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We screened 26 ependymomas in 22 patients (7
WHO grade |, myxopapillary, myE; 6 WHO grade I, E;
13 WHO grade lll, anaplastic, aE) using comparative
genomic hybridization (CGH) and fluorescence in
situ hybridization (FISH). 25 out of 26 tumors showed
chromosomal imbalances on CGH analysis. The
chromosomal region most frequently affected by
losses of genomic material clustered on 13q (9/26).
6/7 myE showed aloss on 13q14-q31. Other chromo-
somes affected by genomic losses were 6q (5/26), 4q
(5/26), 10 (5/26), and 2q (4/26). The most consistent
chromosomal abnormality in ependymomas so far
reported, is monosomy 22 or structural abnormality
22q, identified in approximately one third of Giemsa-
banded cases with abnormal karyotypes. Using
FISH, loss or monosomy 22q was detected in small
subpopulations of tumor cells in 36% of cases. The
most frequent gains involved chromosome arms 17
(8/26), 9q (7/26), 20q (7/26), and 22q (6/26). Gains on
1q were found exclusively in pediatric ependymo-
mas (5/10). Using FISH, MYCN proto-oncogene DNA
amplifications mapped to 2p23-p24 were found in 2
spinal ependymomas of adults. On average, myE
demonstrated 9.14, E 5.33, and aE 1.77 gains and/or
losses on different chromosomes per tumor using
CGH. Thus, and quite paradoxically, in ependymo-
mas, a high frequency of imbalanced chromosomal
regions as revealed by CGH does not indicate a high
WHO grade of the tumor but is more frequent in
grade | tumors.

Introduction

Ependymomas arise throughout the neuraxis in inti-
mate rel ationship to the ependyma or its remnants. They
account for 3-9% of intracranial brain tumors and about
60% of spina tumors. Nevertheless, they are the third
most common group of primary brain tumors in child-
hood. The World Health Organization (WHO) classifi-
cation of central nervous system tumors defines various
ependymal tumors (22): Myxopapillary ependymomas
(grade I, myE) are tumors of young adults. They differ
from other ependymomas. In their localization at the
cauda equina and in their histomorphology and biologi-
cal behavior. These tumors do not undergo malignant
transformation. In general, intracranial or spinal
ependymomas grade Il and Il are well-circumscribed
masses, which occur in children and adults. Histologic
hallmarks include perivascular pseudorosettes and/or
ependymal rosettes. They are classified as grade Il
ependymomas (E), if they are characterized by moder-
ate cellularity and exhibit low or no mitotic activity.
Foci of necrosis may be seen, but are not necessarily
indicative of malignancy. Anaplastic (malignant)
ependymomas (grade 11, aE) are characterized by high
cellularity, variable nuclear atypia, brisk mitotic activity
and often prominent vascular proliferation. Necrosis
may be widespread. The histologic classification of
grade 1l and 111 ependymomas continues to be a con-
tentious issue and little consensus has been reached on
the prognostic value of specific histologic features (7,
22). Several studies have focused on the molecular biol-
ogy and cytogenetics of ependymal neoplasms (17, 29).
The most consistent chromosome abnormality in
ependymomas reported so far is monosomy 22 or struc-
tural abnormality 22q, identified in approximately one
third of Giemsarbanded cases with abnormal kary-
otypes. Chromosome 22 abnormalities, however, are
also seen in a number of other brain tumors (4). In the

Corresponding author:

Stefanie Scheil, M.D., Institute of Pathology, University of Ulm, Albert-Einstein-Allee 11, D-89081 Ulm, Germany; Tel.: +49 731
5023311, Fax: +49 731 5023884; E-mail: stefanie.scheil@medizin.uni-ulm.de



Case Diagnosis; Sex Age Ki-67 % Localization Tissue
Grade (years)
1 myE; | m 39 5 Cauda equina P
2 myE; | m 27 2 Cauda equina FIPIN
3 myE; | f 50 2 Cauda equina FIP
4 myE; | m 40 5 Cauda equina P
5 myE; | m 47 <1 Cauda equina P
6 myE; | m 41 4 Cauda equina P
7 myE; | m 14 <1 Cauda equina F
8 E Il m 13 13 Spinal FIP
9 E Nl f 3 2 Ventricle Il FIP
10 E; ll m 13 25 Ventricle Il FIP
11 E Il f 70 3 Ventricle IV P
12 E Nl f 33 <1 Spinal F
13 E; ll f 40 7 Spinal P
13R ag; Il f 41 10 Spinal P
13M aE; Il f 41 15 Temporal FIP
14 ak; Il m 0.5 ND Ventricle IV F
15 akE; Il m 8 49 Ventricle IV P
15R aE; Il m 8 ND Ventricle IV P
16 ak; Il f 31 19 Ventricle IV FIP
17 ak; Il f 42 14 Ventricle IV P/N
18 aE; 1l m 4 75 Ventricle IV PIN
19 ak; Il f 4 31 Ventricle IV FIP
19R akE; Il f 5 ND Ventricle IV F
20 aE; 1l f 2 64 Ventricle Il FIP
21 ak; Il f 6 65 Ventricle Il P
22 akE; Il m 59 335 Ventricle IV F

Table 1. Summary of selected Clinical Data, Histopathology of
Ependymomas.

Abbreviations: R, recurrence; M, metastasis of second recur-
rence; m, male; f, female; F, DNA extracted from fresh frozen
tumor; P, DNA extracted from paraffin-embedded tumor; N, as
internal control DNA extracted from non-tumorous areas (nor-
mal karyotype by CGH); ND, no data.

present study, the genomic aterations in ependymal
tumors of three different malignancy grades were inves-
tigated in a series of 26 tumors by means of comparative
genomic hybridization (CGH). The CGH datawere sup-
plemented by fluorescence in situ hybridization (FISH).

