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Summary. D N A  libraries f rom sorted human gonosomes 
were used selectively to stain the X and Y chromosomes 
in normal  and aberrant  cultured human cells by chromo- 
somal in situ suppression ( C I S S - )  hybridization. The 
entire X chromosome was stained in metaphase  spreads. 
Interphase chromosome domains of  both  the active and 
inactive X were clearly delineated. CISS-hybridization 
of the Y chromosome resulted in the specific decoration 
of the euchromatic part  (Ypte r -q l l ) ,  whereas the hetero- 
chromatic part  (Yq12) remained unlabeled. The stained 
part  of the Y chromosome formed a compact  domain in 
interphase nuclei. This approach was applied to amniotic 
fluid cells containing a ring chromosome of unknown ori- 
gin (47,XY; +r) .  The ring chromosome was not stained 
by library probes f rom the gonosomes,  thereby suggest- 
ing its autosomal origin. The sensitivity of  CISS-hybrid- 
ization was demonstra ted  by the detection of small trans- 
locations and fragments in human lymphocyte metaphase 
spreads after irradiation with 6~ Lym- 
phocyte cultures from two XX-males  were investigated 
by CISS-hybridization with Y-library probes.  In both 
cases, metaphase  spreads demonstra ted  a translocation 
of Yp-mater ia l  to the short arm of an X chromosome.  
The translocated Y-material  could also be demonst ra ted  
directly in interphase nuclei. CISS-hybridization of auto- 
somes 7 and 13 was used for prenatal  diagnosis in a case 
with a known balanced translocation t(7;13) in the father. 
The same translocation was observed in amniotic fluid 
cells f rom the fetus. Specific staining of the chromosomes 
involved in such translocations will be particularly im- 
portant ,  in the future, in cases that cannot  be solved reli- 
ably by conventional chromosome banding alone. 

* Dedicated to Professor Friedrieh Vogel on the occasion of his 
65th birthday 
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Introduction 

Chromosomal  in situ suppression ( C I S S - )  hybridization 
has made it possible to stain individual human chromo- 
somes in metaphase  spreads and in interphase nuclei. 
For  this purpose,  chemically labeled D N A  inserts f rom a 
library established f rom sorted human chromosomes  can 
be used as a complex probe  and can be visualized using 
fluorochromes or colorimetric detection procedures (Lich- 
ter et al. 1988a; Pinkel et al. 1988). Recent  applications 
of this new approach include the rapid detection of num- 
erical and structural aberrations of chromosome 21 (Lich- 
ter et al. 1988b; Pinkel et al. 1988), the analysis of  specif- 
ic chromosome changes in metaphase  and interphase 
tumor  cells (Cremer  et al. 1988a) and the detection of 
radiation-induced chromosome aberrat ions (Cremer  et 
al. 1990). In this study, we demonstra te  further the use- 
fulness of  CISS-hybridization in clinical cytogenetics. 
We show that  this approach can be used to detect aber- 
rations of  the human gonosomes and to characterize re- 
ciprocal autosomal  translocations. 

Materials and methods 

Cell material  

Metaphase spreads from amniotic fluid cells and from phytohemag- 
glutinin (PHA)-stimulated human lymphocytes were prepared 
using standard procedures (Schwarzacher and Wolf 1970). Human 
lymphocytes were obtained from healthy male and female donors 
(46,XY and 46,XX) and from two phenotypically male babies. 
Prenatal diagnosis routinely performed by amniocentesis because 
of the age of the mother had revealed a 46,XX karyotype in both 
cases. After birth, the karyotype was confirmed in lymphocytes. 
There was no indication of any mosaicism with cells containing a Y 
chromosome or a Y-derived chromosomal fragment. In one case, 
prometaphase analysis suggested that the terminal region of Xp 
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might be slightly extended in one of the two X chromosomes (data 
not shown). 

