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Abstract

Deletions of chromosomal band 9p21 have been detected in various
tumor types including melanoma, glioma, lung cancer, mesotbelioma, and
bladder cancer. Recently, the CDKN2gene@ MTSI, CDK4J)has
been proposed as a candidate tumor suppressor gene because it is fre
quently deleted in cell lines derived from multiple tumor types. We
perfonned fluorescence in situ hybridization (FISH) with interphase cells
using yeast artificial chromosome clones and a cosmid contig of the

CDKN2 region. In 10 cell lines (4 giloma, 2 melanoma, 2 non-small cell
lung cancer, 2 bladder cancer) with 9p alterations detected by molecular
or cytogenetic analysis, interphase FISH with the CDKN2 cosmid contig
detected all 9p deletions previously identified by molecular analysis. Using
this prObe, FISH analysis of primary glioblastoma tumors revealed ho

mozygous deletions of the CDKN2 region in 6 of 9 tumors (67%) whereas
a yeast artificial chromosome probe containing the interferon type I (IFf@@J)
gene cluster was deleted in only 4 cases (44%). Thus, It is likely that the
CDKN2 region is the target of 9p deletions in gliomas. Interphase FISH
will play an important role in defining the clinical significance of 9p

deletions In primary tumors because It is especially applicable to clinical
samples which may be contaminated by normal cells.

Introduction

The malignant transformation of tumor cells is known to be driven
by the accumulation of different genetic events including numerical

and structural alterations of distinct chromosomal regions. Among the
specific alterations associated with neoplasia, the loss of tumor sup
pressor genes has been recognized as an important phenomenon.
Hemizygous and homozygous deletions of chromosomal band 9p21
have been detected in various tumor types including melanoma,
glioma, lung cancer, mesothelioma, and bladder cancer (1). In primary
glioma the JFN3 gene cluster which is located telomeric to the tumor
suppressor region was found to be deleted in up to 50% of the primary
tumors (2â€”4).Recently, the CDKN2 gene (J6@'@â€•@@)which encodes an
inhibitor of the cyclin-dependent kinase 4 (CDK4), was found to be
frequently involved in 9p deletions in tumor cell lines and has been
proposed as a candidate tumor suppressor gene (1, 5, 6). In Southern
blot analysis, 78% of our glioma cell lines and 45% of primary tumors
showed homozygous deletions of CDKN2.4 However, the frequency
of point mutations of CDKN2 in glioblastoma and other primary
tumors is rather low (7â€”9).Therefore, it appears that the preferred
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mechanism of inactivation of CDKN2 is by homozygous deletions.

Interphase FISH is a well established technique for identifying genetic
alterations in neoplasias on a single-cell level. This technique is
especially suited to analyze clinical tumor samples which are â€œcon
taminatedâ€•with normal cells. In addition, loss of one allele can be
readily determined. We performed interphase FISH analysis on 10
tumor-derived cell lines (4 glioma, 2 melanoma, 2 non-small cell lung
cancer, 2 bladder cancer) with rearrangement of the short arm of
chromosome 9 detected by molecular or cytogenetic analysis and 9
primary glioblastoma, to determine the accuracy of different probes in
detecting 9p deletions in tumor cell lines and primary tumor tissue. To
our knowledge, this is the first report showing the utility of interphase
FISH to detect deletions of the CDKN2 region in primary tumors.

Materials and Methods

Cell Lines. We used 10 cell lines (4 glioma, 2 melanoma,2 non-smallcell
lung carcinoma, and 2 bladder cancer) that had been well characterized by
conventional cytogenetic analysis. The cell lines were obtained from the
American Type Culture Collection or from the investigators who had estab
lished them. Cytogenetic deletions of the short arm of chromosome 9 were

detected in 4 of 10 cell lines. The cell lines as well as phytohemagglutinin

stimulated normal peripheral blood cells were harvested using standard cell

culture techniques. Metaphase chromosomes were prepared as described

previously (1 1).
Patient Material& Tumor specimens obtained from 9 patients undergoing

biopsy or resection of brain tumors were frozen in liquid nitrogen and stored

at â€”70Â°C.The tumors were graded as glioblastoma multiforme according to
the WHO classification system. Touch preparations were made by touching
a freshly cut and thawed tumor surface on a slide. The slides were fixed

in methanol:glacialacetic acid (3:1), treatedwith 5 gtg/ml proteinaseK
(Boehringer Mannheim, Mannheim, Germany), and postfixed in 0.5%
paraformaldehyde (Sigma Chemical Co., St. Louis, MO).

