
Barcelona, Spain) and embedded in paraffin (Merck, Darm-
stadt, Germany). From these latter samples, sections were
cut from three different areas representative of the tumoral
tissue and placed over poly L-lysine coated slides (Bio-
Genex, San Ramon, CA). All tissues were evaluated after
hematoxylin-eosin (Merck) staining to confirm the presence
and quantity of tumor cells infiltrating the material to be
studied. Infiltration by tumor cells in tissue areas in the
vicinity of those used for iFISH analysis of single cell sus-
pensions was always 65%.

Flow Cytometry Analysis of Cell DNA Contents

Tumor cell DNA content studies were performed in all
cases using fresh tumor samples obtained at diagnostic
surgery. Single tumor cell suspensions were obtained by
mechanical disaggregation and the cells’ DNA was
stained with propidium iodide (PI) (Sigma, St. Louis, MO)
using techniques which have been previously described
in detail.27,28 Once sample preparation was completed
and within a maximum period of 1 hour, DNA cell content
measurements were performed in a FACSCalibur flow
cytometer (Becton/Dickinson Biosciences (BDB), San
Jose, CA). Information on a minimum of 104 tumor cells
per sample was acquired using the CellQUEST software
program (BDB). A second tube containing a 1/1 mixture
of cells from the tumor sample and peripheral blood
mononuclear cells from a gender-matched healthy vol-
unteer was prepared and measured in parallel. DNA
aneuploidy was defined as the presence of two distinct
G0/G1 populations of cells with different DNA cell con-
tents. The presence of more than one tumor cell clone by
flow cytometry was defined by the observation of two or
more G0/G1 populations of tumor cells. DNA index was
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calculated for each tumor cell clone as the ratio between the
modal intensity of the PI-associated fluorescence of the
G0/G1 tumor cells and that obtained for the normal G0/G1
diploid cells present in the same tube. The mean coefficient
of variation for the G0/G1 peak of tumor cells was 3.3 � 1%.

In a subset of 22 meningiomas in which the diploid
cells by iFISH could have derived from contamination by
leukocytes, simultaneous staining with an anti-pan leuko-
cyte antigen CD45 antibody conjugated with fluorescein
isothiocyanate (FITC) (BDB) and the DRAQ5 DNA-dye
(Biostatus, Cambridge, UK) was performed as previously
described.29

Fluorescence in Situ Hybridization (FISH)
Studies

Multicolor interphase FISH (iFISH) studies were per-
formed in all cases on an aliquot of the same single cell
suspension prepared from the tumor sample and used
for the flow cytometric measurement of cell DNA con-
tents, after fixation in 3/1 methanol/acetic (v/v) (Merck).
For the investigation of numerical chromosome abnor-
malities by iFISH, the following probes (Vysis Inc; Down-
ers Grove, IL) specific for those chromosomes and chro-
mosome regions more frequently gained or deleted in
meningiomas6 were systematically used in double-stain-
ings: 1) for chromosomes 9 and 22: LSI BCR/ABL dual-
color probe; 2) for chromosomes 15 and 17: LSI PML/
RAR-� dual-color probe; 3) for chromosomes 14 and 18:
LSI IgH/BCL2 dual-color probe; 4) for chromosomes X
and Y: CEP X DNA probe, conjugated with Spectrum
Orange (SO) and CEP Y DNA probe, conjugated with
Spectrum Green (SG); 5) for chromosomes 7 and 10:
CEP 7 DNA probe, conjugated with SO and CEP 10 DNA
probe, conjugated with SG; and 6) for chromosome 1:
CEP 1 DNA probe, conjugated with SO. In addition, the
Midisatellite 1p36 probe directly labeled with FITC (D1,
Q-BIOgene, Amsterdam, The Netherlands) was also
used. To accurately define the exact abnormalities car-
ried by a tumor cell clone within a tumor sample, further
appropriate two-color stainings were performed, when-
ever necessary.