Cultured human lymphocytes from a healthy male donor 
(46,XY) were irradiated with 8 Gy of 6~ (1.17 and 
1.33 MeV) i h after stimulation with PHA (Cremer et al. 1990). 
After an additional 71h culturing, chromosome preparation was 
performed. 

Amniotic fluid cells were obtained by diagnostic amniocentesis 
in the second trimester of pregnancy and cultured as described by 
Rooney and Czepulkowski (1986). In one case, the indication for 
amniocentesis was a known balanced reciprocal translocation 
(7;13) in the father. This was detected by a routine analysis of the 
parents' lymphocytes because of two previous miscarriages. The 
analysis of metaphase spreads of the amniotic fluid cells showed 
the same balanced reciprocal translocation as the father. In another 
case, kindly provided by Professor H.-D. Rott (Institute of Human 
Genetics, University of Erlangen-Ntirnberg, FRG), amniocentesis 
was performed on a 36-year-old woman, who had suffered three 
spontaneous abortions for unknown reasons. A ring chromosome 
was observed in 7 out of 8 amniotic fluid cell clones (47,XY, +r 
(?)). Cytogenetic analysis revealed that this ring consisted of euc- 
hromatin and contained a centromere. After induced abortion, at 
the parents' request, the presence of the ring chromosome was 
confirmed both in placental and several fetal tissues. Cytogenetic 
analyses showed the karyotype of the mother to be normal 
(46,XX), but the presence of a ring chromosome in 3 out of 50 
lymphocyte metaphase spreads from the father (H.-D.Rott, un- 
published results). 

Storage o f  slides 

Chromosome preparations were stored in 70% ethanol at 4~ up 
to 2 months until CISS-hybridization was performed. In fresh 
preparations, preservation of chromosome morphology may be 
improved by heating the air-dried slides at 60~176 for 3 h prior 
to the denaturation step. Prolonged storage of air-dried slides at 
room temperature (> 2 weeks) may impair the efficiency of in situ 
hybridization. The following protocol can be recommended, if 
storage is intended for long periods. Air-dried slides are washed in 
PBS (3 x, 3 min each) to remove traces of acetic acid, put through 
an ethanol series (70%, 90%, 100%, 3 min each), air dried again 
and stored in sealed boxed (in the presence of silica gel to avoid 
moisture) at -70~ In this way, we have kept slides for more than 
1 year with no noticeable loss of hybridization efficiency. 

D N A  libraries and labeling procedure 

Phage DNA libraries from sorted human chromosomes were ob- 
taines from the American type culture collection: LA07NS01 
(Chromosome 7), LL13NS02 (Chromosome 13), LAOXNL01 
(Chromosome X) and LLOYNS01 (Chromosome Y). Amplifica- 
tion of these phage libraries in liquid culture (using E. coli LE392 
as the bacterial host), purification of the phage and extraction of 
phage DNA were carried out as described by Maniatis et al. (1982). 
Phage DNA containing the human library inserts was labeled with 
biotin-11 dUTP by nick-translation (Langer et al. 1981). 

CISS-hybridization and probe detection 

Denaturation of chromosomal DNA, CISS-hybridization with bio- 
tin-labeled total library DNA and detection of hybridized probes 
using fluorescein isothiocyanate (FITC)-labeled avidin was per- 
formed as described by Lichter et al. (1988a). For fluorescence mi- 
croscopy, all preparations were counterstained with 0.2 lag/ml 4,6- 
diamidino-2-phenylindole-dihydrochloride (DAPI) and 1 ~tg/ml pro- 
pidium iodide and mounted in fluorescence antifading buffer (1 mg 
p-phenylendiamine in f ml glycerine buffer, pH 8.0). Cells were 
evaluated using a Zeiss Photomicroscpe III equipped with epi- 
fluorescence and photographs were taken on Agfachrome 1000 RS 
color slide film. 