FISH Probes. YAC A88E10 (330 kilobases), later referred to as YAC 11,
and YAC 802B11 (1450 kiobases), later referred to as YAC 23, were Obtained
by screening the St. Louis and the CEPH YAC libraries with JFN Al primers
(12). YAC 883G5 (1 100 kilobases), later referred to as YAC 17, were Obtained

from the CEPH MegaYAC library by screening with D9S966 primers (13).
YAC 284D6 (320 kilobases),laterreferredto as YAC 10/2, fromchromosomal
band 8q22 was used as a control probe (14).

Eight cosmids encompassing a 250-kilobase region around CDKN2 were

used. The cosmid contig was assembled by screening a flow-sorted human
chromosome 9 library (Lawrence Livermore Laboratories) with probes from a
YAC contigof the region.The exact localizationof the FISHprobesis shown
in Fig. 1. FISH probes were prepared as described previously (10). YACS were

purified on a pulsed-field gel. The DNA of the excised YAC bands as well as
the cosmid DNA (20â€”100pg) was amplified using a SIA (15). The amplifi
cation products were PCR labeled with biotin-1 1-dUTP (Enzo Diagnostics)
and finally treated with DNase (DNase I, 200 pg/ml for 10â€”20mm: Boehringer
Mannheim) to reduce the average fragment size to 150â€”450base pairs.
pHuR98,a variantsatellite 3 sequence, which hybridizesspecifically to the
heterochromatic region of chromosome 9 (9qh), was used to determine the
copy number of chromosome 9 (16). The plasmid with a 158-base pair insert
was amplified by SIA, PCR labeled with Spectrum Orange-i 1-dUTP (Image
netics, Framingham, MA), and treated with DNase as described. The copy
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Dual color FISH was performed with normal peripheral bloodcells of 10probands.FISH

Region/
probe markerNo.

of hybridization signals/cell(%)01234>4pHuR

9qh0.02 Â±0.06â€•3.22 Â±0.5495.70 Â±0.500.78 Â±0.370.32 Â±0.320YAC
17 D9S9660.30 Â±0.273.90 Â±1.3394.66 Â±1.630.74 Â±0.390.40 Â±0.270COS

p16 CDKN20.10 Â±0.192.68 Â±1.0096.02 Â±1.460.82 Â±0.620.32 Â±0.230.04 Â±0.13YAC
11 IFNA0.06 Â±0.102.12 Â±0.896.60 Â±1.100.80 Â±0.490.42 Â±0.320YAC
23 IFN A0.04 Â±0.081.92 Â±0.3397.08 Â±0.650.78 Â±0.690.12 Â±0.100YAC
10/2 8q220.16 Â±0.181.94 Â±0.6597.04 Â±0.650.62 Â±0.300.24 Â±0.160a

Mean Â± SD of hybridization signals/cell.

Table 2 Molecular and cytogenetic features of human tumor cell lines

The number of chromosome 9 copies were determined by FISH analysis of the centromere 9 probe (pHuR 98). The presence of th
markers REY24,CDKN2, D9S996, and D9S171 were determined by Southern blots.e

interferonA cluster (IFN A) and of themolecularCytogenetic

alterations of No. of chromosomes 9
Cell line Tumor type chromosome 9 Ploidy (FISH)IFNAREY24CDKN2D9S996D9S171A172

Glioma 9p on marker, 16 marker Near triploid 4
chromosomesÃ·H4

Glioma del(9p) 3X Hypertriploid 3 â€”p('
T98 Glioma 14â€”16marker Hyperpentaploid >4 +

chromosomes+â€”++
+U410

Glioma ND Near diploid 2 â€”
HS294T Melanoma Normal Near triploid 3 +
RPMI7951 Melanoma ND Heteroploid >4 +

(>2Xâ€”.6X)
H290 NSCLC der(9)t(6;9)(pl l;pl 1), Near tetraploid 4 @pâ€•

del(9)(pll), del(9)(j22)
H322 NSCLC del(9@p13), 25 marker Near tetraploid 4 â€”

chromosomesâ€”

â€”

+

â€”â€”

â€”

+

â€”â€”