Materials and Methods

Tumor Samples. Twenty-six ependymomas from 22
patients were investigated (10 females, 12 males; age at
diagnosis 0.5-70 years, median 29 years) (Table 1). Nine
recurrences were included (nos. 5, 13, 13R, 13M, 15,
18, 19, 19R, 20). The samples were obtained from the
archives of the following institutions: Institute of
Pathology, University of UIm; Institute of Neuropathol-
ogy, University of Goéttingen; Department of Neuro-
surgery, University of Heidelberg. Two patients (nos. 11
and 18) had chemotherapy and one (no. 13) had radio-
therapy before or between operations. In one patient
(no. 16), there was evidence of an association with neu-
rofibromatosis type 2 (NF2) because of previous opera-
tions of several schwannomas. The tumors were classi-
fied according to the WHO classification of tumors of
the central nervous system (22). The series group con-

sisted of 7 myxopapillary ependymomas (myE, gradel),
6 ependymomas (E, grade I1), and 13 anapl astic ependy-
momas (aE, grade I11) (Table 1). Histologic evaluation
of these samples revealed an estimated tumor cell con-
tent of >90%. Tumor sampleswere availablein 21 cases
as formalin-fixed and paraffin embedded and in 13 cases
as fresh frozen tissue. Up to 20 seria sections, each of
10um in thickness, were used for DNA isolation. In
cases no. 2, 17 and 18 non-tumorous tissue was
microdissected separately from tumor areas under
microscopic view. In these cases non-tumorous and
tumorous tissue was subsequently used for DNA extrac-
tion. In 22/26 material for FISH investigations was
available. The data are summarized in Table 1.

Immunohistochemistry. All tumors were evaluated
on formalin-fixed paraffin sectionsand in afew caseson
fresh frozen sections for the expression of the prolifera-
tion associated nuclear antigen Ki-67 (MIB1; Dianova,
Hamburg, Germany). The Ki-67 proliferation index was
evaluated by counting labeled nuclei in three different
high power fieldsin the tumor areawith the highest den-
sity of labeled cells. The counted labeled nuclei were
expressed as a percentage of tumor nuclei.

Chromosome Preparations. Metaphase chromo-
some spreads were prepared from primary blood cell
cultures of healthy donors (46, XX or 46, XY) using
standard protocols (2). Slides were stored at -80°C until
use.

DNA Preparations. Paraffin-embedded tissues were
treated in xylene to remove wax, washed in methanol,
dried, and incubated overnight with sodium thiocyanate
(IM) at 37°C. Samples were incubated for the following
3 days at 50°C with isolation buffer (75 mM NaCl, 25
mM EDTA, 0.5% Tween) and proteinase K (500ug/ml)
was added every 24 hours. DNA extraction from paraf-
fin-embedded material using a commercially available
DNA extraction Clean-Mix kit (Talent, Trieste, Italy)
was performed for small amounts of tissue or, if large
amounts of tissue were available, we used phenol-chlo-
roform-isoamylalcohol (24:24:1) methods. Isolation of
reference genomic DNA from fresh frozen material
(normal human tonsil) and fresh tumor was extracted by
a phenol-chloroform standard protocol.

Labeling of DNA Probesand CGH. Nick trandation
of DNA probes was performed following standard pro-
tocols (2). Tumor DNA was labeled with biotin-16-
dUTP (Boehringer Mannheim, Germany) and reference
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Table 2. Characteristics and Results of CGH
and FISH Analysis of Ependymomas.
Abbreviations: R, recurrence; M, metastasis
of second recurrence; ND, no data; FISH data
are given as the mean of interphase signals
of at least 100 cells counted, expressed as
the mean of 100 cells. CGH data expressed
in bold letters of gains and losses are con-
firmed by FISH. In cases 1, 3, 4 and 6 a copy
number of three was considered normal,
instead of the usual copy number of two.

genomic DNA was labeled with digoxi-
genin-11-dUTP (Boehringer Mann-
heim).

CGH was performed as described
elsewhere (2). Biotinylated DNA
sequences were visualized by fluores-
cence using fluorescein isothiocyanate
(FITC) conjugated avidin (Vector,
Burlingame, CA) and digoxigenin-
labeled reference DNA was visualized
by anti-digoxigenin-rhodamine (Boeh-
ringer Mannheim). Chromosome prepa-
rations were counterstained with 4'-6'-
diamindino-2-phenylinodole dihydro-
chloride hydrate (DAPI) (Sigma, St
Louis, MO). For each case, at least 15
metaphases were evaluated. Chromo-
some regions known to give false-posi-
tive signals in CGH analyses, such as
chromosome region 1p32-pter, chromo-
somes 16 and 19 were excluded from
the study for reasons specified else-
where (21).

I nterphase Cytogenetics. Interphase
FISH was performed for fresh-frozen
tissue on 4 to 6um thick sections.
Nuclei from paraffin-embedded tissue
were separated according to the proto-
col of Liehr et al (27). Paraffin-sections
were 40pm thick. The slides were
stored at -20°C.

FISH analysis of interphase nuclei
extracted from paraffin-embedded tis-
sue was performed as described else-
where (27). We modified digestion
times (pepsin 10 to 20 min; proteinase
K 40 to 60 min) using the same enzyme
concentrations. Digoxigenin-labeled
probes were visualized by a Cy3-conju-
gated monoclonal mouse anti-digoxi-

