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Abstract We tested DNA probes directly labeled by flu-
orescently labeled nucleotides (Cy3-dCTR, Cy5-dCTPR,
FluorX-dCTP) for high resolution uni- and multicolor de-
tection of human chromosomes and analysis of cen-
tromeric DNA organization by in situ hybridization. Al-
pha-satellite DNA probes specific to chromosomes 1, 2,
3,4+9,5+19,6,7, 8,10, 11, 13 + 21, 14 + 22, 15, 16,
17, 18, 20, 22, X and Y were suitable for the accurate
identification of human chromosomes in metaphase and
interphase cells. Cy3-labeled probes had severa advan-
tages: (1) a high level of fluorescence (5-10 times more
compared with fluorescein-labeled probes); (2) a low level
of fluorescence in solution, alowing the detection of tar-
get chromosomes in situ during hybridization without the
washing of slides; and (3) high resistance to photobleach-
ing during prolonged (1-2 h) exposure to strong light,
thus allowing the use of a high energy mercury lamp or a
long integration time during image acquisition in digital
imaging microscopy for the determination of weak sig-
nals. For di- and multicolor fluorescence in situ hy-
bridization (FISH), we successfully used different combi-
nations of directly fluorophorated probes with preserva-
tion of images by conventional microscopy or by digita
imaging microscopy. FluorX and Cy3 dyes alowed the
use of cosmid probes for mapping in a one-step hybridiza-
tion experiment. Cyanine-labeled fluorophorated DNA
probes offer additional possibilities for rapid chromosome
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detection during a simple 15-min FISH procedure, and
can be recommended for basic research and clinical stud-
ies, utilizing FISH.

Introduction

Detection of nucleic acids by fluorescence in situ hy-
bridization (FISH) is now a vauable approach in basic
and applied human genetics, including studies of chromo-
some structure and function, genome mapping, and clini-
cal cytogenetics (for a review, see Lichter and Cremer
1992). Numerous improvements in this technique have
been made over the last few years, alowing multiple
probe visualization and analysis. The introduction of fluo-
rophore-labeled nucleotides permits the direct production
of fluorescent DNA probes, and, in combination with a-
ternative probe labeling and digital imaging microscopy,
allows multicolor high resolution detection of target DNA
sequences in metaphase and interphase chromosomes, in-
cluding decondensed chromatin or DNA fibers (Wiegant
et a. 1991, 1992; Ried et al. 19924, b; Heng et al. 1992;
Parra and Windle 1993; Haaf and Ward 1994). Directly
flurophorated DNA probes offer several additional advan-
tages for FISH studies because of (1) the elimination of
secondary detection steps and the visualization of hy-
bridization resultsin a*“ one-step” procedure; (2) very low
background fluorescence; and (3) increased potential for
multicolor and quantitative probe detection (Ballard and
Ward 1993). Severa nucleotide triphosphates labeled
with different fluorophores, including fluorescein, rho-
damine, and aminomethyl coumarin acetate, are available
for the preparation of directly fluorophorated DNA
probes. However, fluorophore-labeled probes have com-
monly only 10%-15% of signal strength compared with
biotin- or digoxigenin-labeled probes; they are also prone
to photobleaching during exposure to strong light and are
guenched by many counterstains. Therefore, for many
applications, biotin- and digoxigenin-labeled probes may
be preferable (Ried et al. 19924, b; Ballard and Ward
1993).



Cyanine dyes are also useful as fluorescent labels for
biologica macromolecules (Mujumdar et a. 1993). Cya
nine 3 dye provides significantly brighter fluorescence
than any other fluorophore, including fluorescein, tetra-
methylrhodamine, and Texas Red (Wessendorf and Brelje
1992). Cyanine-dye-labeled nucleotide triphosphates, such
as Cy3-dCTP and Cy5-dCTP (Biological Detection Sys-
tems, Pittsburg, Pa.) are available for non-radioactive la-
beling of DNA probes. These new fluorophores have not
been extensively used in molecular cytogenetic studies.
Therefore, the potentials of these fluorophores have not
been fully realized. In this report, we have tested a num-
ber of alphoid and site-specific DNA probes, directly la-
beled by fluoresceinated nucleotides (Cy3-dCTP, Cy5-
dCTPR, FluorX-dCTP) for uni- and multicolor FISH.

Materials and methods

Cell materia

Metaphase spread and interphase nuclei were prepared from phy-
tohemagglutinin-stimulated blood lymphocytes obtained from
karyotypically normal individuals, patients with trisomy 21, and
cultured lymphoblastoid and Hela cell lines by using standard
techniques of colcemid treatment, hypotonic treatment, and
methanol/acetic acid fixation. Cell suspensions and preparations
were stored in 80% methanol at —20° C and were re-fixed before
use. Uncultured amniocyte cells were fixed as described by
Soloviev et al. (1995). Slides with fixed sperm nuclei were sup-
plied by Prof. M. R. Guichaoua (Hopital de Conception, Labora-
toire de Biologie de la Reproduction, Marseille, France), Frozen
samples of colorectal tumors were provided by Dr. M. Muleris (In-
stitute Curie, Section de Biologie, Paris, France) and processed by
standard techniques, utilizing collagenase treatment and
methanol/acetic acid fixation. Samples of buccal smears were col-
lected from a scraping of the inside of the cheek and fixed imme-
diately with methanol/acetic fixative.