Results 

CISS-hybridization o f  human gonosomes 

Figures l a - f  shows metaphase  spreads after CISS-hy- 
br id izat ion of the h u m a n  gonosomes  with the respective 
chromosome-specif ic  libraries.  Staining of the Y chro- 
mosome  was restricted to the euchromat ic  part  (Ypter-  
q l l ) ;  the he te rochromat ic  part  of the long a rm (Yql2 )  
r emained  uns ta ined  (Fig. lc ) .  In contrast ,  the ent i re  X 
ch romosome  was de l inea ted  (Fig. l a ,  b). As  expected,  
l ibrary probes  both  from sorted Y and X chromosomes  
showed cross hybr id iza t ion to evolut ionar i ly  conserved 
regions present  on both  h u m a n  gonosomes  (Bickmore  
and  Cooke  1987). Sequences  con ta ined  in the Y-l ibrary  
s ta ined the pseudoau tosomal  region on  the X chromo- 
some,  and  a discrete b a n d  (Xq13) on  the long arm of the 
X chromosome (Fig. lc ,  f). Similarly, sequences  in the 
X-l ibrary de l inea ted  the pseudoau tosomal  region and 
also, to some extent ,  the short a rm of the Y ch romosome  
(Fig. l a ) .  Impl icat ions  of this f inding for chromosome 
evolu t ion  will be discussed elsewhere (J. Wienbe rg  et al. 
1990). 

The  sensitivity of the me thod  allows us to test wheth- 
er small  ch romosome  fragments ,  whose origin canno t  be 
de te rmined  by conven t iona l  s ta ining procedures ,  are de- 

Fig. l a -n .  CISS-hybridization of human chromosomes X (a, b, d, 
e, g, h), Y (c, f, i,j), 13 (k, 1) and 7 (m, n). Biotinylated DNA from 
libraries of sorted human chromosomes was used as probe and de- 
tected with avidin-FITC. Cells were counterstained with DAPI (b, 
e, 1, n) and propidium iodide (a, e, d, f, g-j). a, b Metaphase 
spread and interphase nucleus from amniotic fluid cells with 
47,XY; +r. The X chromosome is clearly delineated, whereas the 
ring chromosome remains unlabeled (arrows). c Metaphase spread 
from 47,XY; +r. The euchromatic part of the Y chromosome is 
selectively labeled. The heterochromatic region of the Y is stained 
with DAPI and propidium iodide only. The ring chromosome 
(arrow) remains unstained. Note: small arrows indicate two faintly 
stained regions with cross-hybridization of Y-library sequences on 
the X chromosome (compare f). d, e Labeling of the X chromo- 
some in a metaphase spread after irradiation with 8 Gy of 6~ 
gamma-rays indicates several translocations and fragments (ar- 
rows), f Lymphocyte metaphase spread from XX-male (case 1). 
The two X chromosomes are specifically labeled with the Y-library 
probe; the large arrow indicates translocated Y chromosome mate- 
rial at the terminal region of Xp, small arrows point to the pseudo- 
autosomal region of the normal X and the homologous region in 
Xql3. g Single X-chromosome domain in two amniotic fluid cell 
nuclei from a normal male (46,XY). h Two X-chromosome domains 
in a lymphocyte nucleus of a normal female (46,XX). i Single do- 
main of the euchromatic part of the Y chromosome (Ypter-Yq11) 
in a male cell nucleus (46, XY) from amniotic fluid, j Two lympho- 
cyte nuclei from XX-male (case 1) with single hybridization spots 
representing translocated Y-chromosome material (compare f). 
k-n Metaphase spreads from amniotic fluid cells with balanced 
translocation 46,XY; t(7;13), k Labeling of a normal chromo- 
some 13 (large arrow) and deleted chromosome 13q- (small arrow). 
The deleted chromosome 13 material is translocated to a chromo- 
some 7 (arrowhead). Note that the heterochromatic part of the Y 
chromosome (triangle) is also labeled by the chromosome 13 library 
used in this experiment. 1 Same metaphase as in k after DAPI 
staining, m Labeling of a normal chromosome 7 (large arrow) and 
deleted chromosome 7 (small arrow). The deleted chromosome 7 
material is translocated to a chromosome 13 (arrowhead). n Same 
metaphase as in m after DAPI staining 
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Table 1, Frequencies of hybridization spots detected in interphase 
nuclei of PHA-stimulated human lymphocytcs and amniotic fluid 
cells after CISS-hybridization with biotinylated X- and Y-library 
DNA 