Case

Diagnosis;
Grade

Signals of
FISH probes
Mean of 100

cells

Chromosomal imbalances by CGH

Gains

Losses

myE; |

9q34: 3.4;
22q11: 3.0

9q32-qter; Xq27-qgter

4;8q11.2-q24.1; 13¢; 14q12-g21

myE; |

9q34: 2.1;
22q11: 2.0

4;5; 6; 7p13-p21;
7q22-qter; 9p-9q33; 18q22-qter

myE; |

3cen:2.1;
6cen:2.1;
9cen:2.7;
9q34: 2.6;
22q11: 2.1
Xcen: 2.0

4p16; 5q31-qter

3. 6;8q; 10; 13g; X

myE; |

6 cen: 2.9;
9 cen: 3.2;
9q34: 4.3;
10 cen: 2.1;
22q11: 2.2

3p21; 9934; 15g22-qter;
17pter-q22; 20

10; 13q

myE; |

9q34: 2.1;
22q11: 3.3

17p; 17q25; 20q;
22g; X

1p31; 2922; 4921-928; 5q14-923;
6012-923; 13q14-q31

myE; |

6 cen: 2.9;
9q34: 3.9;
22q11: 2.9

9q34; 12q24; 17p; 17q25;
20

2021-933; 4p15; 4q; 6q12-925;
8911.2-q23; 13q14-q32;
14911.2-g21

myE; |

9934: 3.3;
22q11: 2.9

7, 8024.2-q24.3; 9; 11; 17; 18; 20; 21q;
22q; X

1p31; 1g31-932; 2q22-q33;
3p12-p13; 3924-926; 6021,
12915-q21, 13q12-q32

9q34: 2.4;
22q11: 2.3

12424; 17

9q34: 2.0;
22q11: 2.1

1q41-gter; 12924; 14932; 17; 20; Xq28

10

ND

1q; 6p21.3-p25; 12q23-gter; 20; 22q

3; 4, 9p21-p23; 13912-932; X

11

6cen: 1.2;
9934: 1.7;
22q11: 2.1;
X cen: 1.3

6; X

12

ND

4p; 7, 9q; 12; 15g; X

4q28-qgter

13

3cen: 2.0;
9q34: 2.0;
10 cen: 1.7;
22q11: 2.4

amp(2p23-p24); 12q24; 20; 22q

13914-q31

13R

akE; Il

9q34: 2.0;
22q11: 2.1

amp(2p23-p24)

10

13M

akE; Il

6 cen: 1.8;
9 cen: 2.0;
9934: 1.9;
10 cen: 0.9;
22q11: 2.0

amp(2p23-p24)

10

14

akE; Il

9q34: 2.2;
22q11: 3.0

15

akE; Il

9934: 1.9;
22q11: 2.0

1q

15R

akE; Il

ND

1q;9q; 159

13921-q22

16

akE; Il

6 cen: 1.9;
9q34: 2.0;
22q11: 2.1

amp(2p23-p24)

10

17

akE;

ND

5p15.1-p15.2; 5gq31-gter

2q24-q34

18

akE;

9934: 2.1;
22q11: 2.2

17p11.2-p12

19

akE;

9q34: 2.0;
22q11: 2.0

10926

19R

akE; il

9q34: 2.3;
22q11: 3.8

17; 229

20

akE; Il

9934: 2.3;
22q11: 2.3

1q32-q42

7q31-qter

21

akE; Il

3cen:1.2;
6cen:2.1;
9934: 1.9;
10 cen: 2.1;
22q11: 2.1;
X cen: 2.1

11q23-gter

3;9p-q33

22

akE; Il

9934: 1.9;
10cen: 2.1;
22q11: 2.0;
Xcen: 1.1
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Figure 1. Summary of genome wide screening of gains and losses detected by CGH in 26 cases (22 patients) of ependymomas.
Vertical lines on the left side of the chromosome indicate losses, whereas vertical lines on the right correspond to gains of chromo-
somal material. The chromosomal region 1p34-p36, chromosomes 16 and 19 were excluded from evaluation for reasons specified
elsewhere (23). All lines at 2p23-p24 represent DNA amplifications of MYCN. The numbers above each line refer to the case ana-

lyzed.

genin antibody (1gG; Jackson Immuno-Research Labo-
ratories Inc., West Grove, PA) and then by a Cy3-conju-
gated affinity purified goat anti-mouse 1gG antibody
(Jackson). Biotin-labeled probes were visualized by
FITC-conjugated avidin (Vector), then biotinylated anti-
avidin D “affinity purified” (Vector) and finally ampli-
fied by FITC-conjugated avidin. A minimum of 100
nuclei per case and probe were evaluated.

FISH was performed on 22/26 samples (Tables 2, 3).
The following commercially available digoxigenin- or
biotin-labeled probes were used with assignment to
human chromosomes: 3 cen, 6 cen, 9 cen-q12, 10 cen, X
cen, 2p23-24 (MYCN locus); the combined probe m-
ber/abl with assignment to 9934 (ABL1 locus) and
2211 (BCR locus) (al probes by Oncor Appligene,
Ilkirch Cedex, France). FISH experiments were per-
formed as dual-color hybridization. Hybridization

experiments were eval uated only when the second FISH
probe exhibited two or three signals in more than 75%
of singleinterphase nuclei. Cut-off levels were analyzed
using five normal tonsillar glands, prepared in the same
way as tumor samples.

Fluorescence Microscopy and Digital | mage Analy-
sis. A Zeiss Axioskop microscope equipped with a 100
W mercury lamp was used for epifluorescence
microscopy. The microscope was attached to the com-
mercially available image analysis system I1SIS (Meta-
Systems, Altlussheim, Germany).

Ratio values of 1.25 and 0.8 were used as upper and
lower thresholds for the identification of chromosomal
imbalances (2).

Statistics. The median, mean, standard error of the

mean (SEM) and the range for the number of chromo-
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Figure 2. Over-representations mapping to 2p23-p24. a, on the left: partial CGH profile of chromosome 2 of case no. 13R (see above)
a recurrent aE, and case no. 16 (see below) showed a DNA amplification on 2p23-p24. The band-like hybridization signals (arrow)
indicate highly amplified chromosomal sequences. On the right side of the ideogram, the average ratios of FITC/rhodamine fluores-
cence of 17 chromosomes are plotted (“ratio profiles”). The central line indicates a ratio of 1.0; line to the right indicate ratio of 1.25;
and line to the left indicate a ratio of 0.8. b, on the right: Image of a dual-color hybridization of case no. 13 obtained with MYCN proto-
oncogene (2p23-p24) detected via Cy3 (red) and the centromer-specific probe for chromosome 10 (10 cen; green) visualized by
FITC. In four nuclei a tight cluster of red signals is detected indicating the presence of an amplification of the MYCN proto-oncogene.
The second probe (10 cen; green) resulted in 75% of nuclei in two distinct hybridization signals.

somes with imbalanced regions per tumor detected by
CGH for each group (grade | to I11) were calculated. For
groups grade Il and grade Ill, a two-dimensional
Wilcoxon test was performed.