DNA probes

A battery of original chromosome enumeration probes, devel oped
at Cytogenetics Laboratory, National Research Center of Mental
Health, Moscow, Russia, and including alphoid DNA probes spe-
cific to chromosomes 1, 2, 3, 4, 5, and 19; 6, 7, 8, 10, 11, 12, 13,
and 21; 14 and 22; 15, 16, 17, 18, 20, 22, X, and Y, was used.
Alphoid plasmid probes were as described earlier (Yurov 1984;
Alexandrov et a. 19864, b, 1988, 1991, 19934, b; Varsanovaet al.
1986, 1990, 1994; Mashkova et al. 1994; Plattner et al. 1993;
Yurov et al. 1986, 1987, 1988, 1991). The a phoid probes specific
to chromosomes 2 (cos apha2, No21-21), 11 (cos aphall,
N022-35), 13 and 21 (cos alpha21-13, No21A-1), 14 and 22 (cos
aphald—22, No22—4), 15 (cos aphal5, No22-12), 16 (cos a-
phal6, No22-19), 17 (cos aphal7, No22-55), 20 (cos apha20,
No022-35), X (cos aphaX, No22—-42), Y (cos aphaY, No22-B12),
and ribosomal DNA probes specific to nucleolus organizer regions
(NORYy) of al acrocentric chromosomes (cos R, No13-r34) are hu-
man alphoid genomic fragments with sizes ranging from 15 to 35
kb, cloned in Lowrist cosmid vectors; these will be described else-
where. The cosmid probe for the detection of NORs was isolated
by cross-hybridization with human ribosomal RNA in a chromo-
some-13-specific cosmid library, supplied by Dr. N. Jankowski
(Moscow). This probe is highly specific to NORs of al human
acrocentric chromosomes. Cosmid probes site-specific for chro-
mosome 21 were as described by Soloviev et al. (1995). Cot 1
DNA (Gibco BRL) was used as a probe for pericentromeric hete-
rochromatic regions of all human chromosomes; it gave more in-
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tense hybridization signals in chromosomal regions 1ql, 9q1,
15p1, 16091113, and Yql2.

In situ hybridization

The DNA probes were |labeled using a standard nick trand ation pro-
cedure with Cy3-dCTP, Cy5-dCTP or FluorX-dCTP, produced by
Biological Detection Systems. Usually, 1 ug DNA for each probe
was labeled in 20 pl nick-translation mixture, containing (1) 20
UM each dATP, dGTP, dTTP and 25 pM Cy3-dCTP for Cy3-la-
beled prabes; (2) 20 uM dATP, 20 uM GTP, 25 pM bio-11-dUTP
(Sigma) and 25 pM Cy3-dCTP for both biotin- and Cy3-labeled
probes; (3) 20 uM each dATP, dGTP, dTTP, dCTP and 100 uM
Cy5-dCTP for Cy5-labeled probes; (4) 20 uM each dATP, dGTP,
dTTP, dCCT and 50 pM FluorX-dCTP for fluorescein-labeled
probes. Labeled DNA samples were ethanol precipitated in the
presence of a 20-fold excess of sonicated salmon sperm DNA as
the carrier. Precipitates were dissolved in 200 pl hybridization
mixture of 50% formamide (Fisher) 2 x SSC (0.3 M NaCl, 0.03 M
trisodium citrate), 10% dextran sulfate (Pharmacia), at a concen-
tration of approximately 5 ng/ul (stock solution of probes ready for
use) and stored at —20° C for at least 1 year, viz., the duration of
these experiments.

In situ hybridization and probe detection

In situ hybridization was performed as described in detail previ-
ously for isotopic in situ hybridization (Yurov 1984; Yurov et al.
1987). Slides with fixed cells (blood lymphocytes and amniocytes)
were treated with 0.07 N NaOH, 2 x SSC for 30 s for chromoso-
mal DNA denaturation, dehydrated in 70%, 96%, 100% ethanol
solutions for 2 min each, and air-dried. Slides with interphase tu-
mor cells, spermatozoa nuclei, or buccal epithelium cells were
treated in 2 N NaOH, 2 x SSC for 2-3 min without application of
pronase or pepsin treatment, dehydrated in ethanol, and air-dried.

DNA probes at a concentration of 1-2 ng/pl in hybridization
solution were denatured at 70° C for 5 min, placed in ice, and then
applied (7.5-10 pl probes for a 22 x 22 mm coverslip) to each
dlide. For dural- and three-color hybridization, DNA probes were
mixed in equal proportions (5 pl each probe at a concentration of 5
ng/ul for each probe). Hybridization was usually performed at 42°
C overnight, although clear hybridization signals were seen after
30-60 min of hybridization. The slides were washed in 50% for-
mamide, 2 x SSC at 42-45° C, three times for 2 min, and rinsed in
0.1-2 x SSC for 5 min.

Detection of biotin-labeled probeswas performed as previously
described (Pinkel et al. 1986) by the use of alayer of fluorescein-
avidin (Sigma) or, aternatively, Cy3-avidin (Biological Detection
Systems), and one or two steps of amplification with biotinylated
goat anti-avidin (Vector Laboratories), if necessary. Slides were
mounted in antifade solution (0.2% p-phenylenediamine, Sigma;
in 80% glycerol, 20 mM TRIS-HCI, pH 8.0), and 200 ng/ml DAPI
(4", 6-diamidino-2-phenylindole-2HCI) as counterstaining for the
Cy3 dye or 400 ng/ml propidium iodide plus DAPI for fluorescein.