Cell type Karyotype Li- No. Percentage 
brary of of nuclei with 
DNA nuclei spot number 

0 1 2 

Lympho- 
cytes 

Amniotic 
fluid cells 

46,XY X 200 23 77 
46,XY Y 200 3 97 
46,XX X 200 8 - 
46,XX Y 200 100 - 
46,XY t(X;Y) Y 200 13 87 
case 1 
46,XX t(X;Y) Y 200 11 89 
case 2 

47,XY; + r X 200 6 94 
47,XY; +r Y 200 17 83 

92 

m 

rived from the human gonosomes or from autosomes. 
Figure l a - c  shows a small unidentified ring chromosome 
in the DAPI-stained metaphase spread of an amniotic 
fluid cell. The fact that this ring-chromosome could be 
stained neither by the Y- nor by the X-library indicates 
its autosomal origin. Figure ld ,  e presents examples of 
X-chromosome aberrations detected in a lymphocyte 
metaphase spread from a normal male individual (46,XY) 
after irradiation of the cells with 6~ and 
CISS-hybridization with the X-library. Translocations or 
fragments comprising a few megabases can be clearly de- 
tected in this way. 

Figure I f  demonstrates a lymphocyte metaphase spread 
from a male individual previously karyotyped by con- 
ventional banding analysis as 46,XX (data not shown) 
after CISS-hybridization with the Y-library. One X chro- 
mosome displays an abnormally extended fluorescent re- 
gion at the tip of the short arm, whereas the correspond- 
ing region of the other  X chromosome shows the smaller 
fluorescent band representative of the pseudoautosomal 
region. This result clearly indicates a translocation of Y- 
chromosomal material containing the male determining 
gene(s) to one X chromosome. 

The X chromosome in male nuclei and both the ac- 
tive and the inactive X chromosome in female nuclei oc- 
cupied discrete interphase domains (Fig. lg,  h). The 
sizes of these domains varied in different nuclei. Surpris- 
ingly, the differences, if any, between the active and in- 
active X-domains in each nucleus appeared small in the 
cell types investigated so far. The euchromatin of the Y 
chromosome (Ypte r -q l l )  was also visualized as a com- 
pact domain in normal male interphase nuclei (Fig. l i)  
and the same result was found for the translocated piece 
of the Y chromosome in interphase nuclei obtained from 
the XX-male (Fig. l j). In some nuclei, additional minor 
signals were seen; these probably resulted from cross-hy- 
bridization of Y-library sequences to the X chromosome 
as described above. These signals were clearly weaker 

Fig.2.  GTG-banded chomosomes 7 and 13 from the metaphase 
spread of an amniotic fluid cell with t(7;13). Breakpoints were de- 
fined in agreement with additional information from CISS-hybrid- 
ization experiments (compare Fig. 1 k-n) 

than labeled Y-chromosome material and were not fur- 
ther evaluated. 

Table 1 presents counts of interphase domains speci- 
fically stained with either the X- or the Y-library. Most 
males and female nuclei showed the expected number of 
X- and Y-domains, respectively. The high percentage of 
nuclei from the XX-male showing a distinct Y-euchro- 
matin fluorescence clearly contrasts with the total lack of 
such a signal in normal female nuclei. Interphase signal 
resulting from cross-hybridization of X- or Y-library 
probes to the pseudoautosomal region of the gonosomes 
were very weak and not counted. 

