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Rapid Interphase and Metaphase Assessment of Specific
Chromosomal Changes in Neuroectodermal Tumor Cells by
in Situ Hybridization with Chemically Modified DNA Probes
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Repeated DN As from the constitutive heterochromatin of human chromosomes 1 and 18
were used as probes in nonradioactive in situ hybridization experiments to define specific
numerical and structural chromosome aberrations in three human glioma cell lines and one
neuroblastoma cell line. The number of spots detected in interphase nuclei of these tumor
cell lines and in normal diploid nuclei correlated well with metaphase counts of chromo-
somes specifically labeled by in situ hybridization. Rapid and reliable assessments of
aneuploid chromosome numbers in tumor lines in double hybridization experiments were
achieved, and rare cells with bizarre phenotype and chromosome constitution could be
evaluated in a given tumor cell popuiation. Even with suboptimal or rare chromosome
spreads specific chromosome aberrations were delineated. As more extensive probe sets
become available this approach will become increasingly powerful for uncovering various
genetic alterations and their progression in tumor cells. © 1988 Academic Press, Inc.

Specific chromosome aberrations are thought to be important in the develop-
ment of malignant human gliomas. However, several groups have noted that
adequate chromosome analyses of both primary cultures and of solid glioma
samples are problematic [1, 2]. These difficulties are generally encountered in all
cytogenetic analyses of solid tumors; many tumor preparations do not contain
sufficient numbers of well-spread and banded metaphase cells, and a large
number of mitotic cells within solid tumors are inaccessible for analysis. With
such small samples of mitotic cells it is difficult to determine if a chromosomal
pattern is representative of the whole tumor cell population. Thus specific
numerical and structural aberrations in a given tumor type are difficult to confirm
on a broad scale, and rare aberrant cells with special malignant propensities may
also be overlooked. Furthermore the analysis of complex chromosome changes
in very aneuploid cells requires the detailed attention of highly skilled observers.
Even when these time consuming analyses are performed by experienced cytoge-
neticists, it is difficult to pinpoint chromosomal breakpoints and segments in-
volved in duplication, deletion, or translocation [1].

We are attempting to develop procedures and DNA probe sets for visualization
of specific numerical and structural aberrations in tumor cells. The detection of
chromosome abnormalities in interphase nuclei, an approach termed ‘‘interphase
cytogenetics’’ [3], appears to be a useful addition to the classical metaphase
analysis. The examination of numerical aberrations in interphase nuclei can yield
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a first approximation of specific chromosomal aberrations in large populations of
tumor cells. Rapid nonradioactive in situ hybridization procedures [4-13] includ-
ing the simultaneous detection of two different nucleic acid sequences [11] may
be readily applicable in laboratories attempting to quantitate aneuploidy of indi-
vidual chromosomes in specific types of human malignancies. Although flow
cytometry of hybridized nuclei [14, 15] can also be used in these analyses,
microscopic examinations do not require sophisticated instrumentation and also
yield reasonably reproducible data on aneuploidy. Furthermore, detailed inter-
phase chromosome evaluations allow one to detect grossly abnormal cells which
can make up an extremely minute proportion of the cell population. Detection of
structural rearrangements by the specific visualization of chromosomal subre-
gions with chromosome-specific probes has already been reported in mitotic
chromosomes [11, 16-19] and in interphase nuclei [20].

At the present time probe sets specific for individual chromosomes or large
chromosomal regions are limited, but these limitations are likely to be overcome
in the near future (cf. Discussion). Repeated DNAs often define large chromo-
somal domains and subsets of the centromeric alphoid repeat family [21-23] and
other repetitive DNAs [24-26] are available and have been shown to hybridize
preferentially to individual human chromosome regions, including those on chro-
mosomes 1 [27-29], 15 [30], 18 [3, 31], X, and Y [20, 21, 28, 32, 33]. However,
minor hybridization signals on additional chromosomes can be particularly prob-
lematic with the alphoid sequence variants (e.g. [3, 21]). Despite this limitation it
has been possible to diagnose trisomy 21 [34] and trisomy 18 [3] in interphase
nuclei of amniotic fluid cells.

In this study we labeled two recombinant plasmids pUC1.77 [24, 27-29] and
L1.84 [3, 23, 31] to detect chromosome-specific repetitive sequences in the
constitutive heterochromatin (C-bands) of chromosomes 1 and 18, respectively.
We here refer to these plasmids as 1¢ and 18c. The simultaneous detection of two
probes that delineate different chromosomes provided an important internal
control for the numerical assessment of both absolute and relative aneuploidy in
our preparations. Labeling protocols included labeling with biotin [4, 5], amino
acetylfluorene (AAF) [7], and mercury [9, 13, 35}. We chose three highly aneu-
ploid cell lines derived from human malignant gliomas ([36] for review) for
comparison with normal diploid cells and also evaluated a neuroblastoma cell line
with near diploid chromosome numbers. We show that it is feasible under the
conditions described below to detect apparently normal, deleted, and rearranged
chromosomes 1 and 18 in metaphase spreads from these cell lines by in situ
hybridization. Furthermore, we could reliably count their number in interphase
nuclei using both single and double hybridization protocols, and have been able
to show a trisomy 1 subpopulation that was difficult to assess quantitatively in
rare mitotic cells of the neuroblastoma line.