Fixed cells were dropped into ethanol/ether (1/1, v/v)
cleaned slides according to conventional cytogenetic
protocols. The slides were then sequentially incubated
with a solution containing 0.1 mg/ml pepsin (Sigma) (10
minutes at 37°C), fixed in 1% acid-free formaldehyde
(Merck) (10 minutes at room temperature (RT)) and de-
hydrated in decreasing concentrations of ethanol (Merck)
in water (100%, 95%, 70%). Once dried, the slides con-
taining both the cells’ DNA and the probes’ DNA were
denatured at 75°C (1 minute) and subsequently hybrid-
ized overnight at 37°C in a Hybrite thermocycler (Vysis,
Inc.). After this incubation, slides were sequentially
washed for 5 minutes at 46°C in 50% formamide (Merck)
in 2X SSC (Merck) and then in 2X SSC. Afterward, cells
were counter-stained with 35 �l of a mounting medium
containing 75 ng/ml of DAPI (Sigma); Vectashield (Vector
Laboratories Inc, Burlingame, CA) was used as anti-
fading agent.

In addition, FISH analysis was also performed on tis-
sues sections from 30 tumors. Briefly, unstained 5-�m
paraffin sections on electrostatically charged slides (Bio-
Genex; San Ramon, CA) were baked overnight (12 hours
to 24 hours) at 65°C and immersed in xylene (Merck) (3 �
15 minutes). Afterward, they were dehydrated in ethanol
and washed with distilled water. The slides were pre-
treated in a pressure cooker with 10 mmol/L citric acid-
trisodium salt (Sigma) buffer (pH 6.0) for 4 minutes and
washed with 2X SSC. For enzymatic digestion, incubation
with proteinase K (Sigma) was performed for 15 minutes
at 37°C. After washing with 2X SSC, the slides were fixed
with 1% formaldehyde, washed with 2X SSC, and dehy-
drated with 70%, 90%, and 100% ethanol. The slides
were hybridized in the Hybrite thermocycler using 10-�l
probe/slide. Denaturation was performed at 90°C for 6
minutes and hybridized overnight at 38°C. Post-hybrid-
ization washes were carried out at 46°C with 50% form-
amide and counterstaining with DAPI was used, as de-
scribed above.

A BX60 fluorescence microscope (Olympus, Ham-
burg, Germany) equipped with a 100X oil objective was
used for the enumeration of hybridization spots per nu-
clei. At least 200 nuclei were counted per slide. Only
those spots with a similar size, intensity, and shape were
counted in areas with �1% unhybridized cells; doublet
signals were considered as single spots. A tumor was
considered to carry a numerical abnormality for a given
chromosome when the proportion of cells displaying an
abnormal number of hybridization spots for the correspond-
ing chromosome probe was at a percentage higher than
the mean value � 2 SD of the percentage obtained with the
same probe in control samples. The mean percentage of
cells � 1 SD showing one chromosome loss/gain in control
samples was: chromosome 1p, 1.47 � 1.22/0.14 � 0.55;
chromosome 1q, 0.47 � 0.71/1.23 � 1.30; chromosome 7,
0.33 � 0.79/0.24 � 0.46; chromosome 9, 1.47 � 1.11/
0.64 � 0.7; chromosome 10, 1.04 � 1.04/0.27 � 0.50;
chromosome 14, 1.53 � 0.88/0.69 � 1.11, chromosome 15,
1.09 � 1.01/0.42 � 0.68, chromosome 17, 1.84 � 0.96/
0.5 � 0.85; chromosome 18, 0.38 � 0.65/0.36 � 0.99;
chromosome 22, 1.73 � 1.07/0.54 � 0.85; chromosome X
in females, 0.98 � 0.88/0.13 � 0.31; chromosome X in
males, 0.1 � 0/1 � 0.87; and chromosome Y, 0.60 �
1/1.08 � 0.8. A tumor cell clone carrying a chromosomal
abnormality was defined as being present when cells car-
rying identical numbers of hybridization spots for all of the
probes analyzed, including the altered ones, were found at
frequencies higher than 4% of the total cells analyzed in the
sample.