CISS-hybridization of  human autosomes 

Figure 2 shows the GTG-banded normal chromosomes 
7 and 13 and the corresponding transloeation chromo- 
somes from a metaphase spread of an amniotic fluid cell 
with 46,XY, t(7qter-7p21::13q21-13qter;13pter-13q21: 
:7p21-7pter). Using CISS-hybridization (Fig. 1k-n) ,  the 
translocated chromosome material from both chromo- 
somes could easily be distinguished, even in metaphase 
spreads of low quality with very short or overlapping 
chromosomes; these were unsuitable for conventional 
banding analysis. The chromosome 13 library used in the 
present experiments showed cross-hybridization with the 
heterochromatic region of the Y chromosome (Fig. lk ,  
1) (Liehter et al. 1988a). This unexpected hybridization 
pattern indicates the importance of rigorous testing of 
complex library probes by CISS-hybridization on normal 
metaphase cells to avoid misinterpretation in pathologi- 
cal cases. 

D i s c u s s i o n  

In the following, we will discuss the potential of CISS- 
hybridization in clinical cytogenetics compared with con- 
ventional cytogenetic analyses; we will also consider pos- 
sible future improvements. 
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An accessory small chromosome of unknown origin 
can occasionally be found de novo when prenatal diag- 
nosis is performed (Sachs et al. 1987). The origin of such 
marker  chromosomes often cannot be deduced from 
banding patterns. Recently, Crolla and Llerena (1988) 
have demonstrated the X-chromosomal origin of a ring 
chromosome using in situ hybridization of biotinylated X 
and Y centromer-specific probes. Our results indicate 
that CISS-hybridization with library D N A  from sorted 
human gonosomes can be used to investigate whether  
the whole marker  chromosome is constituted from gono- 
somal material. Such a distinction can be of great impor- 
tance for genetic counseling of the parents, since marker  
chromosomes containing euchromatin from autosomes 
may have clinical consequences of greater severity (Stein- 
bach et al. 1983). 

Application of CISS-hybridization can also be useful 
in familial cases with known balanced reciprocal translo- 
cations of autosomes (Bou6 and Gallano 1984). Identifi- 
cation of the translocation chromosomes may require 
optimal banding of long chromosomes in well-spread 
metaphases or prometaphases. Such cells may not be 
available for prenatal diagnosis. CISS-hybridization of 
the two chromosomes in question can provide definitive 
results, even with chromosome spreads of poor  quality. 

A desirable new strategy would be one that helped to 
pinpoint unequivocally the chromosomal origin of genet- 
ic material in de novo structural chromosomal rearrange- 
ments (Warburton 1984). Such a strategy could be based 
on CISS-hybridization with combinations of multiple 
chromosome libraries. At  present, we can stain simul- 
taneously up to five chromosomes in one color (S. Popp, 
unpublished results). Advances in multicolor detection 
protocols add another  possibility that can be exploited in 
this context (Nederlof  et al. 1989). By staining groups of 
chromosomes selectively, one should rapidly be able to 
narrow down possible candidates from which the uniden- 
tified material originates. 

When the origin of a marker  chromosome or translo- 
cated chromosome material is known, in situ hybridiza- 
tion with probes mapped to chromosomal subregions 
can be used to characterize further the genetic content 
and the breakpoints. At  present, the sensitivity of non- 
radioactive in situ hybridization procedures is sufficient 
to localize single copy sequences of a few kb (Landegent 
et al. 1985; Lichter et al. 1988b; Viegas-Pequignot et al. 
1989). CISS-hybridization makes it possible to achieve 
the site-specific hybridization of DNA clones, even if 
these clones contain repetitive sequences distributed 
throughout  the whole genome (Landegent et al. 1987; 
Lichter et al. 1990). We expect that future in situ hybrid- 
ization strategies in clinical cytogenetics will be based 
on combinations of mapped probes such as cosmid- or 
YAC-clones. The realization of such strategies seems 
clearly feasible in the near future because of the rapid in- 
crease of precisely mapped sequences. 