Control of hybridization efficacy and specificity

In experiments when Cy3-labeled probes were hybridized sepa-
rately or mixed with Cy5-, FluorX- or biotin-labeled probes, the
step of microscopic control for hybridization efficiency was per-
formed without the detaching of coverslips and washing of slides.
Cy3-labeled probes usually have alow level of fluorescence in so-
lution, and hybridization signals are clearly seen, through the
cover-glass and hybridization mixture, by means of a 40 x objec-
tive. If hybridization efficiency was not sufficient by visua in-
spection, it was possible to continue hybridization for a longer
time or to rehybridize the slides with a new sample of DNA probe
after repeated denaturation of chromosomal DNA (in 70% for-
mamide, 2 x SSC at 70° C for 2 min followed by fixation of slides
in 70%, 96%, 100% ethanol solutions for 2 min).



392

Directly fluorophorated probes could be analyzed immediately
before (through the coverslip) or after the post-hybridization wash-
ing procedure, if necessary. Post-hybridization washing was per-
formed to remove minor or non-specific hybridization signals in
50% formamide, 2 x SSC at 42-45° C for 15-30 min, with micro-
scopic analysis of the results and repetitive washing steps.

Rapid FISH protocol with Cy3-labeled alphoid DNA probes

Cy-3 fluorophorated alphoid DNA probe (7.5-10 pl probe at a
concentration of 1-5 ng/ul in a hybridization mixture of 50% for-
mamide, 2 x SSC, 10% dextran sulfate) was placed directly on the
dlide with fixed cells, covered by a coverdlip (22 x 22 mm), and
denatured together with target chromosoma DNA at 72°C for
5-10 min. The hybridization results could be seen after 1-2 min of
cooling the dlides at room temperature and directly through the
coverdips by using a conventional fluorescent microscope,
equipped with an immersion-oil objective (40 x) and the appropri-
ate Cy3-dye filter set. The hybridization could be continued at
room temperature for 5-10 min., if necessary, before post-hy-
bridization washing procedures. Moreover, the slides could be
stored in a dark box for up to 24 h at room temperature (for more
intense hybridization signals) or for several weeksin arefrigerator
before washing, counterstaining with DAPI in antifading solution
and microscopic analysis.

In order to eliminate non-specific cross-hybridization of
alphoid DNA probes to the centromeric regions of many chromo-
somes, the slides were washed at 72°C in 0.1-0.2 x SSC for 2-5 s
(up to 5 min, if it was necessary to reduce background or non-spe-
cific hybridization signals). Alternatively, the slides could be
washed in 50% formamide, 2 x SSC at 42-45° C according to stan-
dard washing procedures.

Microscopy

For epifluorescence microscopy, a Leitz Orthoplan photomicro-
scope equipped with a 100 W lamp was used with the following
filter sets (Leica Mikroskopie und Systeme): A (No. 513596) for
DAPI fluorescence; I3 (No. 513719) or GR (No. 513821) for pro-
pidium iodide fluorescence and fluorescein isothiocyanate (FITC)
signals; GR (No. 513821) for both fluorescein and cyanine signals;
N2 (No. 513609) for cyanine signals. All images were observed
with the Plan-Neofluotar 40 %/1.30 or 63 %/1.30-0.60 oil immer-
sion lens. Microphotographs were taken with Agfachrome 1000
RS or Fujichrome p1600 D color-dide films. Multicolor digital
images were recorded using a cooled charge couple device (CCD)
camera (Photometrics, Tuscon, Ariz., USA) and the software pack-
age “BDS Image” (now as ONIPIPE-P, “Oncor” Imaging Sys-
tems) at the laboratory of Biological Detection Systems.

Results

In order to perform “one-step” uni-color FISH, we used a
battery of alphoid probes specific to all human chromo-
somes (see above), labeled by Cy3-dCTP or FluorX-
dCTP (Fig.1a, ¢, d, g). Analysis of metaphase chromo-
somes and interphase nuclei, in cytological preparations
of lymphocytes, amniocytes, tumor cells, spermatozoa,
and buccal epithelium, showed that Cy3- and FluorX-flu-
orophorated alphoid DNA accurately identified target hu-
man chromosomes by “standard” and rapid in situ hy-
bridization protocols (Table 1). The optimal time of hy-
bridization was approximately 5-10 min for Cy3-labeled
and 30-60 min for FluorX-labeled DNA probes, used at a
concentration of 1-5 pg/ul. Low copy number alpha satel-

lites from chromosomes 1, 2, 20, 22, and Y needed a pro-
longed hybridization of 0.5-1 h or the use of a more con-
centrated probe (10-20 pg/ul).

In additional experiments, we used DNA probes la-
beled in equimolar proportion with both Cy3-dCTP and
biotin-11-dUTPR, followed by the application of FITC-
avidin (Fig.1b) or Cy3-avidin (Fig.1e) for the detection
of biotin labels. The sensitivity of FISH with Cy3-labeled
probes was significantly higher in comparison with Cy5,
FluorX or biotin labels. The same interphase nuclei with
trisomy 21, hybridized with a cosmid probe specific to
chromosomes 13 and 21, could be labeled by both Cy3-
dCTP (orange signals with the filter set N2 for rhodamine;
Fig.1a) and biotin-11-dUTP (yellowish-green signals of
FITC-avidin with filter set 13 for fluorescein; Fig.1b).
The intensity of Cy-3 fluorescence was 5-10 times higher
than that for fluorescein, as registered at similar exposure
times (15 s for each) during microphotography. The Cy3-
signals were extremely stable during prolonged micro-
scopic analysis of up to 1-2 h. Whereas the FITC or Flu-
orX signals were quenched after only 2—3 min of expo-
sure to strong light. Taking into account the high stability
of Cy3 dye against photobleaching, the documentation of
Cy-3-labeled probes by microphotography or image ac-
quisition using a CCD camera can be performed over a