+

+

â€”+

+

+

+RT4

Bladder carcinoma â€”9,del(9)(j21p22) 3X Hypotetraploid 3@
UM-UC3 Bladder carcinoma +9, del(9)(q12 or q34), Hypertriploid 4 +

add(9)(q12)â€”â€”â€”+
+

DE'I'ECI'IONOF CDKN2DELETIONSBY INTERPHASEFISH

Table 1 Interphase analysis of normal peripheral blood

a@ autoradiographic signal comparable to the control; â€”,no signal; p. partial deletion of the IFNA gene cluster (only some of the multiple bands are present); ND, not done; NSCLC,

non-small cell lung carcinoma.

probes showed an almost identical distribution of signals/cell compa
rable to previously published results for centromeric probes. In 500
nuclei scored, 2 signals were detected in 94â€”97%of the cells.

Interphase Analysis in Tumor Cell Lines. 9p deletions were
determined by molecular analysis in 9 of 10 cell lines (Table 2). All
deletions were detected as well by Interphase FISH with the COSp16
probe. The results of the FISH analysis are summarized as a deletion
map (Fig. 1). YAC 23 was homozygously deleted in one cell line
(H322). YAC 11 which covers the proximal JFN gene cluster was
absent in 2 cell lines (U410, H322); only one copy was retained in one
cell line (H4). Moreover, the intensity of the hybridization signals for
YAC 11 was significantly reduced in 3 cell lines (H290, H4, A172).
Previous detailed molecular analysis revealed that the distal deletion
breakpoints of these cell lines lie within the YAC 11 region (3, 18).
Therefore the intensity of the signal is reduced. However, we were

still able to detect signals for YAC 11 in one cell line [H4 (Fig. 2a)1
even though 90% of the YAC region was deleted. YAC 17 was
homozygously deleted in 2 cell lines (H290, RT4), the number of
copies was reduced in 2 other cell lines (A172, H4), and 1 cell line
showed a partial deletion of one allele (U410). The cosmid probe
which covers the region of CDKN2 was homozygously deleted in 8 of
10 cell lines. In one cell line (T98) the signal was significantly
reduced indicating a partial deletion of the region. Southern blot
analysis showed a homozygous deletion of CDKN2 in this cell line,

whereas another molecular marker of the region was retained (data not
shown). In 5 cell lines (H4, U410, HS294T, RT4, UM-UC3), both
control probes, the chromosome 8 centromere probe and the YAC
10/2 probe, showed a similar distribution of signals/cell indicating the
comparable hybridization efficiency of centromeric and YAC probes.
However, in the 5 remaining cell lines (all with 4 or more copies of

number of chromosome 8 was determined by a centromeric FISH probe CEP

8 Spectrum Orange (Imagenetics).

FISH Procedure. Two color FISH with YAC or cosmid probes and a
centromeric probe was performed as described previously (17). The hybrid
ization solution contained approximately 0.1 p.g of each probe, 1 p@gof human
Coti-DNA (BRL), 0.6 @gof human placental DNA, and 3 @gofsalmon sperm
DNA/slide in a 10-@.ti volume. The biotinylated probes were detected with

FITC-conjugated avidin. The slides were counterstained with 4',6'-diamidino
2-phenylindole dihydrochloride and were analyzed using epifluorescence and
a single-pass filter (Chroma Technology) to avoid superimposition of the
centromeric and the YAC signals. For interphase analysis of the cell lines, the
FISHsignals of a totalof 500 single, intactcells were countedby 2 independ
ent observers. In addition, 25 metaphase cells of each cell line were analyzed.
In the tumor samples 100 single intact cells were analyzed. For Fig. 2, separate
gray scale images of 4',6'-diamidino-2-phenylindole-stained cells and fluores
cence signals were captured using a cooled charge-coupled device camera

(Photometrics, Tucson, AZ) and were pseudocolored and merged using NIH
Image or Adobe Photoshop.

Molecular Analysis. Cell line DNA was extracted and treated with restric
tion enzyme (HindIII), electrophoresed on a 1% agarose gel, and transferred to
a nylon-based nitrocellulose membrane (Gene Screen Plus; NEN, Boston).
DNA filters were hybridized with 32P-labeledprobes from 9p2i and exposed
to X-ray film. The probes used were REY24,CDKN2cDNA, D9S966, and
D9S171 (13).@The exact order of the molecular markers is shown in Fig. 1.