Interphase cytogenetics provides another rapidly de- 
veloping application of in situ hybridization (Rappold et 
al. 1984; Burns et al. 1985; Cremer  et al. 1986, 1988a, b; 
Pinkel et al. 1986, 1988; Devilee et al. 1988; Hopman  et 
al. 1988, 1989; Emmerich et al. 1989; Walt et al. 1989). 

The development of this new approach has become pos- 
sible after the demonstration that chromosomes occupy 
distinct territories in the interphase nucleus of somatic 
mammalian cells (Cremer et al. 1982; Schardin et al. 
1985; Manuelidis 1985; Lichter et al. 1988a). Interphase 
cytogenetics can be used in prenatal diagnosis to decide 
whether the fetus is balanced for specific chromosomes 
or chromosomal subregions, even in those cases where 
metaphase spreads for conventional analysis cannot be 
obtained (Lichter et al. 1988b). 

Our preliminary data suggest a correlation between 
the D N A  content of a specifically stained metaphase 
chromosome or chromosome fragment and the size of its 
corresponding interphase domain (Cremer et al. 1988a; 
Lichter et al. 1988a). For  example, in the XX-male de- 
scribed above, the translocated piece of Yp was delineat- 
ed in most lymphocyte nuclei, but was clearly smaller 
than the domains of complete Y or X chromosomes. The 
sensitivity with which chromosome material can be de- 
tected in interphase nuclei may vary in different cell 
preparations. In the present experiments,  attempts at 
staining the translocated chromosome fragment in nuclei 
from cells of amniotic fluid in the t(7;13) case were not 
successful, although interphase detection of autosomal 
fragments of similar size was clearly possible in other  
cases (unpublished data). We expect that the sensitivity 
of interphase detection can be improved by methods that 
will enable bet ter  probe penetration to the nuclear hy- 
bridization targets (Emmerich et al. 1989; Hopman et al. 
1989), and by the use of DNA-probes  specific for a par- 
ticular chromosome band (Lichter et al. 1988b). Under  
optimized conditions, a few kb of D N A  can presently be 
visualized in the interphase nucleus (Lawrence et al. 
1988). 

Acknowledgements. We thank S. Popp for help in the irradiation 
experiment and J.Hollatz for photographic work. A.J. was sup- 
ported by a scholarship from the Bundesministerium for Forschung 
und Technologie (BMFT), T. C. by a Heisenberg Stipendium and 
P.L. by a Forschungsstipendium, both from the Deutsche 
Forschungsgemeinschaft. 

References  

Bickmore WA, Cooke HJ (1987) Evolution of homologous se- 
quences on the human X and Y chromosomes, outside of the 
meiotic pairing segment. Nucleic Acids Res 15 : 6261-6271 

Bou6 A, Gallano P (1984) A collaborative study of the segregation 
of inherited chromosome structural rearrangements in 1356 
prenatal diagnoses. Prenat Diagn 4 : 45-67 

Burns J, Chan VTW, Jonasson JH, Fleming KA, Taylor S, McGee 
J O'D (1985) Sensitive system for visualizing biotinylated 
DNA probes hybridized in situ: rapid sex determination of in- 
tact cells. J Clin Patho138 : 4678-4686 

Cremer T, Cremer C, Baumann H, Luedtke EK, Sperling K, 
Teuber V, Zorn C (1982) Rabl's model of the interphase chro- 
mosome arrangement tested in Chinese hamster cells by pre- 
mature chromosome condensation and laser-UV-microbeam 
experiments. Hum Genet 60 : 46-56 