MATERIALS AND METHODS

Cell types. Normal diploid human fibroblasts cultures (46, XY) derived from newborn male foreskin
were cultured as described [36] and studied at passages 7 to 13. Phytohemagglutinin-stimulated
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Fig. 1. In situ hybridization and detection scheme for DNA probes labeled with biotin, mercury, or
aminoacetylfluorene (AAF). In the present experiments a biotinylated probe was combined with
another probe labeled with either mercury or AAF (see Materials and Methods), although in principle
three sequences can be detected simultaneously.

lymphocyte cultures from a normal adult male (46, XY) were grown in McCoy’s SA medium for 72 h
before harvesting. The cell lines TC 593 and TC 526 were originally established from two different
human glioblastomas [36, 37]. TC 526 was chosen because it has particularly large numbers of
aberrant chromosomes that are extremely difficult to analyze sufficiently by banding techniques
according to experienced cytogeneticists (L. Manuelidis and R. Breg, unpublished data). TC 620 was
derived from a human oligodendroglioma [36]. In the present experiments we utilized subclones C2D
(TC 526), C2B (TC 593), and C2B (TC 620) at approximately 150 passages after repeated subcloning
from a single cell of the original tumor line. The neuroblastoma line TC 691 was selected by repeatedly
picking cells with a neuronal phenotype in early cultures of a phenotypically mixed tumor cell
population [36]. Standard hypotonic treatment of cells and fixation were employed. Briefly, 0.075 M
KCl or 10% fetal calf serum in distilled water was used to swell cells for 10 to 25 min at 22°C, and cells
were fixed with several changes of acetic acid/methanol (1: 3, v/v), prior to spreading on clean moist
slides. Air-dried slides were washed after fixation twice with PBS (140 mM NaCl, 10 mM Na
phosphate, pH 7.0), dehydrated with an ethanol series (70, 90, 100%, 5 min each), and stored in
sealed boxes at 4°C.

DNA probes. The 1c probe (pUC1.77) represents a 1.77-kb EcoRI fragment of human satellite 111
DNA [24] cloned in pUC9. The 18c probe (L1.84) contains a 684-bp long EcoRI fragment of human
alphoid DNA cloned in pAT153 [23]. The cloned probes were generous gifts of Howard Cooke
(pUC1.77) and Peter Devilee and Peter Pearson (1.1.84). DNA plasmid preparations were purified as
described [38] for labeling with bio-11-dUTP (BRL) to yield a final probe length of 200 to 400
nucleotides [39]. Modifications of DNA with AAF [7] or with mercury [9, 13] were done essentially as
described in those publications. After AAF modification or mercuration, labeled DN As were sonicat-
ed in TE buffer to yield 200- to 400-bp fragments as analyzed by agarose gel electrophoresis.

In situ hybridization. Optimal hybridizations were done in 60 % formamide-2X SSC with 2—4 ug/ml
of labeled probe. When using mercurated DNA probes, 5 mM KCN and 2xSSC at pH 5.0 (yielding a
final pH at approx pH 7) were used in the hybridization mixtures. Cyanide ions neutralize the positive
charge of the mercury ions and are a prerequisite for an efficient hybridization of mercurated nucleic
acid probes [9]. Labeled probes were used individually or in combinations of two, i.e., either a
biotinylated probe together with an AAF-modified probe, or a biotinylated probe together with a
mercurated probe. The overall strategy is depicted in Fig. 1. In our hands cohybridization of
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mercurated probes with AAF-labeled probes resulted in nonspecific signals on metaphase chromo-
somes and interphase nuclei and thus triple hybridizations were not feasible with our standard
protocols. Successful triple hybridizations using biotinylated, mercurated, and AAF-modified probes
have been carried out, however, recently by another group (M. van der Ploeg, personal communica-
tion). The hybridization mixture was added to dry slides (2.5 ul/cm?), a coverglass was sealed with
rubber cement, and denaturation of probe and cellular DNA was carried out by heating the slides to
86°C for 8 to 11 min in an oven [6]. Preparations were hybridized for 14 to 20 h at 37°C in a moist
chamber. After hybridization, slides were washed with 50% formamide-2x SSC with 1 mM KCN,
pH 7 (two times for 15 min at 22°C and once for 30 min at 42°C) followed by washes with 2x SSC, 1
mM KCN at 22°C (KCN was omitted if mercurated probes were not used, i.e., for biotin and AAF-
labeled DNAs). While KCN is essential for hybridization with mercurated probes (see above) it did
not interfere adversely in double hybridization experiments with biotinylated probes. It should be
noted that the stringency of hybridization and posthybridization washes is crucial for detection of
“‘chromosome specific’” labeling by 1c and 18c DNA probes. These DNA inserts will hybridize to
several chromosomes in addition to chromosomes 1 and 18 with reduced formamide concentrations,
e.g., at 40% formamide [3, 27, 31]. Hybridization mixtures with formamide concentrations higher
than 60 %, or posthybridization washes at higher temperatures, yielded weaker but not significantly
more specific signals.

