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Intratumoral genetic heterogeneity in pilocytic astrocytomas
revealed by CGH-analysis of microdissected tumor cells
and FISH on tumor tissue sections
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Abstract. Pilocytic astrocytomas are the most frequent gliomas
of childhood. The majority of cases show cytogenetic normal
karyotypes. Although in diffuse gliomas 7P53 gene mutations
or deletions occur with significant frequency, the role in
pilocytic astrocytomas remains unclear. Histomorphologically
different areas of 14 pilocytic astrocytomas were microdissected
and analyzed for genetic aberrations and heterogeneity. CGH
analysis revealed gains of chromosome arm 4q and 6q mainly
in areas of classic biphasic pattern, whereas pleomorphic areas
presented gains of chromosome 6 and 8q. Using two-color
fluorescence in situ hybridization (FISH) the spatial distribution
of aneuploidies for chromosomes 7, 8, 17 and the TP53 gene
were assessed on parallel sections. FISH analysis revealed a
significant percentage of cells with interspersed heterozygous
deletions of TP53 in all tumors (14/14), ten cases showed
also monosomy 17. Besides gains of chromosomes 7 and 8,
losses of these chromosomes were detected in the majority
of tumors. In conclusion, pilocytic astrocytomas show a
genetic heterogeneity associated with variations of histologic
structure as well as an intratumoral heterogeneity observed
on single cell level by FISH.

Introduction

Pilocytic astrocytomas are the most frequent gliomas in children
and young adults. They are classified as grade I by the
World Health Organization (WHO) and do not generally tend
to evolve into higher grade tumors. Pilocytic astrocytomas
differ from other gliomas significantly in clinical behavior. In
general, they have a favorable prognosis and do not show
most of the genetic changes seen in diffuse astrocytomas.
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Histomorphologically, they are characterized by a biphasic
pattern. Areas with bipolar cells forming a dense fibrillary
background with Rosenthal fibers and with loose stellate
cells in a microcystic background. Pilocytic astrocytomas
show also pleomorphic areas, however, pleomorphism does
not indicate malignancy in this tumor (1-3).

Previous reports on the cytogenetics of pilocytic astro-
cytomas have suggested no consistent or characteristic genetic
abnormalities. Numeric abnormalities described are gains of
chromosome 7 and gains or losses of chromosomes 8 and 11
(4-11). Less often complex clonal abnormalities were observed
in these tumors (4,11) suggesting a genetic heterogeneity.

Comparative genomic hybridization analysis (CGH) showed
similar results, affecting several chromosomes including
aneuploidy for chromosomes 7 and 8 (12-15). Fluorescence
in situ hybridization (FISH) on isolated nuclei from paraffin
embedded material revealed comparable results (16).

Conflicting data are reported for the role of the 7P53 gene
which is often mutated or deleted in other tumors, particularly
in diffuse gliomas. The reported mutation rate of 7P53 in
pilocytic astrocytomas varies between 0 and 35% (3,17-21).

Losses on 17q have also been described and in some cases
these encompass the NFI locus (neurofibromatosis type 1
gene) (22,23). However, no NFI mutations were observed
by single-strand conformation polymorphism analysis of 16
pilocytic astrocytomas (24).

Because some of these inconsistencies might be due to
genetic heterogeneity, CGH analysis was performed on
microdissected tumor tissue in order to test for different genetic
changes in morphologically different areas, which cannot
be distinguished by investigation of tumor-homogenates. The
same objective was applied to investigate paraffin-embedded
tumor tissue by FISH analysis with centromere-specific
probes for chromosomes 7, 8 and 17 and a single copy probe
for TP53, due to inconsistent results of cell culture and to
detect chromosomal aberrations which occur only in a minority
of cells.

Patients and methods

Patients and tumor probes. A total of 21 pilocytic astrocytomas
from 17 patients were analyzed. Hematoxylin and eosin
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Table I. Clinical data and CGH results of 14 microdissected pilocytic astrocytoma.