Fig.1a—g Fluorescence in situ hybridization with Cy3-, FluorX-, »
and Cy5-labeled DNA probes. a Detection of chromosomes 13 and
21 in interphase nuclei of a patient with trisomy 21, by both Cy3-
and biotin-labeled alphoid DNA probe cos-gen-s-13, 21 after 4
min hybridization; five bright red-orange Cy3-dye signals, de-
tected by afilter set for rhodamine. b The same nucleus asin a, but
after application of one layer of FITC-avidin for the detection of
the biotin label, using afilter set for fluorescein; five green-yellow
signals with intensities approximately 5-10 times less than for Cy3
dye. ¢ Dual-color detection of chromosome Y (Cy3-labeled chro-
mosome-Y -specific DNA probes gen-sY-alpha — in red) and
chromosome X (FluorX-labeled chromosome-X-specific probe
pYAM10-40 in green) in an interphase nucleus of an individual
with karyotype 46,XY ; hybridization for 30 min. d Three inter-
phase nuclei of a patient with trisomy 21 (Down syndrome) show-
ing five red signals (filter set for rhodamine only) after 5 min hy-
bridization with chromosome-13-specific and chromosome-21-
specific alphoid DNA probes (cos-alpha-13-12), labeled with Cy3-
dCTP. Several minor hybridization sites are seen in addition to
five intense signals, as this micrograph was made through the cov-
erslip before post-hybridization washing of the slide. The Cy3-la-
beled probe co-hybridizes with FluorX-labeled ribosomal DNA
probe cos13-r34, which is not seen by this filter set. e The same
three nuclei asin d, but after washing in 0.2 x SSC at 70° C for 30
s and analysis by a filter set for both rhodamine and fluorescein.
The hybridization signals in chromosomes 13 and 21 are com-
posed of two regions, colored red by the Cy3 dye (label for alphoid
DNA) and green for FluorX (label for iboisoma DNA); this gives
yellow in overlapping areas of pericentromeric regions in inter-
phase chromosomes 13 and 21. NORs of acrocentric chromosomes
14, 15, and 22 are green only with the FluorX-labeled ribosomal
DNA probe. f Multicolor detection of chromosomes 3 (purple), 8
(white) and X (yellow) by aphoid DNA probes labeled by Cy3,
Cy5, and FluorX dyes, respectively, after overnight hybridization
with Hela interphase nuclei (blue DAPI fluroescence), pseudocol -
ored by using digital imaging microscopy. g Detection of chromo-
some 6 by Cy3-labeled alphoid DNA probe alphaRI-12 in a nor-
ma metaphase plate (overnight hybridization), by using digital
imaging microscopy



long time. Therefore, this fluorophore may by especialy
useful for the documentation of very weak signals or the
guantitative determination of hybridization intensity by
confocal laser microscopy.

In experiments with dual-color FISH, we tested differ-
ent combinations of probes, specific to chromosomes 13
and 21 (probes cos alpha21, 13, No21-A1), 18 (P BRHS13

or pYAM9-60), X (pYAM1040 or cos aphaX,
No022—-42) and Y (MGY1 or cos alpha Y, No22-B12), la-
beled by Cy3-dCTP or FluorX-dCTP. An example of

dual-color FISH for the simultaneous detection of sex
chromosomes X (in green) and Y (in orange) in shown in
Fig. 1c. The same group of interphase nuclel with trisomy
21 co-hybridized with the chromosome-1-specific aphoid
probe (Cy3 dye) and probe cosl13-r34, specific to NORs
of al acrocentric chromosomes (FluorX dye) (Fig.1d, €).
In addition, tri-color hybridization signals could be seen
corresponding to many NORs of al acrocentrics (in
green, FluorX only), several aphoid DNA regions in
chromosomes 13 and 21 (in red, Cy3 only), and five yel-
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Table 1 Chromosomal local-

ization of DNA probes labeled ~ Chromosomes Probe name Optimal hybridization time
with Cy3 and FluorX dyes Major site? Minor sites? Cy3 FluorX
1 cen 5,7,19 p2hs-5 10-30 min 4h
1cen 3,6,7, 10 aphaRl-12
2 cen 18, 20 gen-s-2 15 min 4h
3cen 1,567, pHSO5 2min 30 min
4 cen 9, 18, 20 pYAM 11-39 10 min 1h
5 cen/19cen 1,3,7, 16 aphaRl-14 15 min 4h
6 cen 1,7,19 aphRI-12 10 min 2h
7 cen 1,5,19 aphaRl-5 10 min 2h
8 cen 2,918, 20 gen-s-8 15 min 4h
10 cen 1, 3,5, 16, 19 pYAM 11-19 2-3min 30 min
pBR 1365
11 cen 1,17, X pHS5 3 2min 30 min
13 cen/ 2,9, 14, 15 aphaR6 4-5 min 45-60 min
21 cen 20,22 cosmid-gen-s-13, 21
14 cen/ 2,8,9 13,15 gen-s-14, 22 2-3 min 30 min
22 cen 17, 18, 20, 22
aThese chromosomal regions 15 cen Acrocentrics gen-s-15 class 1520 min 56h
are clearly seen at high (50% 17 cen 1,11, X pYAM 7-29 2min 30 min
formamide, 2 x SSC at 42-43° 18 cen 2,4,8,9 20 PYAM 3-86, 422 3-5min 4560 min
Cor 0.2 x SSC, 70°C) and pYAM9-60
medium (50% formamide, 2 x pBRHS 13
SSC at 37—39°C or 0.2x SSC, 50 cen 2,4,9,18, 21, 22 gen-s-20 1520min  56h
ﬁg;g%fcgoztg;g;?géacggﬁ" Y cen All centromeres gen-s-Y-alpha 30-60 r_nin 8—10_h
washing of slides X cen 1,11, 17 pYAM 1040 2-3min 30 min
bThese chromosomal regions Centromeres of all gen-s-Y-alpha 10 min 4 h
are clearly seen at medium chromosomes®
stringency conditions of 1gh, 9gh, All other Cotl DNA 2min 10-30 min
posthybridization washing of 15p, 16gh, chromosomes (Gibco, BRL)
s put gt daitle. v (ermomere
uni : .
cHybri o e ngof  NORs ?rl:oﬁ?s%erﬂgc cos13-r34 30-60 min 8-10h