Detection of hybridized probes. A protocol for the bicolor fluorescence detection of mercurated and
biotinylated probes has been described previously [11]. We here describe the combination of fluores-
cence detection with the detection of enzymatically produced colored precipitates for the combination
of biotinylated probes with either mercurated or AAF-labeled probes. All detection reagents were
made in PBS-0.1% Tween 20 with 1 % BSA or 2% normal serum (from species of secondary antibody
detectors) and washes between steps were three times for 5 min in PBS—0.1% Tween.

In double hybridization experiments with biotinylated and mercurated probes the slides were first
incubated at 37°C in the dark for 40 min with reduced mercury binding sulfhydryl-trinitrophenyl ligand
(TNP-Lys-Lys-NH-CH,-CH,-SH) in PBS as described previously [12]. Thereafter the slides were
incubated with a combination of sheep anti-TNP serum (1:200, Netherlands Red Cross Blood
Transfusion Service) and streptavidin (2 ug/ml) for 45 min at 37°C. After washing, slides were exposed
to FITC-conjugated rabbit anti-sheep antibody (1:80, Dacopatts) and 2 pg/ml biotinylated alkaline
phosphatase (AP). The alkaline phosphatase reaction was carried out at pH 9.5 according to suppliers
directions (BRL) for 30 min to | h at 37°C [40]. Preparations were then counterstained with DAPI
(200 ng/ml) and mounted in PBS/glycerol (1:9, v/v) containing 2.3 % of the antifade 1,4-di-azobicyclo-
(2,2,2)-octane (Sigma) [13].

In double hybridization experiments with biotinylated and AAF-modified probes, detection includ-
ed streptavidin (2 ug/ml) combined with mouse monoclonal antibodies against AAF (1:250, gift of R.
A. Baan) in the first incubation. The second step included biotinylated alkaline phosphatase as above
combined with goat anti-mouse IgG labeled with FITC or TRITC (1:100, Sigma). In some cases
rabbit anti-AAF (1:500; alsc a gift of R. A. Baan) and goat anti-rabbit IgG conjugated with alkaline
phosphatase (1: 1000, Tago) were applied for detection of AAF-modified probes, while avidin-TRITC
(1:1000, Vector) was used to detect biotinylated probes. Microphotographs were taken with an
inverted Nikon microscope, equipped for FITC, TRITC, and DAPI fluorescence, using Kodak
ectochrome 400 color slide film. For double exposures (FITC/DAPI or TRITC/DAPI) a small amount
of transmitted light was occasionally used to improve the photographic signal of the alkaline phospha-
tase reaction in DAPI-stained nuclei.

RESULTS

Diploid human lymphocyte cultures and early passage diploid fibroblast cul-
tures (46, XY) were used to test the fidelity of our hybridization and interphase
chromosome counts using probes Ic and 18c. Figures 24 and 3 @ show examples
of metaphase plates from human diploid celis indicating specific labeling of two
chromosomes 1 with 1c (Fig. 24) and two chromosomes 18 with 18c (Fig. 3 a).
Under the stringency conditions described under Materials and Methods major
signals were confined to the C-band region 1q12 of chromosome 1 and the
pericentric region of chromosome 18. Occasional minor signals over the centro-
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Fig. 2. (a) Metaphase spread from a human fibroblast culture (46, XY) after in situ hybridization
with mercury-labeled 1c and FITC detection. Arrows indicate specific FITC fluorescence at position
1q12 (C-band) of both chromosomes 1. Chromosomes are counterstained with DAPI; double expo-
sure; X 1590. (b) Three fibroblast nuclei from the same preparation. Two smaller nuclei (right) each
show two distinct green-whitish spots indicating the C-band positions of chromosome 1 within these
nuclei. The 4-spot nucleus represents a rare tetraploid cell; double exposure; x870. (¢) Two nuclei
from the human oligodendroglioma cell line TC 620 after in situ hybridization with biotinylated 1¢c and
avidin/TRITC detection. Note three well-separated pink-colored spots in each nucleus (see metaphase
shown in Fig. 7a). Nuclei counterstained with DAPI; double exposure; x1320. FITC and TRITC
spots appear distinctly green and red, respectively, when viewed with the appropriate filter sets. The
change in color is due to double exposure with DAPI fluorescence.
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Fig. 3. (a) Metaphase spread from PHA-stimulated human lymphocyte culture after in situ hybrid-
ization with biotinylated 18c, alkaline phosphatase detection, and DAPI staining. Arrows point to
specific label at the centromeric regions of both chromosomes 18. An adjacent interphase nucleus also
shows two distinct separate labeled sites; x2185. (b) Typical nuclei from a human diploid fibroblast
culture after in siru hybridization with 18¢ and detection with alkaline phosphatase. The two 18
specific spots (arrowheads) are largely separated in most nuclei. In one of these nuclei (which are
rather flat in the third dimension) arrowheads show a close approximation of two spots. Two nuclei
show a third (minor) hybridization site (open triangle); x1460.
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TABLE 1