Tumor no. Age/sex® Tumor site Area CGH karyotype of microdissected probe®
234/92 15/m Cerebellum Control 46, XY
Biphasic 46, XY
Pleomorphic  rev ish dim (Y)
486/93 15/m Supratentorial ~ Control 46, XY
Biphasic rev ish enh (7p14p21,7q31qg35)
Pleomorphic rev ish enh (2q24q34.,4922q31,5921,6q13q23,12q14q22,13q21q22)
rev ish dim (1p36pter,17p13pter,18p11.2,19,22q11q12)
91/94 28/m Cerebellum Control 46 XY
Pleomorphic rev ish enh (8q)
287/94 2/f Cerebellum Control 46 XX
Biphasic rev ish enh (4q,5q,6q,11q)
rev ish dim (19p)
1474/94 4/m Supratentorial ~ Biphasic 46, XY
Pleomorphic  46,XY
363/99 8/m Supratentorial ~ Control 46, XY
Recurrence Biphasic rev ish enh (3p24pter,10q26)
of 1474/94 Pleomorphic  rev ish enh (X)
rev ish dim (Y)
357/96 7/m Cerebellum Control 46 XY
Biphasic rev ish enh (4q,6q)
752/96 8/m Cerebellum Control 46, XY
Biphasic rev ish dim (Y)
Pleomorphic rev ish enh (6q,8,18q,X)
rev ish dim (Y)
1054/97 9/m Cerebellum Biphasic rev ish enh (8q,X)
Recurrence
of 752/96
57/97 14/f Spinal Control 46, XX
Biphasic rev ish enh (6q12q21,7q11q21,12q12q21)
rev ish dim (9p21pter,10p21pter)
122/97 2/f Cerebellum Control 46 XX
Biphasic rev ish enh (4q)
rev ish dim (16q)
223/99 16/m Brainstem Biphasic rev ish enh (4q31qter,12q24qter)
1244/99 3/f Spinal Control 46,XX
Biphasic 46, XX
Pleomorphic  rev ish enh (6p12p22,8q24)
638 /00 4/f Spinal Biphasic 46, XX
Recurrence Pleomorphic rev ish enh (4p16,5q31qter,6p21,8q24qter,11q12,12q24,20)
of 1244/99

2m, male; f, female. PThe description of karyotypes is based on the ISCN (Mitelman, 1995): rev ish, reverse in situ hybridization; enh,
enhanced; dim, diminished.

(HE)-stained sections were classified according to the
World Health Organization (WHO) classification (2), by one
of the authors. None of the patients had a known association

with a type I neurofibromatosis. The study was approved
by the local Ethics comittee. Specific informed consent was
obtained.
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Table II. Results of interphase cytogenetics in pilocytic astrocytomas (in % of nuclei evaluated per slide).
Number of signals Number of signals

Tumor no. Chromo- Tumor no. Chromo-
Age/sex? some Age/sex? some
Tumor site probe 0 1 2 3 4 >4 Tumorsite  probe 0 1 2 3 4 >4
384/93 7 46 192 762 752/96 35 153 797 15
1/m 8 20 212 748 20 8/m 8 05 74 312 332 228 50
Supratentorial 17 10 431 559 Cerebellum 17 67 839 73 21

TP53 14.7 588 265 TP53 16 15 679 73 v73 10
486/93 7 40 257 693 10 122/97 7 1.7 157 810 1.7
15/m 8 59 238 683 10 10 2/t 8 74 215 702 08
Supratentorial 17 13 132 849 0.7 07 Cerebellum 17 42 366 592

TP53 20 283 69.7 0.7 TP53 479 52.1
91/94 7 19 94 366 20.7 202 113 366/97° 7 05 250 720 25
28/m 8 23 239 648 6.1 19 09 12/ 8 25 305 670
Cerebellum 17 00 80 845 60 15 Cerebellum 17 03 254 712 30

TP53 40 155 670 75 50 10 P53 10 234 692 43 17 03
287/94 7 05 171 791 24 05 05 695/98 7 15 260 685 20 20
20/f 8 19 123 829 14 14 8/f 8 30 325 o615 20 10
Cerebellum 17 55 855 60 30 Cerebellum 17¢ - - - - - -

TP53 15 129 697 80 75 05 TP53 189 776 21 14
1474/94 7 09 80 750 125 36 223/99 7 35 285 660 20
4/m 8 18 116 777 63 27 16/m 8 70 295 635
Supratentorial 17 1.5 229 741 16 Brainstem 17 40 250 695 10 05