dlides at room temperature

low signals in chromosomes 13 and 21 (green plus red),
composed of closely situated and overlapping areas of hy-
bridization signals for alphoid and ribosomal DNASs (Fig.
1e). These results underline the potentials of Cy3 and Flu-
orX labels for the production of tri- or multicolor FISH.

Fig.2a—e Examples of FISH with Cy3- and FluorX-labeled DNA
probes. a Human Cotl DNA labeled by FluorX-dCTP and hy-
bridized to human metaphase chromosomes for 10 min at room
temperature and washed in 0.2 x SSC at 70° C for 1 min. The chro-
mosomes were counterstained by propidiun iodide (red). The re-
gions corresponding to highly repetitive “classical” satellite DNA
in chromosomes 1, 9, 16, all acrocentric chromosomes, and Y are
more intensely labeled. The homologs of chromosomes 9 and 16
are heteromorphic regarding the amount of repetitive pericen-
tromeric DNA (chromosomes 9gh+ and 16gh+ contain more Fluor
X-labeled hybridized probe). b Ribosomal DNA probes (cos13-
r34), labeled by FluorX-dCTP and hybridized for 30 min to
metaphase chromosomes of a somatic cell hybrid line (Chinese
hamster x human), containing only chromosome 13 as the human
material (counterstained by propidium iodide). Chromosome 13
contains an intense hybridization signal at the p-arm, and minor
signalsin the g-arm because of cross-hybridization of interspersed
human-specific Alu and L1 sequences present in this cosmid
clone. ¢ The same metaphase chromosomes asin b, counterstained
by DAPI, producing Q-banding for chromosome identification.
d Chromosome-21-specific cosmid probe cos-21-02, labeled by

Application of digital imaging with a CCD camera can
be extremely helpful for the analysis of both interphase
and metaphase chromosomes hybridized with Cy3, Cy5
and FluorX dyes (Fig.1f, g). Nevertheless, clear accurate
signals can be seen using a conventional fluorescence mi-

FluorX-dCTP and hybridized for 2 h to metaphase chromosomes »

of a patient with trisomy 21. Each chromatid of the three chromo-
somes 21 contains a clear hybridization signal at region 21g22.
e Sperm nuclei of a patient with unmatured (“big” cells) and ma-
tured (“small” cells) spermatozoa, hybridized for 2 min at 42°C
with chromosome-18-specific alphoid probe pBRHS13, labeled by
Cy3-dCTP, visualized and photographed through the coverdlip
without washing of the slide. The sample of ejaculate was washed
in phosphate-buffered saline, resuspended and washed in fixative
(methanol : acetic acid, 3:1) three times for 15 min, placed on
dides and air-dried. Before hybridization, the sperm preparations
were treated for 4-8 min in 2 M NaOH, 2 x SSC at room tem-
perature, passed through an ethanol series and air-dried. The DNA
probe (40 ng in 10 pl hybridization mixture of 50% formamide,
2 x SSC, 10% dextran sulfate) was applied to the denaturated
sperm nuclei and incubated for 10 min at 70° C for probe denatu-
ration. Hybridization was carried out at 42° C for 2 min. After mi-
croscopic analysis and photographic documentation of the signals,
the dlides were rinsed in 0.2 x SSC, 70° C for 5 s, mounted in an-
tifade solution with 200 ng/ml DAPI and stored at 4°C






396

croscope with repetitive or site-specific DNA probes (Fig.
2). As an example, Fig.2a shows the hybridization of flu-
orescein-labeled Cotl human DNA, enriched by highly
repetitive sequences that mark pericentromeric regions of
all human chromosomes with intense signalsin regions of
variable C-heterochromatin of chromosomes 1, 9, 15, 16,
and Y, corresponding to highly repetitive “classical” satel-
lite DNA sequences. Moderately repeated seguences,
such as ribosomal DNA, can be detected in a one-step
FISH protocol, using FluorX or Cy3 dyes (Fig. 2b, ¢). Hy-
bridization of the site-specific cosmid probe (chromo-
some 21g22), labeled with FluorX, to metaphase chromo-
somes of a patient with Down syndrome leads to the de-
tection of trisomy 21 by the one-step FISH experiment
(Fig.2d).

For multicolor FISH, we have used chromosome-spe-
cific aphoid probes, labeled by different fluorophores. As
an example, Fig. 1f shows multicolor FISH in interphase
nuclei after hybridization with three different alphoid
probes, labeled by Cy3-dCTP for chromosome 3, Cy5-
dCTP for chromosome 8, and FluorX-dCTP for chromo-
some X. The signals are pseudocol ored in purple for chro-
mosome 3, in white for chromosome 8, in yellow for
chromosome X, and in blue for interphase nuclei, by us-
ing digital imaging microscopy.

Discussion

The results of this study indicate that novel, recently
available, fluorophorated nuclectides (Cy3, Cy5, and Flu-
orX-dCTP) may be applied as additional tools in human
molecular cytogenetics. We have tested a number of chro-
mosome-specific alpha-satellite DNA probes that are com-
monly used in many basic and clinical applications, in-
volving high resolution uni- and multicolor FISH. All of
these direct fluorophores can be used for the accurate
identification and enumeration of chromosomesin normal
and aberrant human cells.