Normal cells—Frequencies of hybridization spots detected in interphase nuclei of diploid
human fibroblast and lymphocyte cultures (46, XY) after in situ hybridization with DNA
probes Ic or 18c: Comparison of different probe labeling and detection protocols

Percentage of nuclei with spot number

DNA  Probe-label/

Cell type Experiment probe detector n 0 1 2 3 =4
Fibroblasts I.1 Ic AAF/TRITC 232 7.8 16.4 73.7 1.7 0.4
1.2 ic AAF/FITC 133 10.5 24.8 61.8 1.5 1.5
L3 Ic AAF/AP 120 9.2 14.2 75.0 0.8 0.8
1.4 Ic Hg/FITC 150 20.0 33.3 45.3 0.7 0.7
Lymphocytes | Ic Hg/FITC 200 0.0 14.0 85.0 0.0 1.0
1.1-5 ic All above 835 9.5 20.5 68.2 0.9 0.9
(mean = SEM) +3.2 +3.7 +6.8 +0.3 *0.2
Fibroblasts/ 1.6-11 18¢ Biotin/AP 818 8.8 14.5 64.6 6.9 5.2
lymphocytes (mean + SEM) *1.8 +1.7 +1.9 2.0 1.2

Note. n, number of nuclei; SEM, standard error of the mean. The peak fraction is indicated in bold face type.

meric regions of other chromosomes such as chromosome 9 in case of 1c and
chromosome 2 in case of 18c indicated some cross-hybridization to related
sequences in the constitutive heterochromatin of these other chromosomes [3,
27, 31]. Generally these minor signals were easily distinguished on the basis of
intensity.

In interphase the majority of these diploid nuclei should reveal two major
hybridization signals (for each probe) provided that homologous chromosomes
are clearly separated; additionally, a few nuclei might show four spots due to
occasionally observed polyploidization events. Indeed these predictions were
borne out by in situ hybridization experiments. Table 1 shows a comparison of
different probe labeling and detection protocols used for in situ hybridization with
normal diploid cells. Essentially equivalent results were obtained in each case.
Interphase nuclei were classified as 0-spot, 1-spot, 2-spot nucleus, etc., according
to the number of major hybridization signals detected. We consistently found that
a majority of normal diploid interphase nuclei showed two spots after in situ
hybridization with either 1c or 18c (Table 1, Figs. 2b, 3b, 4a). In order not to
bias our counts, additional minor signals were included where they could not be
obviously distinguished from major signals. Otherwise, clearly minor signals
were excluded from further consideration. In experiments with 1¢c approximately
2% of the nuclei showed more than two spots. In experiments with 18c this
percentage was significantly higher (12 %).

To evaluate the reliability of detection which may be impaired by occasional
poor penetration of probe, incomplete denaturation of target DNA, and/or DNA
losses in some nuclei, we counted the number of diploid nuclei with no or only
one spot. These estimates were important for assessing our potential error in
counting chromosome numbers in unknown samples. Notably percentages ob-
served for 1-spot and 0-spot nuclei varied and were preparation dependent, i.e.,
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older preparations yielded more incomplete hybridizations. Experiment 1.4 in
Table 1 shows one such poor preparation where only 45.3 % of the nuclei showed
the expected 2-spot number. However, even in this technically poor preparation
the predicted diploid peak was obvious. Experiments 1.6-11 in Table 1 demon-
strate the reproducibility of interphase counts of chromosome 18 using biotinylat-
ed 18c together with the alkaline phosphatase detection protocol in selected
fibroblast and lymphocyte preparations of reasonable quality. Thus the standard
error of the mean (SEM) is considerably smaller than in the experiments shown in
I.1-5 (Table 1).

Based on this evidence we extended our investigation to three cell lines derived
from human gliomas. These cell lines were chosen because they exhibit clearly
different modal chromosome numbers. The peak values of the chromosome
profiles were 64 for line TC 620, 83 for line TC 593, and 155 for line TC 526 [36].
TC 526 has a very broad numerical chromosome profile indicating extreme
aneuploidy [36]. These different chromosome profiles let us expect that the
numbers of normal and/or aberrant chromosomes detectable by in situ hybridiza-
tion experiments with 1c and 18c should also be increased to a different extent.
This expectation was confirmed. After in situ hybridization with either 1c or 18c
the majority of TC 620 nuclei (‘‘peak fraction’’) showed three spots for each
probe, while the peak fraction of TC 593 nuclei showed four spots (Table 2; Figs.
2¢, 5, 8c¢). Identical peak fractions of 1¢ and 18c spots in TC 620 and TC 593,
respectively, suggest polyploidization in each tumor cell population, although
over- or underrepresentation of chromosomes other than 1 and 18 cannot be
definitely addressed by the present experiments. However, restriction enzyme
alphoid DNA bands are comparable [61] suggesting a relatively even representa-
tion of most chromosomes. Histograms of counts of lc and/or 18¢c spots in
interphase nuclei of these three tumor lines as compared to normal cells are
shown in Figs. 4 a~d. Double hybridization experiments revealed for both TC 620
and 593 that an increase in spot number obtained in individual nuclei with one
probe was generally accompanied by a similar increase in spot number obtained
with the accompanying probe (Fig. 5). Notably, examination of individual nuclei
showed that the relative spot numbers of the two probes could vary substantially
(Fig. 6). The variability of spots counted in individual nuclei was most pro-