TP53 53 298 634 16 TP53 10 190 780 1.5 0.5
357/96 7 05 60 542 274 90 30 998/99 7 1.1 190 725 49 19 05
7/m 8 10 80 582 244 60 25 10/f 8 05 316 626 44 08
Cerebellum 17 135 735 105 25 Cerebellum 17 139 791 47 1.7

TP53 25 175 655 70 70 05 P53 0.6 174 74.1 5 23
508/96 7 55390 540 10 0.5  1068/99 7 125 605 15.0 100 20
11/f 8 55 245 695 05 61/m 8 15 185 565 135 80 20
Cerebellum 17 03 228 764 05 Brsainstem 17 07 141 678 102 64 1.1

TP53 22 217 734 14 1.1 TP53 28 218 60.1 92 53 1.1

2m, male; f, female. "Recurrence of 508/96. °Not valuable due to intense background signal. Considering the results from control hybridizations
we determined a cut-off level of 10%, for monosomy 8 of 14% (printed in bold).

For CGH analysis 11 primary and 3 recurrent tumors
and leptomeningal blood vessels of the same patients, as an
internal control were analyzed (Table I). Archival routinely
fixed (4% neutral buffered formaldehyde) paraffin-embedded
tumor samples were cut in serial sections, 10 ym for micro-
dissection, and 6 pm for FISH, respectively. FISH analysis
was performed on 13 primary tumors and 1 recurrent tumor
(Table II). Six of these patients are not concordant with the
CGH study because all available material was used up. All
patients gave written informed consent for the use of the tumor
samples for genetic analysis.

Microdissection, DOP-PCR, CGH. Microdissection, DOP-
PCR, and CGH were performed as previously described (26).

In short, using an upright brightfield microscope (Olympus
BX60, Tokyo, Japan) about 50-500 cells were dissected
with DNA-free glass needles, attached to a mechanical
micro-manipulator (Eppendorf, Germany) (Fig. 1). Histo-
morphologically normal appearing leptomeningeal blood
vessels of the same tumor served as normal control tissue.
After digestion the DNA was homogeneously amplified in a
thermocycler (PTC 100, MJ Research, Waltham, MA) and
labeled with biotin-16-dUTP (Roche Diagnostics, Germany)
in a second amplification step. Normal reference DNA was
labeled with digoxigenin by standard nick translation (Roche
Diagnostics). The same amounts (600 ng) of tumor and
normal DNA together with COT1 DNA (Roche Diagnostics)
were hybridized to normal chromosome metaphase spreads
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Figure 1. Pilocytic astrocytomas after microdissection. A, stellate cells in a micro-cystic background (tumor 57/97). B, bipolar cells in a fibrillary background
(tumor 287/94). C, pleomorphic cells in a fibrillary background (tumor 91/94). D, pleomorphic area with multinuclear cells in a myxoid background (tumor
638/00). All sections were stained with hematoxylin and eosin, magnification x100. E and F show cell nuclei within a tissue section of case 223/99 and
998/99 hybridized with probes specific for the centromere regions of chromosome 7 (green) and 8 (red) (original magnification x60 and x100, respectively).
The view field shows an overview about the heterogeneous distribution of the chromosomal aberrations (E), in (F) two nuclei with monosomy 7 and disomy
8, one nuclei with monosomy 7 and 8 and one nuclei with monosomy 8 and disomy 7 are shown. G and H show cell nuclei within a tissue section of case
508/96 and 366/97 hybridized with probes specific for the centromere region of chromosome 17 (green) in combination with a single-copy probe for 7P53
(red) (original magnification x100). The view field shows nuclei with a normal distribution for chromosome 17 and 7P53 (in part with the second signal for
chromosome 17 below the focus line) next to nuclei with heterozygous deletions for 7P53 and two signals for chromosome 17 as well as nuclei with one
chromosome 17 and one signal for TP53.

from peripheral blood lymphocytes prepared following standard ~ Burlingame, CA), and normal DNA with rhodamine (Roche
procedures. After post hybridization washes, tumor DNA was  Diagnostics). Fluorescence images were captured and
visualized with fluorescein isothiocyanate (Vector Laboratories, — processed by use of Isis (Metasystems, Germany). Average
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ratio profiles were determined from analysis of 10-15
metaphases. The thresholds used for ratio profiles were 1.2 for
gain and 0.8 for loss.