The expected amount of total mean DNA content per
cell according to the relative amount of DNA abnormally
gained or lost corresponding to each altered chromo-
some by FISH was calculated according to two different
mathematical formulas: 1) chromosome index (CI): 1�
[(Ch1p � 0.022) � (2 � 0.022)] � [(Ch1q � 0.022) � (2 �
0.022)] � [(Ch7 � 0.027) � (2 � 0.027)] � [(Ch9 �
0.024) � (2 � 0.024)] � [(Ch10 � 0.023) � (2 � 0.023)] �
[(Ch11 � 0.024) � (2 � 0.024)] � [(Ch14 � 0.018) �
(2 � 0.018)] � [(Ch15 � 0.017) � (2 � 0.017)] � [(Ch17 �
0.015) � (2 � 0.015)] � [(Ch18 � 0.014) � (2 � 0.014)] �
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[(Ch22 � 0.009) � (2 � 0.009)] � [(Chx � 0.024) �
(x � 0.024)] � [(Chy � 0.009) � (y � 0.009)] and 2)
corrected chromosome index (CCI) � [(Ch1p � 0.022) �
(Ch1q � 0.022) � (Ch7 � 0.027) � (Ch9 � 0.024) � (Ch10 �
0.023) � (Ch11 � 0.024) � (Ch14 � 0.018) � (Ch15 �
0.017) � (Ch17 � 0.015) � (Ch18 � 0.014)� (Ch22 �
0.009) � (Chx � 0.024) � (Chy � 0.009)] �
[(2 � 0.043) � (2 � 0.027) � (2 � 0.024) � (2 �
0.023) � (2 � 0.024) � (2 � 0.018) � (2 � 0.017) �
(2 � 0.015) � (2 � 0.014)� (2 � 0.009) � (x �
0.027) � (y � 0.009)], where Chn is the number of
spots per cell found for each probe; ch x was 2 in
women and 1 in men and ch y was 0 in women and 1
in men. Tetraploid tumor cell clones were defined as
those showing a corrected chromosome index by iFISH
of 2.00 � 0.10. In turn, tetraploidization was defined by
the presence of a tetraploid tumor cell clone or by the
coexistence of two different tumor cell clones one
showing one or more chromosome losses and the other
showing a duplication of the chromosome copy num-
ber of the former clone. To define intratumoral clonal
evolution in those tumors with multiple subclones, we
assumed that karyotypic abnormalities shared by all
subclones represented the earliest changes, whereas
the latter cytogenetic changes would only be present
in some of the tumor cell clones.

Statistical Methods

For all continuous variables included in the present study,
their mean value, SD, and range were calculated using
the SPSS software package (SPSS 11.0 Inc., Chicago,
IL); for dichotomic variables, frequencies were reported.
A multivariate step-wise regression analysis (regression,
SPSS) was performed to examine the correlation between
the DNA index obtained by flow cytometry and both the
chromosome and the corrected chromosome indices ob-
tained by iFISH. Statistical significance was considered
to be present when P values lower than 0.05 were found.

Results

FISH studies showed that 56 (45%) of the 125 cases
analyzed had a single tumor cell clone. In 35 of these 56
cases the tumor cell clone constantly displayed no ab-
normalities for the 12 chromosome-probes analyzed,
whereas in the other 21 patients at least one chromosome
was altered. In the remaining cases (55%), more than one
tumor cell clone was identified by FISH: 2 in 45 cases
(36%), 3 in 19 tumors (15%), and 4 or more clones in 5
patients (4%) (Figure 1). FISH analyses of tissue sections
from other areas of the tumor performed in a group of 30
cases with two or more tumor cell clones, confirmed the
presence of all of the clones identified in single cell
suspensions, at the same time no additional clones could
be identified in these cases in the areas of the tumor
tissue analyzed, as illustrated in Figure 2. Flow cytometric
analysis of the overall tumor cell DNA contents showed
the presence of DNA aneuploidy in 44 (35%) from which
30% corresponded to DNA hyperdiploid and 5% to DNA

hypodiploid cases. Of the DNA aneuploid cases, 35
(28%) showed two clones while 9 (7%) showed three or
more clones by flow cytometry (Figure 1).