Results

Interphase Analysis in Normal Peripheral Blood. To determine
the reliability of the FISH probes in nonmalignant cells, ten test
hybridizations of peripheral blood cells from normal individuals were
performed with each probe (Table 1). Both centromeric and YAC

5 o. i. Olopade et al., manuscript in preparation.
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DETECTION OF CDKN2 DELETIONS BY INTERPHASE FISH

9tel latter group the number of signals/cell was highly comparable to the
centromere 9 data. In contrast, in the cell lines with homozygous
deletions 99.5 Â±0.4% (SD) of the cells showed no hybridization
signal (Fig. 3A). Nonhomozygous deletions could be detected with a
similar accuracy. Thus, there was good concordance between the
molecular results and the FISH data. All the homozygous deletions
determined by molecular analysis were detected by Interphase FISH
(Table 2). In addition, cell lines with a partial loss of the IFN gene
cluster had a reduced intensity of the hybridization signal of YAC 11.

Interphase Analysis in Tumor Specimens. To determine 9p de
letions in primary tumors, we analyzed 9 brain tumors, pathologically
classified as glioblastoma multiforme, using the FISH probes YAC
11, COSp16, and YAC 10/2 for detection of the deletion of the
proximal JFN gene cluster (YAC 11), the CDKN2 region (COSp16),
and a control probe (YAC 10/2). Of 9 tumors, 4 tumors (44%) had a
deletion of the proximal IFN gene cluster [YAC 11 (Fig. 3B)]. No
cosmid signal for CDKN2 was detectable in 5 tumors. In one addi
tional tumor sample [sample 1 (Fig. 3B)] the intensity of the hybrid
ization signals of the cosmid contig was significantly reduced in
comparison to the control YACs, indicating a partial deletion of the
cosmid contig.

In one tumor sample [sample 7 (Fig. 3B)] 7% of the cells did not
show any YAC 11 signal. This tumor had only one copy of chromo
some 9. Therefore, the number of cells without hybridization signal
probably results from an incomplete hybridization efficiency. In an
euploid tumors (6 cases, determined by interphase FISH) a subpopu
lation of cells (13.4 Â±4.8%) had 2 copies of chromosome 9. This cell
population was not identified in cell lines and probably represents the
contamination with normal cells (stromal cells, lymphocytes, etc.).

Discussion

Interphase FISH analysis is a well established method to determine
chromosomal aberrations in hematological malignancies and solid
tumors. Using the appropriate probes, interphase analysis is able to
detect chromosomal aberrations in clinical tumor specimens contam
inated with normal cells and is also able to detect these changes in
small subpopulations of cells. In this study, we describe the analysis
of 10 cell lines derived from gliomas, melanomas, non-small lung
cancer, and bladder cancer and 9 primary gliomas using interphase
FISH analysis. For our experiments, we generated FISH probes from
YACS and a cosmid contig by a SIA technique developed in our
laboratory (10). This procedure yields consistent and strong FISH
signals for interphase analysis. In contrast, single cosmids of the 9p
region had a hybridization signal of only moderate intensity due to the
small insert size. At present, FISH probes of YACS or similar vectors
have been generated previously by Alu-PCR (19). This amplification
technique is limited by the number of Alu sequences per clone which
varies considerably. Hybridization of YAC probes generated by Alu
PCR to extended chromatin preparations showed incomplete repre

c@)
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D9S966

N.
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D9S171

Fig. 1. 9p deletion map ofthe cell lines. The position of different FISH probes (YAC
11, YAC 23, YAC 17, COSp16) and molecular markers (REY24, CDKN2, D9S966,
D9S171) are shown. D, homozygous deletions; @.,nonhomozygous deletions. kb, kilo
bases.

chromosome 8) the number of chromosome 8 centromere signals/cell
differed from the number of YAC 10/2 signals/cell suggesting the
presence of rearrangements affecting chromosome 8.