Fig. 4. Frequency distribution of the number of hybridization spots obtained after in situ hybridiza-
tion with 1¢ (white columns) and 18¢ (hatched columns) in (a) normal diploid fibroblasts TC 714 and
three human glioma cell lines TC 620 (b, f), TC 593 (¢, g), and TC 526 (g, h). The abscissa plots the
number of hybridization spots. The ordinate shows the percentage of cells with a given number of
hybridization spots in interphase nuclei (a—) and corresponding metaphase cells (f~4). Each percent-
age was calculated from a total of 50 metaphase spreads and >300 to 700 interphase nuclei, and
includes several preparations with different probe-label/detector combinations (see Tables 1 and 2).
In general, a close agreement is noted between the numbers of lc spots and 18¢c spots in interphase
nuclei and metaphase spreads from each cell line. The last number on the abscissa for TC 620, 593,
and 526 includes = to the number indicated. In (¢) combined data for interphase nuclei and metaphase
spreads are depicted. Note clearly distinct peak fractions for each cell line. Each point represents the
average of spot numbers with equal weight given to the interphase and metaphase averages. For TC
526 values were scaled up by a factor of 2. The curve for normal diploid cells (nl) combines all data for
human fibroblasts and lymphocytes (see Table 1).
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Fig. 5. Oligodendroglioma cell line TC 620 after double hybridization with (a) lc (AAF/FITC
detection) and (b) 18c (biotin/alkaline phosphatase detection). Fluorescence microphotographs of
FITC (a) and alkaline phosphatase detection combined with DAPI (b) in corresponding nuclei. Note
general correspondence between numbers of each chromosome detected. There is no obvious
association of lc and 18c spots; X 1540.
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Fig. 6. Rare giant nucleus from human oligodendroglioma line TC 620 after double hybridization
with 1c (AAF/FITC) and 18c (biotin/alkaline phosphatase) showing numerous 1c and 18c¢ hybridiza-
tion sites with a relative excess of 18c sites. For comparison note the normal-sized nucleus (right)
showing three Ic and three 18¢c sites. Note also a close pairwise association of several 18¢ spots but
not of the 1c spots in this unusual cell; x1460.

nounced for TC 526 with a peak number of five to six 18¢c spots. Using the Ic
probe the number of chromosome spots in TC 526 nuclei were difficult to count
due to a pronounced variability in signal intensity. Most nuclei (~80%) showed
between two and six larger and more intense spots and a variable number of
additional smaller, less intense spots (Figs. 9a, b).

Interphase chromosome counts in glioma cells were confirmed in analyses of
metaphase plates (Figs. 4f~h). A close agreement of the peak fractions was noted
between the numbers of 1c and 18c spots in interphase nuclei and metaphase
spreads from each cell line. The differences between the histograms for the
different cell types as shown in Fig. 4 are highly significant (P<0.001) by the
Mann-Whitney U test [60]. A relative excess of TC 526 metaphase spreads over
interphase nuclei with higher numbers of 18¢ spots (Figs. 4d, h) was likely due to
technical reasons, since hybridization spots were more casily identified and
counted in these metaphase spreads. Figures 7 and 8 show metaphase spreads
from TC 620 and TC 593 after double hybridization with 1c and 18c. Note three
major hybridization signals for both 1c and 18c in a metaphase spread of TC 620
and five signals in a metaphase plate of TC 593.

We were also able to detect chromosome deletions and rearrangements in these
glioma preparations. No gross alterations were obvious in the three DAPI-stained
chromosomes 1 of cell line TC 620 (Fig. 7 b). In contrast, the short arm of at least
one chromosome 1 was largely missing (due to deletion or translocation) in all
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Fig. 7. TC 620 metaphase spread after double hybridization with (@) lc (AAF/FITC) and (b) 18¢
(biotin/alkaline phosphatase). FITC fluorescence in (a) shows three chromosomes 1 with distinctly
fluorescent C-band regions. In (b) these chromosomes are indicated by stars after DAPI staining.
Arrows point to centromeric labeling of two apparently normal DAPI-fluorescent chromosomes 18,
and an additional structurally aberrant 18 (arrowhead). The aberrant 18 shows a partial deletion of the
long arm and was consistantly observed in all metaphase spreads with three chromosomes 18; x2170.
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TABLE 2

Glioma cells—Frequencies of 1c and/or 18c hybridization spots in interphase nuclei of thre

human glioma cell lines

Percentage of nuclei with spot number

Cell DNA Probe-label/
type Experiments probe detector n 0 1 2 3 4 S =6
TC 620 11.14 lc  Biotin/TRITC (II.1) 698 0.3 49 325 478 13 38 3.
(mean + SEM) Hg/FITC (11.2-4) +0.3 *09 =42 32 *12 12 0’
11.3,4° 18c Biotin/AP 400 1.5 43 235 550 55 40 6.
+1.5 *1.2 #9.5 *12.5 £0.5 +£0.5 £0.
TC 593 I1.5-7 lc Biotin/AP (I1.5) 324 0 0.6 12.1 19.1 613 32 K
Hg/FITC (11.6,7) +0.6 *3.0 1.1 *14 *19 *1.:
11.6,7° 18¢ Biotin/AP 400 0.3 25 40 135 452 220 12
+0.3 *2.5 #3.0 6.0 £52 3.5 3.
TC 526 11.8-10 18¢ Biotin/AP 600 0 0.2 0.8 7.3 160 322 43
*+0.2 0.6 £19 #3535 =£1.5 x7.