We routinely use these probes, the chromosome-21-
specific cosmid, and yeast artificia chromosome (YAC)
probes for the detection of the most frequent aneuploidies
in newborns, involving autosomes 13, 18, 21, and both
sex chromosomes, in pre- and postnatal clinical studies
(Soloviev et al. 1995; Yurov et a. 19954, b; Vorsanova et
al. 1995). Using standard and rapid FISH protocols, we
can obtain satisfactory results with conventional mi-
croscopy without the application of digital imaging de-
vices, such asthe CCD camera, and appropriate computer
and software, which are ultimately necessary for multi-
color FISH with the simultaneous visualization of several
targets (Ried et al. 19924, b; Divane et al. 1994). Directly
labeled chromosome-enumeration probes alow us to per-
form one-color FISH and to rehybridize the slides severa
times with different probes, if necessary; it also provides
an aternative approach to multicolor FISH protocols.
Therefore, directly labeled probes and the rapid FISH pro-
tocol can be recommended for clinical cytogenetic labora-
tories lacking digital imaging systems.

The above battery of alphoid probes has been applied
to aneuploidy detection in uncultured tumor cells, pre-
pared from frozen samples of colorectal cancer, spermato-
zoa, and buccal smears, characterized by condensed chro-
matin, by using thermal or strong alkaline denaturation pro-
cedures without specia pretreatment for the disruption of
the nuclear envelope cytoplasm and chromatin deconden-
sation. Directly labeled chromosome-enumerated alphoid
probes produce clearly detectable signals, whereas biotin-
labeled probes fail to be detected under the same condi-
tions (e.g., Fig.1c). We propose that FISH protocols with
the application of the secondary detection systems (FITC-
avidin and biotin-anti-avidin) are not effective because of
the low accessibility of targets to macromolecular reagents.
Directly labeled DNA probes, cut to 2001000 bp by
DNAasel during the nick-translation reaction, are charac-
terized by increased penetration to the targets through the
membranes and cytoplasm of the cell.

It should be noted that each fluorophore tested can be
used for specific applications. FluorX-labeled probes usu-
ally have a decreased sensitivity in comparison with Cy3,
biotin, or hapten-labeled aphoid probes, used in control
experiments. However, the strength and brightness of the
hybridization signals of FluorX-labeled alphoid probes
are adequate for the detection of target chromosomes in
interphase or metaphase cells, even by conventional mi-
croscopy, as we have demonstrated using repetitive alphoid
or ribosoma DNA probes. Moreover, we have success-
fully used FluorX-labeled cosmid probes, ranging from
20 to 40 kb in length, for interphase cytogenetic detection
of chromosome 21 in uncultured and cultured human am-
niocytes (Soloviev et al. 1995).

The Cy5 dye fluoresces in the far-red region of the
spectrum; therefore, this fluorophoreisinvisible by eyein
conventional microscopy. However, Cy5 dye is an ided
additional dye for multicolor FISH using imaging equip-
ment. Cy3 dye has fluorescent characteristics similar to
tetramethylrhodamine and can be used with many existing
rhodamine or Texas Red filter sets for producing orange-
red signal. FluorX- and Cy3-labeled aphoid probes are
optimal tools to produce dua- or tri-color FISH by con-
ventional microscopy, as we have demonstrated in the
case of the simultaneous visualization of chromosomes X
and Y, or the detection of several different chromosomes
in interphase nuclei by means of digital imaging (Fig. 1).

High resolution FISH detection of nucleic acids in arti-
ficially extended chromatin (Heng et a. 1992), DNA halo
preparations (Wiegant et a. 1992) or in directly stretched
DNA fibers (Parra and Windle 1993) have been used for
genome mapping studies and for the structural analysis of
aphoid sequences. All of these studies have utilized bi-
otin- or digoxogenin-labeled probes with secondary detec-
tion reagents and digital imaging systems. We have shown
that these studies may be performed by directly fluo-
rophorated probes with high resolution using decon-
densed chromatin and stretched DNA fibers, even by con-
ventional microscopy (Marcais et al., in preparation). DNA
fiber “fluorography” may be applied for rapid size mea-
surements of cosmid or YAC clones by in situ hybridiza-



tion (Y. B. Yurov, unpublished) as an aternative approach
to pulse field electrophoresis and to the arrangement of
cosmid clones during chromosome mapping in addition to
the DNA halo technique (Wiegant et al. 1992).

Alternative molecular-cytogenetic techniques, called
PRINS (primed in situ labeling) and cycling PRINS, have
been developed for rapid chromosome detection (Koch et
al. 1989; Gosden and Hanratty 1993). PRINS is consider-
ably faster than classical FISH, and the whole process
with one pair of primers with denaturation, annealing, ex-
tension, and detection can be completed within 2 h. Gos-
den and Lawson (1995) have introduced a new protocoal,
called instant PRINS, in which the entire procedure can
be completed in 15-20 min or even less than 5 min for
highly repeated sequences. Is it possible to perform FISH
faster and more simply than PRINS?

Recently, a new FISH procedure has been described
that alows the in situ detection of nucleic acids in atime
compatible with the PRINS technique (Haar et a. 1994).
The FISH protocol, developed by C. Cremer’s group is
based on the principle of the avoidance of denaturing
chemical agents, such as formamide, and the application
of fluorescein-11-dUTP labeled probes. It has been
demonstrated that the hybridization time for highly re-
peated “classical” satellite DNA probes can be limited to
15-30 min. The intensity of hybridization with directly
fluoresceinated probes is, in general, lower than that for
digoxigenen-labeled probes, when using the same tech-
nique, and needs computer-aimed quantification by digital
image analysis. The potential of this method for middle
and low repetitive probes, such as chromosome-specific
alphoid DNA, and the possibility of using the common
hybridization mixture with formamide have not been de-
termined.