Results

In pilot studies we hybridized the extracted tumor
DNA from fresh tumor tissue in five cases (nos. 2, 3,
13M, 16 and 19). We compared these data with
hybridization experiments of DNA extracted from for-
malin-fixed tissue in the same tumor. The ideograms of
these hybridization experiments were identical. CGH
experiments were carried out, together with control
experiments, in which differently labeled normal DNAs
of non-tumorous tissue from case nos. 2, 17 and 18 as

well as normal DNA (human tonsil) were hybridized to
normal metaphase chromosomes. Twenty-two samples
in 69 localizations were selectively analyzed using
FISH. Compared to CGH data, the FISH experiments
demonstrated 3 further diagnostic aterations (losses of
22qin case nos. 3 and 4 and a gain of 22q in case 14).
In the remaining analyses, FISH experiments confirmed
CGH data. The cut-off level (median plus 3 x SEM) for
isolated nuclei from paraffin-embedded normal tissue
(human tonsil) concerning loss of 22g11 (BCR locus)
was estimated as 5.1% (4.7% for frozen sections of
human tonsil; in total, cut-off ranged from 4.7% to
13.7% for different FISH probes; highest level for 3cen
and 6cen probe). Cut-off level for gains ranged from
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Figure 3. Histologic appearance of the ependymomas with
MYCN gene amplification.

a, case no. 13M; supratentorial metastasis of a spinal aE. The
tumor demonstrated large areas of necrosis (upper margin),
perivascular pseudorosettes, moderate cellularity, oval nuclei
with moderately dense chromatin and prominent nucleoli (H&E
x 94). Ki-67 proliferation rate was 15% (Table 1); b, case no. 16;
spinal aE. Large areas of necrosis (see upper right corner),
areas of increased cellularity, perivascular pseudorosettes and
pale fibrillarity of the perithelial zones (H&E x 73). Ki-67 prolif-
eration index was 19% (Table 1).

10.7% to 24.6% (highest level for MYCN probe). The
frequency and distribution of chromosomal imbalances
of ependymomas are presented in Table 2 and Figure 1.

Chromosomal Imbalances of Myxopapillary
Ependymomas (myE), Grade |. The clinicopathologic
data of the 7 patients are summarized in Table 1. In total,
5 to 16 (median 9) chromosomes with imbalanced
regions per tumor were detected by CGH (Table 1). The

most frequently detected genomic losses were found on
chromosome 13q14-31 (6/7). Gains on chromosome
region 9g were found in 5/7 samples. The gains of 9934
were confirmed in al cases (ABL1 probe; Table 2). In
4/7 cases we detected mainly losses of chromosomal
material on chromosomes 6q. In 4/7 cases we found
gains of chromosome 17. FISH analysis of cases nos. 1,
3, 4 and 6 suggesting aneuploid karyotype in these sam-
ples (Table 2).

Chromosomal Imbalances of Ependymomas (E),
Grade Il. In E we found 2 to 10 chromosomes with
imbalances per tumor (median 5.5). 5/6 cases demon-
strated a gain on the terminal region on the long arm of
chromosome 12. One E (no. 13) showed an amplifica-
tion of 2p23-p24 (Figure 2b). This tumor was a local
recurrence of an E within a year after radiotherapy and
transformed into an anaplastic ependymoma the follow-
ing year, with subarachnoidal dissemination (see results
grade I11). Gains on chromosome 22q were detected by
CGH and confirmed by FISH in 2 cases nos.10 and 13
(Table 2). Only two cases (nos. 8 and 11) demonstrated
less than 5 chromosomes with imbalances per tumor in
this group. Using FISH analysis a state of near-diploid
of these samples was found (Table 2).

Chromosomal Imbalances of Anaplastic Ependy-
momas (aE), Grade I1l. Using CGH, in 13 aE of 10
patients, we found up to 4 chromosomes with imbal-
ances per tumor (median 2; range 0 to 4; Table 1). One
case (no. 22) did not demonstrate any aberrations. In 3
spinal akE of two patients (nos. 13R/M; no. 16) we found
aloss of chromosome 10 together with a DNA amplifi-
cation mapping to chromosomal region 2p23-p24.
Using FISH analysisweidentified MY CN as part of this
amplicon (Figure 2a). In case no. 13M the loss of chro-
mosome 10 was confirmed by FISH analysis (one signal
of centromeric region of chromosome 10 in 72% of
nuclei), whereas 9 cen, 9p34 and 22g11 showed two sig-
nals (86 to 96%). 3 samples of pediatric aE in two dif-
ferent patients (nos. 15/15R and 20) showed an overrep-
resentation of chromosome 1q. The gain of 1qin sample
no. 15 was detected in both the primary aE and its recur-
rence within the same year (no. 15R).

Identification of DNA Amplification Mapped by
CGH. Using CGH, four specimens from two patients
revealed band-like hybridization signals which are the
hallmarks of DNA amplifications. The first patient (no.
13) had arecurrence of an E transformed into an akE (no.
13R) with subarachnoidal dissemination (no. 13M; Fig-
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ure 3a). CGH profiles of chromosome 2 were identical
for cases no. 13, 13R and 13M. The second patient (no.
16; Figure 3b) had a primary aE. For all four samples
these band-like hybridization signals mapped to chro-
mosomal bands 2p23-p24. FISH analysis was per-
formed (nos. 13R and 16) using a probe assigned to
MYCN locus. This probe detected a tight cluster of at
least 20 signalsin 84% of nuclei (more than 10 in 93%)
for case no. 13R. At least 20 signals in 42% of nuclei
(more than 10 in 81%) were found for case no. 16. This
indicated the presence of an MYCN amplification of
this gene. The centromeric specific probes (6 cen in
patient no. 16; 10 cenin patient no. 13R) resulted in two
distinct hybridization signals (87% for no. 16; 75%; for
no. 13R; Figure 2).