Note. n, number of nuclei; SEM, standard error of the mean. The peak fraction for each cell line is
indicated in bold face type. )
¢ 11,3,4,6,7, double hybridization experiments with mercurated 1c and biotinylated 18c.

metaphase spreads of cell line TC 593 (Fig. 8a). Structural aberrations were
obvious in both cell lines for chromosomes 18. One chromosome 18 was reduced
in size in TC 620 (Fig. 7 5), while in TC 593 a major hybridization site of 18c was
consistently observed on the distal part of the long arm of a reananéed chromo-
some (Fig. 8b). Figures 9¢ and 10 show two metaphase plates obtained from TC
526 after in situ hybridization with either 18c or 1c. Again numerical and structur-
al aberrations were clearly apparent. In accord with the interphase nuclear
hybridization pattern in TC 526 (Figs. 94, b) there were marked differences in the
intensity of 1¢ spots on different metaphase chromosomes (Fig. 10 ). Notably,
counts of the labeled chromosomes could be reliably made even in cases where
spreading of the chromosomes was inadequate for a conventional cytogenetic
analysis (Fig. 9¢).

It was difficult to prepare adequate metaphase spreads of the neuroblastoma
line TC 691. However, we were able to reproducibly count chromosomes 1 and
18 in interphase nuclei of this near diploid tumor cell line (Table 3). These studies
showed that chromosome 1 is trisomic in approximately 55 % of the population.
In contrast, double hybridization experiments showed that chromosome 18 sig-
nals were at diploid levels in these same nuclei. These results were confirmed in
rare metaphase spreads (Figs. 11, b). lc spots in interphase nuclei suggested
considerable variation in the decondensation of 1q12 regions in different nuclei
and even within the same nucleus (Figs. 11¢, d). 1t is unlikely that this variation
was due to a pronounced polymorphism of this particular region as shown for TC
526 (Fig. 10a) since such a polymorphism was not apparent in some 20 meta-
phase spreads of TC 691. This phenotypically neuronal line also contained
numerous double minutes (Fig. 11¢).
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Fig. 8. Metaphase spread from human glioblastoma cell line TC 593 after double hybridization with
(a) 1c (Hg/FITC) and (b) 18c (biotin/alkaline phosphatase), counterstained with DAPI. FITC fluores-
cence in (a) shows five structurally aberrant chromsomes 1 with strong lc labeling (double exposure
FITC/DAPI). Arrows indicate two chromosomes 1 with deletions of the major part of the short arm.
DAPI fluorescence combined with transmitted light is shown in (). The alkaline phosphatase reaction
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TABLE 3

euroblastoma cells—Frequencies of Ic and 18c hybridization spots detected in interphas

nuclei of the neuroblastoma cell line TC 691

Percentage of nuclei with spot number

DNA Probe-label/
Experiment probe detector n 0 1 2 3 =4
-5 1c Hg/FITC 815 0.6 2.4 40.8 54.8 1.4
(mean + SEM) +0.4 +0.6 +2.1 +1.7 +0.5
1,27 18c Biotin/AP 400 1.3 14.8 79.5 4.0 0.5
+1.3 +2.3 +0.0 +3.0 +0.5

Note. n, number of nuclei; SEM, standard error of the mean. The peak fraction is indicated in bold
face type.
¢ IIL,1,2, double hybridization experiments with mercurated 1c and biotinylated 18c.

DISCUSSION

We have shown that two repetitive DNA sequences confined to the constitu-
tive heterochromatin of chromosomes 1 and 18, can be reproducibly detected in
interphase nuclei and metaphase spreads using several nonradioactive in situ
hybridization procedures. The use of nonradioactive probes is advantageous for
detecting nuclear signals due to high resolution and rapidity of signal detection [3,
6]. Double labeling procedures used here provided an important internal control
for determinations of aneuploidy of specific chromosomes in tumor cells. Triple
in situ hybridization experiments using biotinylated, mercurated, and AAF-
modified DNA probes have recently become feasible (M. van der Ploeg, personal
communication) and the introduction of additional labeling procedures may pro-
vide rapid simultaneous screening of even more than three specific chromosomal
regions in the near future.