An aternative rapid FISH, based on micro-wave acti-
vation of hybridization and immunochemical detection
stepsin the standard FISH protocol, has recently been de-
scribed (Soloviev et a. 1994). We have positively tested
this method using our panel of alphoid DNA probes, spe-
cific to different human chromosomes. All steps of this
method are identical to the classical FISH protocol with
biotin- or digoxigenenin-labeled probes and following ap-
plication of secondary detection reagents as FITC-avidin.
Micro-wave activation dramatically reduces the hybridiza-
tion time to 5 min, and the immunochemical detection to
7 s. The whole FISH procedure using chromosome-enu-
meration aphoid DNA probes needs, therefore, less than
15 min, with no significant loss in the intensity of signals
in comparison with overnight hybridization (Soloviev et
al. 1994).

In our present work, we have developed a new rapid
and highly sensitive FISH protocol, utilizing directly Cy3-
fluorophorated alphoid and site-specific DNA probes. We
have tested different types of cytological preparations, in-
cluding metaphase and interphase lymphocytes, uncul-
tured and cultured amniocytes, frozen cancer cells, sper-
matozoa, and buccal epithelium smears, with positive re-
sults. The use of Cy3-labeled probes allows us (1) to re-
duce the hybridization time to 2—10 min at room tempera-
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ture because of the extremely bright fluorescence of the
Cy3 dye (the hybridization can be continued for up to 24
h and terminated at any time, if necessary); (2) to visual-
ize the process of hybridization under a coverslip during
the renaturation of the probe and target DNA in situ be-
cause of the low fluorescence of Cy3 dyein solution, and,
therefore, to control both the efficiency of hybridization
before the termination of the experiment and the effi-
ciency of the washing of dlides by microscopic inspec-
tions; (3) to rehybridize the slide several times with other
probes, if necessary: (4) to perform several steps of im-
munochemical detection and amplification procedures
when probes labeled both by Cy3-dCTP and biotin or
hapten labels are used; (5) to store the hybridized slides
for up to 1 year at 4°C in antifading solution containing
80% glycerol and reanayze (or rehybridize) the dlides, if
necessary. Cy3-hybridization signals can be analyzed un-
der the microscope for up to 2 h, because of the marked
photoresistance of this dyeto strong light. The rapid FISH
protocol with Cy3-labeled probes can be recommended
for routine cytogenetic studies, such as chromosome iden-
tification in clinical and oncogenetics, especially in prena-
tal diagnosis.

In conclusion, Cy3 dye has a brighter and the more
photostable fluorescence over the other fluorophores
tested at the present time. This fluorophore can be utilized
in basic and clinical cytogenetic studies, both of which re-
guire high resolution and multicolor FISH.

Acknowledgements This study was supported in part by grants
from Russian National Human Genome program. Copernicus-1994
(ERBCUPACT94-0196). BIOMED-3 (No. ERBCIPDCT94-0209-
920156) and PECO-NIS-CA-AMCA (ERBCIPDCT94-40252-
921307). Y. B. Y. was supported as a visiting scientist by IN-
SERM, France. We would like to thank Dr. Susan Croll (Biologi-
cal Detection Systems) for her assistance and critical reading of the
manuscript.

References

Alexandrov 1A, Yorov YB, Mitkevich SP, Gindilis VM (19864)
Chromosomal organization of human aphoid DNA. Dokl
Acad Nauk SSSR 228: 242245

Alexandrov 1A, Yurov YB, Mitkevich SP, Gindilis VM (1986b)
Cloned fragment of human a phoid DNA — a molecular marker
of pericentromeric region of chromosome 18. Genetika 5:
868-876

Alexandrov 1A, Mitkevich SP, Yurov YB (1988) The phylogeny
of human chromosome specific alpha satellite. Chromosoma
96:443-453

Alexandrov IA, Mashkova TD, Akopian TA, Medvedev LI, Kisse-
lev LL, Mitkevich SP, Yurov YB (1991) Chromosome-specific
apha-satellite: two distinct families on human chromosome 18.
Genomics 1:15-23

Alexandrov |A, Mashkova TD, Romanova LY, Yurov YB, Kisse-
lev LL (1993a) Segment substitution in alpha satellite DNA:
unusual structure of human chromosome 3 specific a pha satel-
lite repeat unit. 3 Mol Biol 231:516-520

Alexandrov 1A, Medvedev LI, Mashkova TD, Kisselev LL, Ro-
manova LY, Yurov YB (1993b) Definition of a new alpha
satellite suprachromosomal family characterized by mono-
meric organization. Nucleic Acids Res 21: 22092215



398

Ballard SG, Ward DC (1993) Fluorescence in situ hybridization
using digital imaging microscopy. J Histochem Cytol 41:1755—
1759

Divane A, Carter NP, Spatas DH, Ferguson-Smith MA (1994)
Rapid prenatal diagnosis of aneuploidy from uncultured amni-
otic fluid cells using five-color fluorescence in situ hybridiza-
tion. Prenat Diagn 14:1061-1069

Gosden J, Hanratty D (1993) PCR in situ: arapid alternative to in
situ hybridization for mapping short, low copy number se-
quences without isotopes. Bio techniques 15: 78-80