FISH Analysis of 22q11. CGH data demonstrated
gains of 22qin 5/26 cases (nos. 5, 7, 10, 13, 19R) of our
cohort. FISH was performed with the 22911 (BCR
locus) probe. Experiments confirmed these CGH results
and we found 3 further diagnostic imbalances. In anear-
diploid aE (case no. 14) wefound again of 22g11. Loss-
es of 2211 were found in 2 otherwise aneuploid myE
(case nos. 3 and 4; Tables 2, 3). In total, 8 cases had
minor subpopulations of tumor nuclei (7 to 25%), with-
out or with only one 22q11 signal. The data are listed in
Table 3.

Comparison of CGH and FISH Data with the
Grades of Ependymal Tumors. Overall, 120 chromoso-
mal imbalances (gaing/losses ratio, 1.5:1) were detected
in 26 tumors by CGH. In 22 cases FISH anaysis was
performed (Table 2). The number of genomic imbal-
ances detected per tumor was higher in the groups of
myE (median 9; mean 9.14, SEM 4.4) and E (median
5.5; mean 5.33, SEM 3.0) than for the aE (median 2;
mean 1.77, SEM 1.01). These results relating to the bio-
logically comparable tumors, ependymomas grade 11
and 111, were significantly different (p<0.01) calculated
by the two-dimensional Wilcoxon test.

Interestingly, in aE we found little variability in the
numbers of imbalances per tumor detected by CGH (0
to 4, median 2). One aE (no. 15R) had 4 chromosomal
imbalances. This tumor was a local recurrence of an aE
which showed, as the sole genomic alteration, again on
chromosome 1q (no. 15). On the other hand, we found
only two E with 2 imbalanced chromosomes detected by
CGH. The first exception was E (no. 11) with 2 chro-
mosomal imbalances. In this case the patient had
chemotherapy before surgery. The second exception
was case no. 8. This grade Il tumor had the highest pro-

Case 22q11:
Mean
of 100
cells

22q11: Numbers of Signals Per Cell (%)

1 2 3 4 5

3.04 4 34 28 23 10

1.97 95 1 0 0
2.05 72 12 3 0
78 10 5

32 18 23 13
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6
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13M 1.98 87 6 0
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Table 3. Results of FISH analysis of chromosomal region
22g11 (BCR locus). Cut-off level for losses or monosomy of 22q
were evaluated as 5%. FISH experiments were performed with
commercially available dual m-bcr/abl FISH probe. Most sam-
ples were near-diploid. In cases 1, 3, 4 and 6 a copy number of
three was considered normal, instead of the usual copy number
of two using FISH and CGH analysis (Table 2).

liferation index (13%) in that group.

Discussion

The histologic grading of myE (grade 1) is based on
well-defined histologic criteria. This tumor has a good
outcome. In contrast, in ependymomas of grades Il and
I11, the histologic grading continues to be a difficult
issue and little consensus has been reached on the prog-
nostic value of specific histologic features (7, 22). Inter-
phase cytogenetics might be helpful tools in this issue.
We performed a genome wide screening for genomic
alterations on a series of 26 ependymomas grades| to 111
in 22 different patients using CGH and, in part, supple-
mented by FISH analysis.

In our study, the most frequently detected gains of
chromosomal material were found on chromosomes 9
and 17. In 7/26 (27%) cases we showed gains on chro-
mosome 9 (especially 9q). Thisis consistent with previ-
oudly published CGH analysis of pediatric ependymo-
mas which demonstrated gains on chromosome 9 (33,
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34). Severa conventional cytogenetic studies (3, 4, 8,
10, 11, 16, 19, 24, 30, 34, 37-40, 43, 45, 47, 53, 54)
described gains of chromosome or translocations
involving chromosome 9 in approximately 15% of
ependymomas. In our study, the gains on 9q were almost
exclusively detected in the two groups of low-grade
tumors. The terminal region of chromosome 9 includes
the cellular oncogene ABL1 (9934.1) involved in the
translocation t(9;22) typically found in Philadelphia-
positive chronic myeloid leukemia. Investigations
focusing on ABL1 transcript expression in other
gliomas failed to detect increased expression of this
gene in about 20 tumors (31, 32), whereas a glioblas-
toma cell line expressed high level DNA and RNA of
ABL1 (6). Using FISH analysis we did not detect any
ABL1 high-level amplification or split signal suggesting
t(9;22)(q34;q11).

Gains on 1q were found selectively in childhood
ependymomas grade Il and I1l. These data support the
findings of Reardon et al (35), thus demonstrating that
genomic imbalances in pediatric ependymomas most
often involve gains of either 1q or 9. In our study, only
one recurrence demonstrated both, the gain of 1q and 9q
(case no. 15R).

The most frequent gain involved chromosome arm
12qin 5/6 E. The consensus region was 12¢g24. Gains on
chromosome 12q were found in other brain tumors as
well as in primary central nervous system lymphomas
(51, 52). In meningiomas the gain on 12q and others is
proposed to be a genomic alteration in meningioma pro-
gression from benign to atypical tumors (51). In
ependymomas, a recently published PCR study by
Suzuki et al (44) detected MDM2 gene (12q13-g14)
amplification in 35% of ependymomas. These data are
not yet settled. A PCR study by Tong et al found one
tumor with an MDM2 gene amplification in their series
of 26 ependymomas (46). Southern blot analysis of 8
ependymomas published by Reifenberger et al (36) did
not reveal an MDM2 gene amplification in these tumors.
In our series, we did not demonstrate high level gains at
12q involving the MDM?2 gene locus. Of course, small
regions of amplification may be beyond the resolution
of CGH. CGH can detect and map amplified DNA
sequences, if the product of amplicon size and copy
number exceeds 2 Mbp (33).