Cloned variants of the alphoid repeats such as 18c are not optimal as ‘‘chromo-
some-specific’’ probes since these sequences have some homology to repeated
DNAs on essentially all human centromeres and are variants of a consensus
sequence [3, 21-23, 31, 41]; 1c also has been reported to reveal minor hybridiza-
tion sites on several other chromosomes [27]. In double hybridization experi-
ments performed under a variety of less stringent hybridization conditions (not
shown) we found, however, that 1c was still largely confined to 1q12, whereas
18¢ hybridized to the centromeric regions of most chromosomes [3]. The more
extensive cross-hybridization of 18c probe is likely to account for the fact that in
both normal diploid and glioma cell cultures nuclei with spot numbers above the
peak fraction were generally somewhat more numerous for 18c as compared to Ic

demonstrates six chromosomes decorated with the biotinylated 18c probe. While two chromosomes
are clearly labeled at the centromeric region (small arrowheads) three other chromosomes are
unexpectedly labeled at the distal part of the long arm (larger arrowheads). These abnormal patterns
of 1 truncation and 18 rearrangements were observed in many spreads and are characteristic for TC
593. Insert (c) shows a typical nucleus from the same preparation with four clearly separated green
fluorescent lc and four dark 18c spots. Note splitting of two Ic spots. Double exposure FITC/DAPI;
x1570.

15888336
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Fig. 9. Interphase nuclei (a, ) and metaphase spread with adjacent interphase nuclei (c) from
human glioblastoma cell line TC 526 after hybridization with 1¢c (Hg/FITC) (a, b) and 18c (biotin/alka-
line phosphatase) (c) counterstained with DAPI: (a) double exposure (FITC- plus DAPI-fluores-
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spots. Hybridization conditions have been defined for both probes that give
reasonably specific chromosome signals in interphase nuclei; a clear peak of
interphase counts matched the numbers obtained by analysis of metaphase
spreads in all cell lines studied. Under these conditions the chromosome 1- or 18-
specific element can be readily distinguished by intensity of signal in the large
majority of both metaphase and interphase cells. There is, however, a skewing of
the curve for normal diploid nuclei from the predicted value of 2 to smaller values
(Fig. 4a). This is largely preparation dependent and was independent of the
choice of probe label, detection method utilized, or cell cycle stage (our unpub-
lished data). While 0-spot nuclei clearly indicated that probe penetration, hybrid-
ization, or detection failed in some individual nuclei, similar methodological
limitations are also likely to account for the missing second spot in most 1-spot
human diploid nuclei (see below). Conventional counts of metaphase spreads will
also yield a slight underestimate of chromosome numbers due to different inher-
ent technical limitations.

Estimates of aneuploidy based on previous overall chromosome counts [36]
were entirely supported by the present in situ hybridization results. Furthermore,
even in less than optimal metaphase preparations, abnormal chromosomes could
clearly be delineated with these probes and in situ hybridization procedures. In
complex aneuploid glioma lines we were rapidly able to pinpoint abnormal
chromosomes in several instances; using conventional banding techniques the
identification of translocated segments or abnormal truncated chromosomes in
these cells was less obvious, especially in TC 526, due to multiple chromosome
abnormalities. We have also shown that bizarre giant cells which represent a
minor proportion of the population can be unequivocally delineated. It is not
clear whether pairwise association of most 18c spots in the giant TC 620 nucleus
shown in Fig. 6 indicates rare examples of homologous association of chromo-
some 18 centromeric regions (see below) or pronounced splitting of individual
centromeric regions. Splitting of individual labeled 1c and 18c¢ sites was occasion-
ally observed in both normal diploid and tumor nuclei (Fig. 8 ¢).

Mitotic crossover events [42] can play an important role in the development of
tumor cells [43]. The probability of such events may depend on the frequency
with which homologous chromosomes are associated in a given cell population.
In the normal diploid and tumor cell types studied here, there was clearly
separation of homologous 1c and 18c spots in most interphase nuclei and the
dispersion of these spots in double hybridization experiments is in accord with
previous studies showing a wide distribution of centromeric regions in mouse and
human neuroectodermal tumor nuclei [39, 44]. As discussed above, 1-spot human
diploid nuclei can be explained largely by technical reasons and are unlikely to

cence); (b) exposure of FITC-fluorescence only and (c) of DAPI-fluorescence only. (a, b) Nuclei show
pronounced variability in size of the numerous Ic spots with some particularly large spots (arrow-
heads). (c) 18c spots in interphase nuclei and a metaphase spread which do not show such giant
arrays. This micrograph also shows typical problems encountered in obtaining well-separated chro-
mosomes from mitotic tumor cells with large chromosome numbers. However, chromosomes deco-
rated with the 18¢c probe can be readily identified with these methods. Arrows point to some labeled
chromosomes at the edge of the spread; x 1600.
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Fig. 10. Relatively simple metaphase plate from human glioma cell line TC 526 after hybridization
with 1c (Hg/FITC) and counterstaining with DAPI; x1540. (@) FITC fluorescence shows a strong
polymorphism of 1c-labeled sites (arrows). A chromosome with particularly extended label, typically
seen in many TC 526 metaphase spreads but not in the other cell lines, is indicated by a large arrow.
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Fig. 11. (a, b) Metaphase spread from human neuroblastoma cell line TC 691 after double
hybridization with (¢) 18¢c (biotin/alkaline phosphatase}, counterstaining with DAPI, and (b) lc
(Hg/FITC). Arrows in (a) show two chromosomes 18 decorated with the 18c probe; stars indicate
three chromosomes 1. FITC fluorescence in (b) shows strong 1c labeling over these chromsomes. (c,
d) Two TC 691 interphase nuclei stained with DAPI (c) and presenting three lc spots in each nucleus
(Hg/FITC) (d). The positions of two largely decondensed lc labeled regions are indicated by
corresponding thick arrows. Thin arrows indicate the position of a third compact Ic spot. Small
arrows in (¢) point to examples of numerous double minutes present in TC 691; x1400.