Cremer T, Landegent JE, Briickner H, Scholl HP, Schardin M, 
Hager HD, Devilee P, Pearson PL, Ploeg M van der (1986) 
Detection of chromosome aberrations in the human interphase 
nucleus by visualization of specific target DNAs with radioac- 



150 

tive and non-radioactive in situ hybridization techniques: diag- 
nosis of trisomy 18 with probe L1.84. Hum Genet 74:346-352 

Cremer T, Lichter P, Borden J, Ward DC, Manuelidis L (1988a) 
Detection of chromosome aberrations in metaphase and in- 
terphase tumor cells by in situ hybridization using chromo- 
some-specific library probes. Hum Genet 80: 235-246 

Cremer T, Tesin D, Hopman AHN, Manuelidis L (1988b) Rapid 
interphase and metaphase assessment of specific chromosomal 
changes in neuroectodermal tumor cells by in situ hybridiza- 
tion with chemically modified DNA probes. Exp Cell Res 
176:199-220 

Cremer T, Popp S, Emmerich P, Lichter P, Cremer C (1990) 
Rapid metaphase detection of radiation-induced chromosome 
aberrations in human lymphocytes by chromosomal suppres- 
sion in situ hybridization. Cytometry 11 : 110-118 

Crolla JA, Llerena JC Jr (1988) A mosaic 45,X/46,X,r(?) karyo- 
type investigated with X and Y centromere-specific probes 
using a non-autoradiographic in situ hybridization technique. 
Hum Genet 81 : 81-84 

Devilee P, Thierry RF, Kievits T, Kolluri R, Hopman AHN, Wil- 
lard HF, Pearson PL, Cornelisse CJ (1988) Detection of chro- 
mosome aneuploidy in interphase nuclei from human primary 
breast tumors using chromosome-specific repetitive DNA 
probes. Cancer Res 48 : 5825-5830 

Emmerich P, Jauch A, Hofmann MC, Cremer T, Walt H (1989) 
Interphase cytogenetics in paraffin embedded sections from 
human testicular germ cell tumor xenografts and in correspond- 
ing cultured cells. Lab Invest 61 : 235-242 

Hopman AHN, Ramaekers FCS, Raap AK, Beck JLM, Devilee 
P, Ploeg M van der, Vooijs GP (1988) In situ hybridization as 
a tool to study numerical chromosome aberrations in solid 
bladder tumors. Histochemistry 89: 307-316 

Hopman AHN, Ramaekers FCS, Vooijs GP (1989) Interphase cy- 
togenetics on solid tumors. In: Polak JM, McGee J O'O (eds) 
In situ hybridization: principles and practice. Oxford Univer- 
sity Press, Oxford, pp 165-186 

Landegent JE, Jansen in de Wal N, Ommen GJB van, De Baas F, 
Vijlder JJM, Duijn P van, Ploeg M van de (1985) Chromosom- 
al localization of a unique gene by non-autoradiographic in situ 
hybridization. Nature 317 : 175-177 

Landegent JE, Jansen in de Wal N, Dirks RW, Baas F, Ploeg M 
van der (1987) Use of whole cosmid cloned genomic sequences 
for chromosomal localization by non-radioactive in situ hybrid- 
ization. Hum Genet 77 : 366-370 

Langer PR, Waldrop AA, Ward DC (i981) Enzymatic synthesis of 
biotin-labeled polynucleotides: novel nucleic acid affinity 
probes. Proc Natl Acad Sci USA 78:6633-6637 

Lawrence JB, Villnave CA, Singer RH (1988) Sensitive, high-res- 
olution chromatin and chromosome mapping in situ: presence 
and orientation of two closely integrated copies of EBV in a 
lymphoma line. Cell 52:51-61 

Lichter P, Cremer T, Borden J, Manuelidis L, Ward DC (1988a) 
Delineation of individual human chromosomes in metaphase 
and interphase cells by in situ suppression hybridization using 
recombinant DNA libraries. Hum Genet 80 : 224-234 