Chromosome 17 was involved in gains in 8/26 cases
(grades | to IIl). Most of them were found in myE,
which do not undergo malignant transformation. In the
literature, additional chromosomes 17 are documented
in approximately 3.5% (3/86; two grade | and one recur-
rence of an ependymoma) (1, 37, 40). The relevance of

the gain of 17 is not clear. In neuroblastoma the gain of
17q appears to be associated with a more aggressive
subset of neuroblastoma (22) and progression of menin-
giomas (51).

Most frequently, regions repetitively deleted includ-
ed 13q (9/26), especialy in myE and E. In most cases,
under-representation of 13q involved the chromosomal
region 13g14-g31. One of the genes localized in this
region is the tumor suppressor gene RB1 (13g14.2),
known to play a critical role in the development of
retinoblastomas and other tumors (12, 55). Immunohis-
tochemically, we screened RB1 protein expression in
our cohort. We did not find any correlation between RB1
expression and loss of 13q (data not shown). With con-
ventional cytogenetics, loss of chromosome 13 was
described in approximately 5% of ependymomas (4/86;
3 grade Il and one recurrence) (16, 34, 40, 43).

Another under-representation found in 5/26 (19%)
cases (two grades |; three grade 111) was the loss of chro-
mosome 10. Losses of chromosome 10 were reported in
about 9% of ependymomas (16, 34, 40, 43, 45, 47) as
well as in other gliomas, e.g., in high-grade gliomas
where the incidence ranges from 25 to 90% (15, 23, 26).

A potentially relevant oncogene for aggressive
growth in ependymomas is the proto-oncogene MY CN
located on 2p23-p24. The region of MY CN was ampli-
fied in four samples from two different patients (nos. 13
and 16; Figure 3). Case no. 13 had three local recur-
rences of a spinal E with malignant transformation into
akE and a supratentorial spread. The last recurrence and
the metastasis had the same CGH profile, suggesting the
clonality of these two tumors. Patient no. 16 suffered
from different schwannomas, suggesting NF2-associat-
ed aE. In the past, only a few ependymal tumors have
been examined for MYCN amplification. One study
detected low accumulation of MY CN transcript in an E,
whereas an elevated MY CN gene copy number was not
detected (14). In seven other ependymomas (grades | to
I11) no amplification of MY CN was described (18, 49).
Using immunohistochemistry in one cell line of an
ependymoma, immunoreactivity for MY CN protein was
found, whereas cell lines of malignant ependymoma and
an ependymoblastoma did not express this protein (28).
In neuroblastomas, indirect correlation between MY CN
amplification and prognosis is well known (22, 42).

Several authors suggested that a tumor suppressor
gene may be present in region 22q (See review 17). In
conventional cytogenetics, monosomy 22 or structural
abnormalities involving chromosome 22 are found in
approximately 30% of ependymomas (29). One LOH
study revealed that loss of chromosome 22q occurred
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preferentially in intramedullary spinal ependymomas
(13). A combined FISH and microsatellite analysis of
chromosome 22 demonstrated a loss of chromosome 22
in 2/22 pediatric ependymomas (25). The incidence of
monosomy 22 or breakpoint 22011-q13 was 56% in
adult tumors versus 28% in pediatric tumors (29). We
performed FISH analysis using a probe assigned to
22g11. In 36% of tumors (5 pediatric/3 adults) we
revealed loss of 2211 only in small neoplastic subpop-
ulations (7 to 25%). Altogether, we found more com-
pelling evidence for gains of 22q (Table 3) in our cohort,
rather than losses of 22q as previously characterized in
several other studies.

In myE known not to undergo malignant transforma-
tion, numerous chromosomal imbalances (median 9 per
tumor) were found. It is still unknown which of these
imbalances are epiphenomena, e.g. part of tumor regres-
sion, rather than primary events.

Summarizing our data, we demonstrated little or no
chromosomal imbalances in aE (median 2), whereas
most myE and E exhibit numerous gains and/or losses
by CGH (median 9 and 5.5 respectively). In 4/26 speci-
mens we found MY CN amplification of the tumor. The
prognostic value of MY CN amplificationin grade |l and
I11, especialy in spinal tumors, is yet to be determined.

In conclusion, the results of the present study suggest
that, unlike other brain tumors (5, 41, 50, 51), in
ependymal tumors a complex genomic imbalances
revealed by CGH is not an indicator of a high WHO
grade of the tumor.

Acknowledgements

We would like to acknowledge Hartmut Dohner
(Ulm, Germany) for his help with the FISH method. We
thank Sonja Welsch and Yvonne Sauter for skilful tech-
nical assistance, and Caroline Higginson for editorial
help. S. Scheil and M. Eicker are supported by the
Graduierten kolleg ‘Molekular Medizin' at the Medical
Faculty of the University of Ulm.

References

1. Arnoldus EP, Wolters LB, Voormolen JH, van Duinen SG,
Raap AK, van der Ploeg M, Peters AC (1992). Interphase
cytogenetics: a new tool for the study of genetic changes
in brain tumors. J Neurosurg 76: 997-1003

2. Barth TFE, Déhner H, Werner CA, Stilgenbauer S, Schlot-
ter M, Pawlita M, Lichter P, Méller P, Bentz M (1998) Char-
acteristic pattern of chromosomal gains and losses in pri-
mary large B-cell ymphomas of the gastrointestinal tract.
Blood 91: 4321-4330

10.

11.

12.

13.

14.

15.

16.

17.

18.