To explore the relationship between the quantitative
DNA abnormalities found for the 11 chromosomes ana-
lyzed with the overall mean amount of DNA per cell
measured by flow cytometry, we compared the chromo-
some indices obtained for each individual tumor cell
clone with the DNA index obtained by flow cytometry.
Interestingly, our results showed a significant correlation
between the DNA contents per cell measured by flow
cytometry and those derived from the iFISH studies as-
sessed by both the chromosome (r � 0.89; P � 0.001)
and the corrected chromosome (r � 0.91; P � 0.001)
indices (Figure 3). Despite this, it should be noted that in
47 of 81 cases with a homogeneous DNA diploid tumor
cell population by flow cytometry, hypodiploid clones
were detected by iFISH. These frequently corresponded
to near-diploid clones carrying losses of a single chro-
mosome 22 (n � 19; 23%) or of a sex chromosome (n �
2; 3%), del (1p) (n � 4; 5%), a chromosome 22 and a sex
chromosome (n � 2; 3%), a chromosome 22 and a chro-
mosome 14 (n � 1; 1%), a chromosome 22 and del (1p)
(n � 2; 3%), a chromosome 22, a chromosome 14, and a
del (1p) (n � 2; 3%), a chromosome 22, a del (1p), and
a chromosome Y (n � 2; 3%), a chromosome 22, a
chromosome 7, and del (1p) (n � 1; 1%) and losses of a
single chromosome 22 together with a sex chromosome
and del (1p) (n � 2; 3%); DNA diploid tumors by flow
cytometry displaying complex karyotypes with more than
three chromosomal abnormalities by FISH were detected
less frequently (n � 10; 12%). According to the World
Health Organization classification, all cases showing only
one clone (n � 56) by iFISH were diagnosed as being
histologically benign (grade I) while all grade II and
grade III tumors (n � 14; 100%) displayed two or more
tumor cell clones (P � 0.001) (Table 1).

In all those cases in which two or more cell clones were
present by iFISH, an ancestral tumoral cell clone could
be identified. This earliest tumor cell clone observed
(Figure 4) was frequently characterized by the loss of one
or more chromosomes as the initial abnormality (64% of
the cases). Loss of either a single chromosome 22 or a
sex chromosome (X or Y) were commonly found as the
earliest cytogenetic aberration (30% and 5% of the
cases, respectively); other single chromosome losses
detected in the earliest tumor cell clone observed, in-

Figure 1. Number of tumor cell clones present in meningioma tumors (n �
125) as detected by multicolor interphase FISH (iFISH) and flow cytometry
analysis of cell DNA contents (FCM).
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cluded del (1p) and monosomy 14/14q� detected in 5%
and 2% of the cases, respectively. In the other cases
characterized by chromosome losses in the ancestral
tumor cell clone, between two and eight of the 11 chro-
mosomes studied were simultaneously involved and cor-
responded to combined losses of chromosomes 22 and
del (1p) (5%), del (1p), monosomy 14 and 22 or del (1p)
(4%) two loss of chromosome 22 and an X chromosome
(2%); in some cases (11%) these cytogenetic patterns
were associated with additional chromosomes losses.
Cytogenetic patterns based on chromosome gains were
found in the ancestral tumor cell clone from five patients
(4%), two of whom showed a tetraploid karyotype; in the
other three cases (2%) trisomy 7 (n � 1), trisomy 9 and 17
(n � 1) and simultaneous gains of chromosomes 9, 10,
and 14 (n � 1) were observed. Cytogenetic patterns
based on the coexistence of chromosome gains and
losses were also found in the earliest tumor cell clone, in
five patients (4%). The cytogenetic patterns observed in
these cases corresponded to loss of a chromosome 22
and trisomy 10 (n � 1), loss of a chromosome 22 and
simultaneous gain of chromosomes 10, 17, and 18 (n �
1), loss of a chromosome 22 and trisomy 7, 9, 15, and 17
(n � 1), monosomy 22 and monosomy X with trisomy 7,
10, and 18 (n � 1) and loss of chromosomes 14, 22, Y,
and del (1p) in association with trisomy of chromosomes
15 and 18 (n � 1).