Lichter P, Cremer T, Chang Tang CJ, Watkins PC, Manuelidis L, 
Ward DC (1988b) Rapid detection of chromosome 21 aberra- 

tions by in situ hybridization. Proc Natl Acad Sci USA 85: 
9664-9668 

Lichter P, Chang Tang C J, Call K, Hermanson G, Evans GA, 
Housman D, Ward DC (1990) High resolution mapping of 
human chromosome 11 by in situ hybridization with cosmid 
clones. Science 247: 63-69 

Maniatis T, Fritsch EF, Sambrook J (eds) (1982) Molecular clon- 
ing: a laboratory manual. Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY 

Manuelidis L (1985) Individual interphase chromosome domains 
revealed by in situ hybridization. Hum Genet 71 : 288-293 

Nederlof PM, Robinson D, Abuknesha R, Wiegant J, Hopman 
AHN, Tanke HJ, Raap AK (1989) Three-color fluorescence in 
situ hybridization for the simultaneous detection of multiple 
nucleic acid sequences. Cytometry 10 : 20-27 

Pinkel D, Gray JW, Trask B, Engh G van den, Fuscoe J, Dekken 
H van (1986) Cytogenetic analysis by in situ hybridization with 
fluorescently labeled nucleic acid probes. Cold Spring Harb 
Symp Quant Biol 51 : 151-157 

Pinkel D, Landegent J, Collins C, Fusco J, Segraves R, Lucas J, 
Gray JW (1988) Fluorescence in situ hybridization with human 
chromosome specific libraries: detection of trisomy 21 and 
transloeations of chromosome 4. Proc Natl Acad Sci USA 
85 : 9138-9142 

Rappold G, Cremer T, Hager H-D, Davies KE, Miiller CR, Yang 
T (1984) Sex chromosome positions in human interphase nuc- 
lei as studied by in situ hybridization with chromosome specific 
DNA-probes. Hum Genet 67 : 317-325 

Rooney DE, Czepulkowski BH (1986) Human cytogenetics: a 
practical approach. (Practical approach series) IRL Press, Ox- 
ford Washington, DC 

Sachs ES, Hemel JO van, Hollander JC den, Jahoda MGJ (1987) 
Marker chromosomes in a series of 10000 prenatal diagnoses. 
Cytogenetic and follow-up studies. Prenat Diagn 7 : 81-89 

Schardin M, Cremer T, Hager HD, Lang M (1985) Specific stain- 
ing of human chromosomes in Chinese hamster • man hybrid 
cell lines demonstrates interphase chromosome territories. 
Hum Genet 71 : 281-287 

Schwarzacher HG, Wolf U (1970) Methoden in der medizinischen 
Zytogenetik. Springer, Berlin Heidelberg New York 

Steinbach P, Djalali M, Hansmann I, Kattner E, Meisel-Stosiek 
M, Probeck H-D, Schmidt A, Wolf M (1983) The genetic sig- 
nificance of accessory bisatellited marker chromosomes. Hum 
Genet 65 : 155-164 

Viegas-P6quignot E, Zhen Lin L. Dutrillaux B, Apiou F, Paulin D 
(1989) Assignment of human desmin gene to band 2q35 by 
nonradioactive in situ hybridization. Hum Genet 83 : 33-36 

Walt H, Emmerich P, Cremer T, Hofman M-C, Bannwart F 
(1989) Supernumerary chromosome 1 in interphase nuclei of 
atypical gern cells in paraffin-embedded human seminiferous 
tubules. Lab Invest 61 : 527-531 

Warburton D (1984) Outcome of cases of de novo structural rear- 
rangements diagnosed at amniocentesis. Prenat Diagn 4:69- 
8O 

Wienberg J, Jauch A, Stanyon R, Cremer T (1990) Molecular 
cytotaxonomy of primates by chromosomal in situ suppression 
hybridization. Genomics (in press) 