Subpopulations of cells showed an aberrant number of centromere
8 and 9 signals reflecting the heterogeneity of the cell lines. Meta
phase analysis confirmed these subpopulations of cells with a loss or
gain of a chromosome homologue in S of 10 cell lines. However, the
heterogeneity of the cell lines did not affect the analysis of 9p
deletions, because all subpopulations of a cell line uniformly had
either deleted or retained the tumor suppressor region on 9p. In the
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Fig. 2. a, FISH with YAC 11 (F!TC)/pHUR98
(Spectrum Orange). H4 is a hypertriploid cell line.
About 10% of one copy of the YAC 11 region is
retained. An interphase cell with 3 signals for the
centromere 9 and 1 faint YAC signal (arrow) is
shown. b, FISH with YAC 11 (FITC)/pHUR98
(Spectrum Orange). c, FISH with COSp16 (FITC)/
pHUR98 (Spectrum Orange). Tumor 3 is a glio
blastoma with deletion of the p16 region. An inter
phase cell with 5 centromere 9 and 5 YAC11
signals is shown (b) whereas no COSp16 signal is
detectable (c).
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Fig. 3. A, FISH analysis in 10 tumor cell lines. The percentage of cells without
hybridization signal (YAC 10/2, YAC 11, COSp16) is shown. B, FISH analysis in 9
glioblastomas. The percentage of cells without hybridization signal (YAC 10/2, YAC 11,
COSp16) is shown.

sentation of the YAC insert (20). Therefore, Alu-PCR generated
probes may not accurately detect partial deletions of the hybridization
region.

In our experiments, the cosmid contig probe identified all homozy
gous deletions of the CDKN2 region in 9 of 10 cell lines. Only 3 of
these cell lines had cytogenetically visible deletions of the short arm
of chromosome 9. The deletions were confirmed by molecular anal
ysis of the cell lines. The remaining melanoma cell line (RPM17951)

had a rather complex cytogenetic rearrangement of the short arm of
chromosome 9 but did not show any deletion of the CDKN2 region.
Sequencing data of this cell line did not detect any mutation within the
second exon of CDKN2. The majority of previously described point
mutations of CDKN2 were located in this region (7â€”9).

The proximal IFN gene cluster was deleted in 4 of the 9 primary
tumors. Although the small number of tumors does not allow an
estimation of the overall frequency of 9p deletions in glioblastoma,
our present results are consistent with our previous studies (3). An
other study detected JFN gene deletions in 50% of the high grade
glioma (2). The authors proposed a tumor suppressor activity of the
proximal JFN gene cluster in glioblastoma (21). However, our data
exclude the JFN genes from the critical region of deletion, inasmuch

987

as they were deleted in only 4 of 6 tumors with 9p deletions. The

CDKN2 region was deleted in 6 of 9 tumors (67%). Other studies
showed CDKN2 deletions in 17â€”69%of the tumors (9, 22, 23). In our
own Series of primary gliomas, Southern blot analysis showed ho
mozygous deletions of CDKN2 in 45% of the tumors.5 However,
Southern blot analysis may miss some of the 9p deletions because of
contamination with normal cells. In addition, it is well known that
some tumors are heterogeneous, and 9p deletions may be present in
only a subpopulations of cells.

Our data suggest that the 250-kilobase region covered by the
cosmid contig includes the target gene of the 9p deletions in primary
glioma. CDKN2 is located in the smallest region of deletion on 9p.
However, the frequency of point mutations detected in primary tumors
is rather low (8, 9). Therefore, the simultaneous deletion of the

neighboring genes may be responsible for the selective growth ad
vantage for the malignant cells. Harmon and Beach (24) proposed that
p15 (MTS2, CDKN2â€•), a transforming growth factor (3-regulated

member of the pitS family, also plays an important role in carcino
genesis. plS maps approximately 20 kilobases centromeric to CDKN2
and is included in our cosmid contig (1). It may well be that the
predominant mechanism of 9p rearrangements in primary tumors is
the deletion of a large genomic region which would inactivate both
genes in one step. In fact, in cell lines as well as in primary glioblas
toma, the vast majority of deletions includes both genes (1, 5, 9).
Therefore, we believe that homozygous deletions are the predominant
mechanism for inactivating this region. Because further mapping data
are crucial to determine the clinical significance of these rather large
deletions in primary tumors, FISH will play an important role in
characterizing the deletions.

Recently, the overexpression of CDK4, the target molecule of p16,
was proposed as an additional mechanism of functional p16 inactiva
tion (22, 23). Both events would result in a disinhibition of the cell
cycle. However, in a number of cell lines and primary gliomas the
homozygous deletion of CDKN2 was the much more frequent event
(22, 23).
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