As shown in Table 2 a significant association was
found between tumor grade and the iFISH pattern ob-

served for the ancestral tumor cell clone. Accordingly,
most (64%) histopathologically benign tumors showed
either no detectable chromosome abnormalities or mono-
somy 22/22q� in the earliest tumor cell clone identified
with the selected markers, whereas these cytogenetic
patterns were only found in one of 14 (7%) atypical/
anaplastic meningiomas (P � 0.001). Among these latter
cases, the earliest tumor cell lesion observed more fre-
quently corresponded to isolated (six cases; 43%) or
combined (two cases; 14%) losses of other chromo-
somes or tetraploidy (two cases; 14%).

A detailed analysis of the different tumor cell clones
present in each meningioma analyzed allowed us to hy-
pothesize about the patterns of intratumoral clonal evo-
lution in these neoplasias. Figure 5 summarizes the hy-
pothetical models for the most frequent intratumoral
aneuploidization pathways found for the chromosomes
studied. As shown in the figure, 35 of the 125 meningi-
oma patients studied (28%), had a normal chromosome
set for the 12 chromosome probes tested. Among those
90 cases showing chromosomal abnormalities, the pres-
ence of a tumor cell clone with monosomy 22/22q� as the
single earliest detected numerical chromosome abnor-
mality was the most frequently detected aberration (n �
37; 30%). Whereas monosomy 22/22q� was the only
cytogenetic aberration found in 17 of these tumors, in the
other 20 cases, tumor cell clones with additional chromo-
some changes were found. These added abnormalities
consisted of tetraploidization (n � 17; 14%), gains of

Figure 2. Representative pictures of meningioma tumoral nuclei from a patient carrying two different tumor cell clones as defined by simultaneous hybridization
for chromosomes 22 (green spots) and 9 (red spots): one clone shows monosomy 22 while the second clone displays two copies for chromosome 22 and four
copies for chromosome 9. A corresponds to hybridizations performed on single cell suspensions while B shows hybridized nuclei from a tissue section from
another area of the same tumor.
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individual chromosomes (n � 2) and monosomy 1/1p�

(n � 1). Interestingly, monosomy 22q/22q� associated
with loss of one chromosome X was the earliest cytoge-
netic pattern found in the ancestral tumor cell clone de-
tected in another three cases (2%), one of them showing
evolution toward tetraploidization. Monosomy 22q/22q�

associated with loss of chromosome 1/1p� was also

found as the first abnormality in six patients (5%); in a
latter stage, one of them displayed monosomy 14, an-
other showed loss of chromosome Y, while the other three
patients evolved with tetraploidization. In another eight
patients (6%), the ancestral tumor cell clone observed
showed monosomy 22/22q� and del (1p) in association
with loss of one or more of the other chromosomes stud-
ied, in the absence or presence (3%) of further detect-
able clonal evolution: monosomy Y (n � 1), monosomy
14/14q� (n � 1), monosomy 10/10q� and monosomy X
(n � 1), monosomy 14/14q� and monosomy 17/17q�

(n � 1), monosomy 10 and 18/18q� (n � 1), monosomy
Y and 14/14q� and gains (trisomy) of chromosomes 15
and 17 (n � 1), losses of chromosomes 14/14q�, Y, 10,
and 18 (n � 1) and monosomy 7 (n � 1). Loss of a sex
chromosome (X or Y) as the unique chromosomal abnor-
mality in the earliest tumor cell clone detected was ob-
served in six cases (5%); four of these cases showed
further evolution consisting of loss of chromosome 22 and
del (1p) (n � 1), trisomy 10 (n � 1), 1q� (n � 1) and
trisomy 22, 15, 17, 18, and 7 (n � 1). All these cases,
except the one showing trisomy 10, displayed further
evolution into a tetraploid tumor cell clone. Monosomy
1/1p� as the sole abnormality detected in the ancestral
tumor cell clone was found in six patients (5%); two of

Figure 3. Meningioma tumors (n � 125): correlation between the DNA
index obtained by flow cytometry (FCM) and both the uncorrected (A) and
corrected (B) chromosome indices obtained for each tumor cell clone ac-
cording to the numerical chromosome abnormalities detected by interphase
FISH analysis of 12 different chromosome probes.