include a considerable fraction with very close association of homologous spots.
However, different species and even different cell types in the same tissue may
largely differ with regard to the distribution of homologous chromosomes [45, 46,
L. Manuelidis, unpublished data]. Visualization of larger segments or even
complete interphase chromosome domains (see below) in combination with three-
dimensional reconstruction should yield more complete data on the question of
homologous chromosome associations in different human cell types.

Long thin arrows show two acrocentric chromosomes that are consistently labeled by the 1¢ probe in
many metaphase spreads of TC 526. Note that the variations in intensity and size of 1c label correlates
with that seen in interphase nuclei (compare Figs. 9a, b). (b) DAPI fluorescence of the same
metaphase plate with corresponding arrows.
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A near diploid neuroblastoma line (TC 691) revealed a significant proportion of
the population was trisomic for chromosome 1 but not for chromosome 18. The
significance of this disproportionate representation of chromosome 1 in neuro-
blastomas is currently unknown. However, structural rearrangements of chromo-
some 1 are found nonrandomly in many tumors and are especially prevalent in
neuroblastomas [47]. Of interest is the fact that this neuroblastoma line unlike
many others, even after many serial passages, continues to develop many long
neuritic processes without added nerve growth factor [36]. In many neuroblasto-
mas as well as in normal developing adrenal medullary neurons [48] the extension
of processes can be elicited by application of nerve growth factor. The gene for
nerve growth factor is located on chromosome 1 {49] and it is tempting to
speculate that TC 691 neuroblastoma cells trisomic for chromosome 1 may
produce sufficient nerve growth factor to account for the prominent expression of
neuritic processes in these cultures. Thus far, four oncogenes have been assigned
to chromosome 1 and a dosage or allele effect of the N-ras gene on one of the
three chromosomes 1 could also contribute to the malignant phenotype of these
cells [47, 50]. Double minutes, suggestive of amplification, were also observed in
TC 691 and are likely to contain N-myc amplified sequences found in many
similar cases of neuroblastomas [51, 52]. The structure and expression of these
pertinent genes in this cell line are currently under investigation.

Previous studies of nucleolus organizer regions containing ribosomal DNA
regions have suggested that chromosomes may be more variably arranged in
tumor cells than in normal cells [53]. In long-term cultures chromosome rear-
rangements and segregation effects may take place during the culturing process,
or they may be a consequence of genetic instability which can underlie tumor
progression and evolution. An inherent phenotypic instability of malignant glioma
lines has been noted {54] and may reflect genetic changes within a tumor popula-
tion. The present methods should allow one to monitor specific chromosomal
changes in a small population of cells during the evolution of a tumor from a
single cell clone. They should also be readily applicable to routinely embedded
paraffin blocks [55, 56] for correlation of regional or rare population heterogene-
ity with prognosis in tumor specimen from patients (for review, see [2]). For
example, low-grade astrocytomas that appear phenotypically ‘‘normal’” may
harbor rare genetic variants or subtle chromosomal changes that are a potential
source of cells that contribute to tumor progression. Indeed ‘‘low-grade’’ gliomas
frequently progress to highly malignant tumors.

Chromosomes 7 and 22 have been reported to be overrepresented and under-
represented, respectively, in malignant human gliomas [1, 2, 57] and probes for
the specific delineation of these chromosomes in situ [22, 58] would be useful in
studies of gliomas with different malignant propensities or at different stages of
their evolution. Similarly, arrays of amplified sequences (devoid of common
interspersed repeats) may also be useful for rapid screening of various gliomas;
an amplified region containing the gli sequence has also recently been found in
one malignant glioblastoma [59] and its general occurrence may be useful for
prognostic studies using in situ hybridization.
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One disadvantage of the in situ approach is that even in the case of multihybri-
dization protocols only a minor proportion of the karyotype can be simultaneous-
ly covered in a single experiment. A second disadvantage is that useful probe sets
are currently limited; in addition to lc and 18c used here, reliable probes for
human chromosomes 9, 15, X, and Y are available [15, 20, 21, 25, 30]. However,
specific probes sets exclusively limited to other chromosomes or chromosomal
regions could become powerful tools of analysis where specific chromosomes are
likely to be implicated. Clearly, single-copy sequences yield limited information
about the normal representation of larger chromosome segments such as those
involved in possible deletions, duplications, or translocations. Thus the isolation
of sets of chromosome-unique sequences that define larger specific chromosome
domains will be most useful in tumor studies using the methods described here.
Construction of these specific probe sets is a major challenge for the further
development of cytogenetics and will make the present double hybridization
interphase approach increasingly powerful.
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