Bhattacharijee MB, Armstrong DD, Vogel H, Cooley LD
(1997) Cytogenetic analysis of 120 primary pediatric brain
tumors and literature review. Cancer Genet Cytogenet 97:
39-53

Bigner SH, McLendon RE, Fuchs H, McKeever PE, Fried-
man HS (1997) Chromosomal characteristics of child-
hood brain tumors. Cancer Genet Cytogenet 97: 125-134

Blaeker H, Rasheed BKA, McLendon RE, Friedman HS,
Batra SK, Fuchs HE, Bigner SH (1996) Microsatellite
Analysis of childhood brain tumors. Genes Chromos Can-
cer 15: 54-63

Blin N, Muller-Brechlin R, Carstens C, Meese E, Zang KD
(1987) Enhanced expression of four cellular oncogenes in
a human glioblastoma cell line. Cancer Genet Cytogenet
25:285-292

Burger PC, Scheithauer BW (1994) Tumors of the central
nervous system. Atlas of Tumor Pathology, Armed Forces
Institute of Pathology, third series, fascicle 10

Chadduck WM, Boop FA, Sawyer JR (1991-1992) Cyto-
genetic studies of pediatric brain and spinal cord tumors.
Pediatr Neurosurg 17: 57-65

Collins VP, James CD (1993) Gene and chromosomal
alterations associated with the development of human
gliomas. FASEB J 7: 926-930

Dal Cin P, Sandberg AA (1988) Cytogenetic findings in a
supratentorial ependymoma. Cancer Genet Cytogenet
30: 289-293

Debiec-Rychter M, Lasota J, Alwasiak J, Liberski PP
(1995) Recurrent anaplastic ependymoma with an abnor-
mal karyotype and c-myc proto-oncogene overexpres-
sion. Acta Neuropath 89: 270-274

Draper GJ, Sanders BM, Kingston JE (1986) Second pri-
mary neoplasms in patients with retinoblastoma. Br J
Cancer 53: 661-671

Ebert C, von Haken M, Meyer-Puttlitz B, Wiestler OD,
Reifenberger G, Pietsch T, von Deimling A (1999) Molec-
ular genetic analysis of ependymal tumors. Am J Pathol
155: 627-632

Fujimoto M, Sheridan PJ, Sharp zZD, Weaker FJ, Kagan-
Hallet KS, Story JL (1989) Proto-oncogene analyses in
brain tumors. J Neurosurg 70: 910-915

Fults D, Brockmeyer D, Tullous MW, Pedone AC, Cawthon
RM (1992) p53 mutations and loss of heterozygosity on
chromosomes 17 and 10 during human astrocytoma pro-
gression. Cancer Res 52: 674-679

Griffin CA, Long PP, Carson BS, Brem H (1992) Chromo-
some abnormalities in low-grade central nervous system
tumors. Cancer Genet Cytogenet 60: 67-73

Hamilton RL, Pollack IF (1997) The molecular biology of
ependymomas. Brain Pathol 7: 807-822

James CD, Carlbom E, Mikkelsen T, Ridderheim PA,
Cavenee WK, Collins VP (1990) Loss of genetic informa-
tion in central nervous system tumors common to children
and young adults. Genes Chromos Cancer 2: 94-102

. Jenkins RB, Kimmel DW, Moertel CA, Schultz CG, Schei-

thauer BW, Kelly PJ, Dewald GW (1989) A cytogenetic
study of 53 human gliomas. Cancer Genet Cytogenet 39:
253-279

S. Scheil et al: Chromosomal Imbalances in Anaplastic Ependymomas Detected by CGH 141



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kallioniemi A, Kallioniemi OP, Sudar D, Rutovitz D, Gray
JW, Waldman F, Pinkel D (1992) Comparative genomic
hybridization for molecular cytogenetic analysis of solid
tumors. Science 258: 818-821

Kallioniemi OP, Kallioniemi A, Piper J, Isola J, Waldman
FM, Gray JW, Pinkel D (1994) Optimizing comparative
genomic hybridization for analysis of DNA sequence copy
number changes in solid tumors. Genes Chromos Cancer
10: 231-243

Kleihues P, Cavenee WK (2000) Tumors of the nervous
system. Pathology & Genetics, IARC Press: Lyon

Kim DH, Mohapatra G, Bollen A, Waldman FM, Feuer-
stein BG (1995) Chromosomal abnormalities in glioblas-
toma multiforme tumors and glioma cell lines detected by
comparative genomic hybridization. Int J Cancer 60: 812-
819

Kindblom LG, Lodding P, Hagmar B, Stenman G (1986)
Metastasizing myxopapillary ependymoma of the sacro-
coccygeal region. Acta Pathol Microbiol Immunol Scand A
94: 79-90

Kramer DL, Parmiter AH, Rorke AH, Sutton LN, Biegler
JA (1998) Molecular cytogenetic studies of pediatric
ependymomas. J Neurooncol 37: 25-33

Lee SH, Kim JH, Rhee CH, Kang YS, Lee JH, Hong SI,
Choi KS (1995) Loss of heterozygosity on chromosome
10, 13qg (Rb), 17p, and p53 gene mutations in human
brain gliomas. J Korean Med Sci 10: 442-448

Liehr T, Grehl H, Rautenstrauss B (1995) FISH analysis of
interphase nuclei extracted from paraffin-embedded tis-
sue. Trends in Genetics 11: 377-378

Mapstone TB, Galloway PG (1991-1992) Expression of
glial fibrillary acidic protein, vimentin, fibronection, and N-
myc oncoprotein in primary human brain tumor cell
explants. Pediatr Neurosurg 17: 169-174

Mazewski C, Soukrup S, Ballard E, Gotwals B, Lampkin B
(1999) Karyotype studies in 18 ependymomas with litera-
ture review of 107 cases. Cancer Genet Cytogenet 113: 1-
8

Neumann E, Kalousek DK, Norman MG, Steinbok P,
Cochrane DD, Goddard K (1993) Cytogenetic analysis of
109 pediatric central nervous system tumors. Cancer
Genet Cytogenet 71: 40-49

Patt S, Cervos-Navarro J (1992) Combined erbB gene
overexpression and decreased H-ras gene expression in
human gliomas. Acta Histochem Suppl 42: 131-138

Patt S, Thiel G, Maas S, Lozanova T, Prosenc N, Cervos-
Navarro J, Witkowski R, Blumenstock M (1993) Chromo-
somal changes and correspondingly altered proto-onco-
gene expression in human gliomas. Value of combined
cytogenetic and molecular genetic analysis. Anticancer
Res 13:113-118

Piper J, Ruovitz D, Sudar D, Kallioniemi A, Kallioniemi OP,
Waldman FM, Gray JW, Pinkel D: Computer image analy-
ses of comparative genomic hybridzation. Cytometry 19:
10-26