Table 1. Relationship between the Number of Tumor Cell
Clones Found in Each Sample by Interphase
Fluorescence in Situ Hybridization (iFISH) and
Tumor Grade According to the WHO Classification

No. of clones

Tumor grade

p-value
I/(benign)
n � 111

II/III/
(atypical/anaplastic)

n � 14

1 56 (51%) 0 (0%) �0.001
2 39 (35%) 6 (43%)
3 15 (13%) 4 (28.5%)

�4 1 (1%) 4 (28.5%)

Results are expressed as number of cases and percentage in
brackets. WHO, World Health Organization.

Figure 4. Meningioma tumors (n � 125): cytogenetic patterns found in the
ancestral tumor cell clone identified, based on the analysis of 12 different
chromosome-probes by multicolor interphase FISH.
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these cases showed further evolution into tetraploid tu-
mor cell clones, one case gained an extra copy of chro-
mosome 9 and the other showed trisomy 15. Two cases
(2%) showed monosomy 14/14q� as the sole chromo-
some change present in the ancestral tumor cell clone;
from these cases, one evolved with additional losses
involving chromosome 22 and del (1p) while the other
case sequentially showed gains (trisomy) of chromo-
somes 22 and X and later on, in a third clone, of chro-
mosomes 1 and 9. Interestingly, in 14 additional cases
(11%), monosomy 14/14q� was also present in the ear-
liest tumor cell clone identified, in the context of a more
complex karyotype, being associated with other chromo-
some losses; such losses involved chromosome 22 alone
(n � 1; 1%) or along with a sex chromosome (n � 4; 3%)
associated (n � 2) or not (n � 2) with additional del (1p);
in the latter two patients, further clonal evolution was
associated with trisomy 1 in one case and tetraploidiza-
tion in the other patient. In another case, monosomy
14/14q� was associated with del (1p) and loss of chro-
mosomes 22, Y, 10, and 18 in the ancestral tumor cell
clone without further clonal evolution. In the other three
cases (3%) displaying monosomy 14/14q� in the earliest

tumor cell clone detected, additional chromosome
changes consisted of del (1p) associated to monosomy
10 (n � 1) or to monosomy 10 and 18 (n � 2). Interest-
ingly, a high proportion of these patients having mono-
somy 14/14q� associated with complex karyotypes in the
ancestral tumor cell clone (6 of 14 cases) showed further
evolution into tetraploid tumor cell clones either directly
(n � 4) or after losing other chromosomes (n � 2).
Another 11 different patterns of chromosome changes
were observed in individual meningioma tumors.

Discussion

Previous studies have shown that meningiomas are
cytogenetically heterogeneous tumors which frequently
display complex karyotypes (more than three numerical
or structural aberrations). Interestingly, quantitative
changes in the tumor cell genome are the most frequently
detected, and, as such, the most common cytogenetic
abnormality in these tumors is monosomy 22/22q�.1,30–33

In addition, a variety of other chromosomal changes which
are mainly associated with losses of an entire chromosome

Table 2. Relationship between Tumor Grade According to the WHO Classification and the Interphase Fluorescence in Situ
Hybridization (iFISH) Pattern Representative of the Earliest Tumor Cell Lesion Identified

iFISH pattern

Tumor grade
I/(benign)
n � 111

II/III/(atypical/anaplastic)
n � 14 p-value

Diploid 35 (32%) 0 (0%)
�22 36 (32%) 1 (7%)
Loss of one chromosome other than 22 9 (8%) 5 (36%)
�22 associated with other chromosome losses 21 (19%) 3 (21%)
Other multiple chromosome losses 3 (3%) 2 (14%) �0.001
Chromosome gains 3 (3%) 0 (0%)
Chromosome gains and losses 4 (4%) 1 (7%)
Tetraploid 0 (0%) 2 (14%)

Results are expressed as number of cases and percentage in brackets. WHO, World Health Organization.