FISH

Pretreatment and hybridization. Tumor tissue sections were
deparaffinized and digested in proteinase K solution (2 mg/ml
proteinase K in 5 mM EDTA/50 mM Tris pH 7.6, Merck,
Germany) at 55°C. The sections were rinsed two times for
5 min in PBS at room temperature, incubated in 2X SSC for
30 min at 80°C, dehydrated and air-dried (27).

Dual-probe hybridization was performed using a digoxi-
genin-labeled locus-specific probe for TP53 (Qbiogene,
Illkirch, France), simultaneous with a biotin-labeled centro-
mere-specific probe for chromosome 17 (D17Z1) on one
section and a digoxigenin-labeled centromere-specific probe for
chromosome 7 (pa7tl), simultaneous with a biotin-labeled
probe for chromosome 8 (D8Z2) on a parallel section. D17Z1,
pa7tl and D8Z2 were purchased from ATCC (American Type
Culture Collection, Rockville, MD).

Target DNA was denatured in 70% formamide/2X SSC
at 70°C for 15 min and dehydrated in a series of cold alcohol
(-20°C). Probe DNA was denatured at 70°C for 5 min, followed
by incubation over two days at 37°C.

Stringency washing and microscopy. Sections were washed
two times in 2X SSC at 42°C and three times in 57%
formamide/2X SSC at 42°C 10 min each. Immuno-
fluorescence detection of the biotin signals was carried out
using Streptavidin-FITC and biotinylated anti-Streptavidin
(Vector Laboratories). For the detection of the digoxigenin
signals, anti-Dig-Cy3 and goat anti-mouse-Cy3 (Jackson
Immuno-Research Laboratories, West Grove, PA) were used.
The nuclei were counterstained with an anti-fade solution
containing DAPI (4, 6-diamidino-2-phenylindole) (Vector
Laboratories).

An Olympus BX 60 microscope was used to count the
FISH signals. Approximately 200 non-overlapping nuclei
were enumerated per hybridization according to the criteria
of Hopman et al (28).

Hybridizing and enumerating non-neoplastic brain tissue
from persons who had died without known neurological
diseases was performed for cut-off ranges for all FISH probes.
Alternatively, normal human lymphocytes were hybridized in
parallel to supervise cross hybridizations by non-stringency of
hybridization conditions. Tumors were classified as aneuploid
when more than 10% of scored nuclei were monosomic or
trisomic/polysomic. Due to reduced hybridization efficiency
of the D8Z2 probe, the cut-off level for monosomy 8 was set
to 14% while it was still 10% for trisomy 8.

Results

CGH. From 14 pilocytic astrocytomas of 11 patients, 31
different areas were microdissected: 13 with the classical
biphasic pattern, 8 with pleomorphic hallmarks like large
hyper-chromatic nuclei, multinuclear cells or high cell
density with myxoid change (Fig. 1) and 10 leptomeningeal
blood vessels for internal control. All microdissected control
tissues (10/10) showed a normal karyotype, whereas in 9/13

357

| QDM o QI
o [0
— hii
(T s )
MLLL > (DI

=
B
e
>
=]
=
@

1ITEEN
NN
i EE i % 3
B8 : o8 I

Figure 2. Distribution of chromosomal alterations in biphasic (A) and
pleomorphic areas (B) of 14 pilocytic astrocytomas. Lines on the left of the
chromosomes represent DNA losses, gains are on the right.

biphasic areas and 6/8 pleomorphic areas genetic changes were
detected. Regardless of the different histomorphological
pattern, most frequently gains were detected on chromosome
arm 4q, 6q, 8q and 12q (Table I and Fig. 2). Thus, the tumors
showed established chromosomal aberrations, as well as
chromosomal aberrations, to date not known for pilocytic
astrocytomas. In general, the pleomorphic areas showed
more complex aberrations than the biphasic areas of the same
tumors. The three recurrences (case 363/99, 1054/97, 638/00)
revealed the same aberrations as the corresponding primary
tumor, but also showed additional changes (see Table I).