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Ransom DT, Ritland SR, Kimmel DW, Moertel CA, Dahl
RJ, Scheithauer BW, Kelly PJ, Jenkins RB (1992) Cyto-
genetic and loss of heterozygosity studies in ependymo-
mas, pilocytic astrocytomas, and oligodendrogliomas.
Genes Chromos Cancer 5: 348-356

Reardon DA, Entrekin RE, Sublett J, Ragsdale S, Li H,
Boyett J, Kepner JL, Look AT (1999) Chromosome arm 6q
loss is the most common recurrent autosomal alteration
detected in primary pediatric ependymoma. Genes Chro-
mos Cancer 24: 230-237

Reifenberger G, Liu L, Ichimura K, Schmidt EE, Collins
VP (1993) Amplification and overexpression of the MDM2
gene in a subset of human malignant gliomas without p53
mutations. Cancer Res 53: 2736-2739

Rogatto SR, Casartelli C, Rainho CA, Barbieri-Neto J
(1993) Chromosomes in the genesis and progression of
ependymomas. Cancer Genet Cytogenet 69: 146-152

Sainati L, Montaldi A, Putti MC, Giangaspero F, Rigobello
L, Stella M, Zanesco L, Basso G (1992) Cytogenetic
t(11;17)(q13;921) in a pediatric ependymoma. Cancer
Genet Cytogenet 59: 213-216

Sawyer JR, Crowson ML, Roloson GJ, Chadduck WM
(1991) Involvement of the short arm of chromosome 1 in
a myxopapillary ependymoma. Cancer Genet Cytogenet
54: 55-60

Sawyer JR, Sammartino G, Husain M, Boop FA, Chad-
duck WM (1994) Chromosome alterations in four ependy-
momas. Cancer Genet Cytogenet 74: 132-138

Schréck E, Thiel G, Lozanova T, du Manoir S, Meffert M-
C, Jauch A, Speicher MR, Nirnberg P, Vogel, S, Janisch
W, Donis-Keller H, Ried T, Witkowski R, Cremer T (1994)
Comparative genomic hybridization of human malignant
gliomas reveals multiple amplification sites and nonran-
dom chromosomal gains and losses. Am J Pathol 144:
1203-1218

Seeger RC, Brodeur GM, Sather H, Dalton A, Siegel SE,
Wong KY, Hammond D (1985) Association of multiple
copies of the N-myc oncogene with rapid progression of
neuroblastomas. N Engl J Med 313: 1111-1116

Stratton MR, Darling J, Lantos PL, Cooper CS, Reeves
BR (1989) Cytogenetic abnormalities in human ependy-
momas. Int J Cancer 44: 579-581

Suzuki SO, lwaka T (2000) Amplification and overexpres-
sion of mdm2 gene in ependymomas. Mod Pathol 13:
548-553.

Thiel G, Losanowa T, Kintzel D, Nisch G, Martin H, Vor-
pahl K, Witkowski R (1992) Karyotypes in 90 human
gliomas. Cancer Genet Cytogenet 58: 109-120

Tong CYK, Ng H-K, Pang JCS, Hui ABY, Ko HCW, Lee
JCK (1999) Molecular genetic analysis of non-astrocytic
gliomas. Histopathol 34: 331-341

Vagner-Capodano AM, Gentet JC, Gamarelli D, Pellissier
JF, Gouzien M, Lena G, Genitori L, Choux M, Raybaud C
(1992) Cytogenetic studies in 45 pediatric brain tumors.
Pediatr Hematol Oncol 9: 223-235

Vagner-Capodano AM, Zattara-Cannoni H, Gambarelli D,
Figarella-Branger D, Lena G, Dufour H, Grisoli F, Choux
M (1999) Cytogenetic study of 33 ependymomas. Cancer
Genet Cytogenet 115: 96-99

142

S. Scheil et al: Chromosomal Imbalances in Anaplastic Ependymomas Detected by CGH



49.

50.

51.

52.

53.

54.

55.

Wasson C, Saylors RL, Zeltzer P, Frieddman HS, Bigner
SH, Burger PC, Bigner D, Look AT, Douglas EC, Brodeur
GM (1990) Oncogene amplification in pediatric brain
tumors. Cancer Res 50: 2987-2990

Weber RG, Sabel M, Reifenberger J, Sommer C, Ober-
strall J, Reifenberger G, Kiessling M, Cremer T (1996)
Characterization of genomic alterations associated with
glioma progression by comparative genomic hybridiza-
tion. Oncogene 13: 983-994

Weber RG, Bostrom J, Wolter M, Baudis M, Collins VP,
Reifenberger G, Lichter P (1997) Analysis of genomic
alterations in benign, atypical, and anaplastic menin-
giomas: Toward a genetic model of meningioma progres-
sion. Proc Natl Acad Sci USA 94: 14719-14724

Weber T, Weber RG, Kaulich K, Actor B, Meyer-Puttlitz B,
Lampel S, Buschges R, Weigel R, Deckert-Schliter M,
Schmiedek P, Reifenberger G, Lichter P (2000) Charac-
teristic chromosomal imbalances in primary central nerv-
ous system lymphomas of the diffuse large B-cell type.
Brain Pathol 10: 73-84

Weremowicz S, Kupsky WJ, Morton CC, Fletcher JA
(1992) Cytogenetic evidence for a chromosome 22 tumor
suppressor gene in ependymoma. Cancer Genet Cyto-
genet 61: 193-196

Wernicke C, Thiel G, Lozanova T, Vogel S, Kintzel D,
Janisch W, Lehmann K, Witkowski R (1995) Involvement
of chromosome 22 in ependymomas. Cancer Genet Cyto-
genet 79: 173-176

Wunder J, Czitrom A, Kandel R, Andrulis | (1991) Analy-
sis of alterations in the retinoblastoma gene and tumor
grade in bone and soft-tissue sarcomas. J Natl Cancer
Inst 83: 194-200

S. Scheil et al: Chromosomal Imbalances in Anaplastic Ependymomas Detected by CGH

143