Figure 5. Genetic heterogeneity of meningiomas: hypothetical intratumoral aneuploidization pathways for the 11 chromosomes (12 probes) analyzed which were
recurrently observed (�2% of the cases). Percentages show the incidence of cases with a tumor cell clone displaying a specific cytogenetic pattern.
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or a major part of it, have also been described in meningi-
omas. These involve chromosomes 1, 10, 14, and 18 to-
gether with the sex chromosomes.2,4,34–38 Based on these
findings, genetic changes associated with chromosome in-
stability are believed to play an important role in both tu-
morgenesis and tumor progression in meningiomas. In re-
cent years, a number of studies have attempted to describe
the genetic pathways of tumor progression through the
comparison of the karyotypes of meningioma tumors from
different individuals. However, to the best of our knowledge,
no study has been reported so far in which these genetic
pathways have been analyzed at the intratumoral cell level.
The potential existence of intratumoral genetic heterogene-
ity has long been suspected in meningiomas.9,33,39–41 Nev-
ertheless, it has only recently been suggested that it could
represent a common finding.6 A prerequisite to the study of
intratumoral genetic heterogeneity is the availability of tech-
niques that, through the simultaneous identification of two or
more chromosome abnormalities at the single cell level,
allow evaluation of the entire tumor cell populations in the
absence of clonal selection. Accordingly, multicolor iFISH
analysis of the most common chromosome aberrations was
used in the present study to assess intratumoral genetic
heterogeneity in meningiomas. Our results showed that in
the great majority of the meningioma tumors analyzed two
or more tumor cell clones carrying different chromosomal
abnormalities were present. Since only part of each menin-
gioma specimen was studied and FISH analyses only ad-
dressed part of the whole genome, we cannot rule out the
possibility that additional tumor cell clones could exist. How-
ever, it should be noted that further analyses of tissue sec-
tions confirmed the results obtained in single cell suspen-
sions for a subset of 30 tumors with two or more tumor cell
clones. Interestingly, in all cases analyzed, a relationship
could be clearly established between all of the genetically
abnormal cell clones found within a tumor, and hypothetical
models of clonal evolution pathways could be developed.
Although several patterns of chromosome changes ob-
served at the intratumoral cell level were common to two or
more tumor samples, the exact incidence of each of the
patterns detected was largely variable.

Development of a tumor is thought to start with the
clonal expansion of a single cell carrying a mutation that
leads to a growth/survival advantage;42 subsequently,
any cell of this original clone may acquire additional
genetic alterations giving rise to more rapidly growing
subclones. Therefore, tumors develop in a multi-step pro-
cess through the accumulation of genetic changes. In
line with this, models have been proposed describing the
genetic pathways of tumor progression in various human
tumor types including colorectal carcinomas,12,13 glio-
mas,14,15 renal cell tumors,16 prostate cancer,17 and
head and neck squamous cell carcinomas.18 To identify
the exact sequence of accumulation of chromosomal
abnormalities in a given tumor carrying multiple sub-
clones, we assumed that karyotypic abnormalities shared
by all subclones should represent relatively early chang-
es; in contrast, latter cytogenetic changes would only be
present in some of the tumor cell subclones. According to
this concept of clonal evolution, complete or partial loss
of either chromosome 22, a sex chromosome (Y in males

and X in females), del (1p) or, less frequently, of chromo-
some 14/14q� alone or in combination with other chro-
mosomes, eg, monosomy 10/10q�, 18/18q�, would fre-
quently represent the earliest detectable cytogenetic
event in meningioma tumor cells. These results would be
in line with those observed by Zang4 who found similar
karyotypes for the earliest tumor cell clones: diploid, loss
of a sex chromosome, loss of a single chromosome 22 or
del (22q), losses of a chromosome 22 and one sex chro-
mosome, del (1p), or losses of a chromosome 22 and del
(1p). Interestingly, tetraploidization, which has been as-
sociated with a worse clinical outcome,7 despite occur-
ring as an early event in a low proportion of tumors, would
usually correspond to a late stage during clonal evolution
of meningiomas. The relatively high incidence of tumor
cell clones that underwent tetraploidization found in the
present study, contrasts with that reported by Zang4