With the exception of chromosomes 14, 15 and 21, all
chromosomes were involved in genetic alterations. Most
frequently, gains were detected on chromosome 4 (4 biphasic
and 1 pleomorphic areas), on chromosome 6 (3 biphasic
and 2 pleomorphic areas), on chromosome 8 (1 biphasic and
4 pleomorphic areas), and on chromosome 12 (2 biphasic and
2 pleomorphic areas).

Taking the histomorphology into account (Fig. 2), gains
of chromosome arm 4q are mainly detected in biphasic areas,
whereas gains on chromosome arm 8q are observed most
often in pleomorphic areas. Gains on chromosome 6 were
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Etetrasomy 17

Htrisomy 17
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gt deletion of p53
H heterozygous deletion of p53
Dgains of p53 (4-5 signals)
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Etrisomy 8 disomy 7
Otetrasomy 7 disomy 8
Otrisomy 7 disomy 8
Htrisomy 7 &8
Emonosomy 8 disomy 7
BEmonosomy 7 disomy 8
B monosomy 7 & 8

B

Figure 3. Summary of the most frequent simultaneous occurring aberrations detected by FISH.

found in biphasic as well as in pleomorphic areas. However,
in biphasic areas only a gain of 6q was detected, whereas in
pleomorphic areas the complete chromosome 6 was involved.

FISH. By interphase FISH, in all investigated (14/14) tumors,
aneuploidies of all analyzed chromosomes were detected
(Table II). Typical examples of the signal distribution in
single nuclei are shown in Fig. 1 E-H.

In all tumors, cells with loss of TP53 were observed
(15-59% of nuclei). Furthermore, 10 tumors showed a
significant proportion of cells with monosomy 17 (13-43%
of nuclei). One case (695/98) could not be analyzed for
chromosome 17 because of high background fluorescence.
Two cases also showed cells with gains of chromosome 17,
the percentages, however, were near the cut-off level of 10%.

The majority of tumors (10/14) showed significant numbers
of cells with loss of one chromosome 7 (16-39% of nuclei).
Cells with gains of chromosome 7 were observed in 4/14 cases,
whereas one case also showed adjacent cells with losses of
chromosome 7.

Nine of 14 tumors only showed cells with loss of one
chromosome 8 (21-33% of nuclei). One tumor showed both

cells with gains and losses of chromosome 8. Two tumors
showed only gains and two tumors revealed no statistically
significant aberrations of chromosome 8.

In one patient (case 508/96 and 366/97) with a recurrence,
both the primary tumor and the recurrence showed losses of
chromosome 7 in 39% of nuclei of the primary, and in 25%
of the recurrent tumor. For chromosome 8 the ratio was 25%
and 31% of nuclei.

Loss of chromosome 17 and heterozygous deletion of
TP53 were detected in 23% and 22% of nuclei, and in the
recurrence 25% and 23%, respectively. All numerical chromo-
some aberrations were scattered diffusely throughout the
evaluated areas (intratumoral heterogeneity) and did not
show a clonal distribution.

Regarding the simultaneous occurrence of aberrations,
monosomy 7 was observed in combination with either
monosomy or disomy of chromosome 8 and vice versa
(Fig. 3). Furthermore, gains of chromosome 7 were detected
in combination with disomy 8, and in a lower percentage
of nuclei in combination with trisomy 8. Only one tumor
(case 752/96) showed gains of chromosome 8 in combination
with two signals of chromosome 7 in the majority of cells.
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Discussion

During the past 20 years only few cytogenetic studies of
pilocytic astrocytomas have been published. Most cases showed
normal karyotypes, and in contrast to other gliomas, fewer
random structural and numerical chromosomal abnormalities.
Altogether, only a slight increase in aneuploidy for chromo-
somes 7, 8 and 11 was observed (3-11,30). Generally, chromo-
somal alterations are only detectable when they occur in
the majority of tumor cells and/or are favored by in vitro
selection in cell cultures. Therefore, genetic alterations which
occur only in a lower frequency of tumor cells or are prone to
be lost in vitro, are not detected. Our present data actually
demonstrate partial chromosomal gains and losses which are
only rarely or not observed by metaphase analysis of these
tumors.