using conventional karyotyping techniques. Such a dis-
crepancy could be explained, at least in part, by the fact
that tumor cell clones that underwent tetraploidization
usually represented only a minor fraction of all tumor cells
(between 5% and 10%) and therefore could either be
missed or underestimated if only a small proportion/num-
ber of tumor cells/metaphases are analyzed as is the
case when conventional cytogenetic techniques are
used; alternatively, tetraploid tumor cells could undergo a
negative clonal selection during cell culture.

To the best of our knowledge, this is the first time that
intratumoral patterns of clonal evolution are reported in
meningiomas. Until now, only Zang4 has proposed a
model of clonal evolution in meningiomas based on con-
ventional cytogenetic studies. However, in this model
only those cases with monosomy 22/22q� were selected;
such cases were further divided according to the coex-
istence or not of del (1p) in the majority of the met-
aphases analyzed, with the relative frequency found for
this latter abnormality, similar to that observed in the
present study. According to the model proposed, further
genetic changes occurring in cases with monosomy 22/
22q� would exclusively consist of the acquisition of other
chromosome losses, in contrast to what we have ob-
served at the intratumoral cell level, as discussed above.
Other reports in which cytogenetic models of tumor pro-
gression are proposed are based either on the same
patients reported by Zang3,4 or on the cytogenetic pat-
terns observed in the different histopathological subtypes
of meningiomas.2,36,38 These latter models assume that
atypical and anaplastic meningiomas are sequentially
related to histologically benign tumors and represent
more advanced stages of the disease. In line with this, in
the present study a clear association was observed be-
tween a more advanced tumor grade and a higher num-
ber of tumor cell clones and complex karyotypes. How-
ever, our results also show that the cytogenetic patterns
present in histologically benign tumors are different from
those in atypical/anaplastic tumors. While monosomy 22/
22q� was commonly present in the earliest tumor cell
clone observed in grade I meningiomas, it was only de-
tected in a minor proportion of all atypical/anaplastic
tumors. In turn, isolated losses of a sex chromosome, del
(1p) and monosomy 14 in the ancestral tumor cell clone
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were characteristic of atypical/anaplastic tumors. Overall,
these results may indicate that histologically benign tu-
mors and atypical/anaplastic meningiomas may progress
along different genetic pathways.

To explore whether or not the abnormal FISH probe-
spot counts really reflected extensive quantitative
changes in the chromosome material and were not re-
stricted to the DNA sequences detected by the probes
used, FISH results were correlated with the DNA index
obtained by flow cytometry for the same patients. For that
purpose, two different mathematical formulas were used
in which the relative DNA content weight of each numer-
ical chromosome abnormality detected was taken into
account. Interestingly, a high degree of correlation was
obtained between both types of information, clearly indi-
cating that the chromosomal abnormalities obtained by
iFISH largely reflected the presence of extensive gains or
losses of chromosome material usually involving either
the whole chromosome or a major part of it, in line with
previous observations.43 Despite this, it should be noted
that in approximately half of the meningioma tumors dis-
playing a diploid tumor cell DNA content by flow cytometry,
numerical chromosome changes existed. Interestingly,
these alterations consisted of balanced chromosome gains
and losses or, more frequently, of near-diploid clones with
single chromosome changes, (eg, monosomy 22/22q�)
which remained undetectable by flow cytometry.

In summary, our results support the notion that, as in
other tumors, progression of meningiomas is a multi-step
process in which neoplastic cells develop genome-wide
instability and variants are selected, leading to the emer-
gence of clonal populations with multiple chromosome
abnormalities which potentially confer them selective pro-
liferative advantages. Interestingly, benign tumors dis-
played different intratumoral clonal evolution pathways
from atypical/anaplastic meningiomas, suggesting that
these latter tumors might not always represent a more
advanced stage of histologically benign meningiomas.
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