The most important observation of the microdissection
study with CGH was that some alterations show area-
specificity. In general, pleomorphic areas showed both more,
and more complex aberrations than bipolar areas of the same
tumor. Gains of 4q and 6q appeared to be more pronounced
in biphasic areas, whereas gains of 6 and 8q seemed to be
more common in pleomorphic areas. These genetic
aberrations are confirmed by CGH studies on homogenized
tumor samples in a lower frequency (12-15) and are also
observed in low grade astrocytomas (30). With this specific
approach it was possible to show the first evidence of a
correlation of different morphologic areas with specific
genetic changes. Gains on chromosomes 4q and 6 were
reported previously to also occur in high-grade gliomas (26).
In contrast to pilocytic astrocytomas, in the genetically
heterogeneous glioblastomas no correlation to histomorpho-
logical differences was detected (26,31).

A correlation of tumor specific abnormalities to different
histomorphological areas and the low frequency of changes
could explain the differences of the described data to cell
culture experiments (4-11). The genetic changes detected by
FISH could be confirmed by CGH in only one case (752/96),
because of the lower resolution of the CGH which detects
only genetic changes when more than 40-50% of the tumor
cells are affected.

Gains of chromosome 7 and 8 were also reported by FISH
analysis of isolated nuclei from paraffin-embedded tissue (16).
In the two-color FISH study, 8 cases showed cells with
trisomy 7, and 6 of them with trisomy 8. Moreover, in contrast
to previous studies, it was also possible to detect losses of
chromosomes 7 and 8 in a large amount of cells of the same
tumors. The majority of cases showed losses and one tumor
showed losses as well as gains for chromosome 7. This case
(1068/99) showed gains and losses for chromosome 8, and in
9 tumors, only losses for chromosome 8 were found.

The tumors showed numerical aberrations of chromosome 7
and 8 in a scattered distribution through the tumor tissue.
One possible explanation for these findings might be an
increased de novo non-disjunction in these tumors revealed
by the high resolution of the method used. Nearly all reports
concerning chromosome 7 in astrocytomas are derived from
cell culture results. It is discussed that gain of chromosome 7
might have a proliferation advantage in cell culture leading
to artifacts (29). Losses of chromosomes 7 and 8 are also
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reported in the above-mentioned FISH-study on isolated
nuclei of paraffin-embedded tumor tissue, but because of a
high cut-off level these results were not considered as relevant
by the authors (16). Gains and losses of chromosome 8
within the same as well as in different tumors were described
also for high grade gliomas, suggesting an intra- and inter-
specific heterogeneity (31). FISH gave evidence that native
tumor cells display a higher variation of numerical aberrations
of theses chromosomes than cell cultures. This might occur
due to a general numerical chromosome in vivo instablility
that, as a result of clonal selection under in vitro conditions,
is less obvious. These findings, as well as the described results,
show that it is possible to identify more cytogenetic alterations
in pilocytic astrocytomas when alternative techniques,
instead of conventional cytogenetic methods were used. For
chromosomes 7 and 8, gains as well as losses, adjoining
specific molecular cytogenetic inconspicuous nuclei are
observed in the same tumor which explains the heretofore
rarely observed chromosomal alterations in pilocytic astro-
cytomas.

Interestingly, for these low grade tumors, heterozygous
deletions of TP53 were detected in all investigated biopsies;
additionally monosomy 17 was found in 10/14 cases. This
signifies a much higher rate of TP53 deletions than published
before. Most authors rarely observed mutations or LOH of
TP53 in pilocytic astrocytomas (3,17,19-21). Only one
publication (18) reported a higher percentage (35% of
investigated tumors) of TP53 mutations. These observations
confirm that chromosomal aberrations and molecular alterations
present only in specific intratumoral structures, in a minority
of cells, or balancing each other (e.g. cells with gain and cells
with loss of the same chromosome), may be missed when
only tumor homogenates are investigated. TP53 mutations
are known to play an important role in the genetic pathway
leading to secondary glioblastomas and were detetected already
in low grade astrocytomas. Our present data indicate a major
impact of TP53 alterations also in pilocytic astrocytomas.
Moreover, this study demonstrates that intratumoral genetic
heterogeneity as reported for higher grade gliomas (30) can
also be detected with appropriate techniques, even at a lower
ratio in low grade pilocytic astrocytomas.
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