Gosden J, Lawson D (1995) Instant PRINS: a rapid method for
chromosome identification by detecting repeated sequences in
situ. Cytogenet Cell Genet 68:57-60

Haaf T, Ward D (1992) Structural analysis of alpha-satellite DNA
and centromeric proteins using extended chromatin and chro-
mosomes. Hum Molec Genet 3: 697—709

Haar FM, Durm M, Aldinger K, Celeda D, Hausmann M, Lugwig
H, Cremer C (1994) A rapid FISH technique for quantitive mi-
croscopy. Biotechniques 17 : 346-363

Heng HQH, Squire J, Tsui LC (1992) High resolution mapping of
mammalian genes by in situ hybridization to free chromatin.
Proc Natl Acad Sci USA 89:9509-9513

Lichter P, Cremer T (1992) Chromosome analysis by non-isotopic
in situ hybridization. In: Rooney DE, Chepulkowski BH (eds)
Human cytogenetics, vol 1. Constitutional analysis. IRL, Ox-
ford New York Tokyo, pp 157-192

Koch JE, Kolvraa S, Petersen ILF, Gregersen N, Bolund L (1989)
Oligonucleotide-priming methods for the chromosome-specific
labelling of alpha satellite DNA in situ. Chromosomes 98:
256-259

Mashkova TD, Akopian TA, RomanovalY, Mitkevich SP, Y urov
YB, Kisselev LL, Alexandrov 1A (1994) Genomic organiza-
tion, sequence and polymorphism of the human chromosome 4
specific alpha-satellite DNA. Gene 140:211-217

Marcais B, Vorsanova S, Roizes G, Yurov YB (1995) Analysis of
alphoid DNA variation and kinetochore size: evidence against
pathological significance of alphoid satellite DNA diminutions.
Anal Céll Pathol (in preparation)

Mujumdar RB, Ernst LA, Mujumdar SR, Lewis CJ, Waggoner AS
(1993) Cyanine labeling reagents: sulfoinocyanine cuc-
cinilmidyl ester. Bioconjug Chem 4:105-111

Parra 1, Windle B (1993) High resolution visual mapping of
stretched DNA by fluorescent hybridization. Nature Genet 5:
17-21

Pinkel D, Straume T, Gray JW (1986) Cytogenetic analysis using
quantitive, high sensitive, fluorescence hybridization. Proc
Natl Acad Sci USA 83:2934-2938

Plattner R, Heerema NA, Yurov YB, Pamer CG (1993) Efficient
identification of marker chromosomes in 27 patients by step-
wise hybridization with alpha-satellite DNA probes. Hum Genet
91:131-140

Ried T, Baldini A, Rand TC, Ward DC (1992a) Simultaneous Vvi-
sualization of seven different DNA probes by in situ hybridiza-
tion using combinatorial fluorescence and digital imaging mi-
croscopy. Proc Natl Acad Sci USA 89:1388-1392

Ried T, Landes G, Dackowski W, Klinger K, Ward DC (1992b)
Multicolor fluorescence in situ hybridization for the simultane-
ous detection of probe sets for chromosomes 13, 18, 21, X and
Y in uncultured amniotic fluid cells. Hum Molec Genet 1:
307-313

Soloviev IV, Yurov YB, Vorsanova SG, Maet P (1994) Mi-
crowave activation of fluorescence in situ hybridization: a
novel method for rapid chromosome detection and analysis.
Focus 6:115-116

Soloviev 1V, Fayet F, Yurov YB, Vorsanova SG, Roizes G, Malet
P (1995) Prenatal diagnosis of trisomy 21 using interphase flu-
orescence in situ hybridization of postreplicated cells with site-
specific cosmid and cosmid contig probes. Prenat Diagn 15:
237-248

Vorsanova SG, Yurov YB, Alexander |A, Demidova IA, Mitke-
vich SP, Tirskaya AF (1986) 18- syndrome: an unusual case
and diagnosis by in situ hybridization with chromosome 18-
specific alphoid DNA sequences. Hum Genet 72:185-187

Vorsanova SG, Yurov YB, Kurbatov MV, Kazanzeva LZ (1990)
Translocation t(1;7) with clinical picture of a proximal deletion
of 1q: identification by in situ hybridization with chromosome
1-specific satellite DNA probes. Hum Genet 86:173-174

Vorsanova SG, Yurov YB, Soloviev |V, Demidova |A, Malet P
(1994) Rapid identification of marker chromosomes by in situ
hybridization under different stringency conditions. Anal Cell
Pathol 7:251-258

Vorsanova SG, Soloviev 1V, Demidova IA, Malet P, Jaffray JA,
Kazantzeva LZ, Roizes G, Yurov YB (1995) New molecular-
cytogenetic approaches in identification of chromosomal syn-
dromes. In: Klinger HP (ed) Genomic imprinting and new ap-
proaches in identification and mapping of chromosomal syn-
dromes. Genomic Priority Reports series. Karger Basel (in
press)

Wessendorf MW, Brelje TC (1992) Which fluorophore is bright-
est? A comparison of the staining using fluorescein, tetra-
methylrhodamine, lissamine rhodamina, Texas Red and cya-
nine 3.18. Histochemistry 98:81-85

Wiegant J, Read T, Nederlof PM, Ploeg M van der, Tanke HJ,
Raap AK (1991) In situ hybridization with fluoresceinated
DNA. Nucleic Acids Res 19: 3237-3241

Wiegant J, Kalle W, Mullenders L, Brokes S, Hoovers JMN,
Dauwers JG, Ommen GJB van, Raap AK (1992) High resolu-
tion in situ hybridization using DNA halo preparation. Hum
Molec Genet 1:587-591

Yurov YB (1984) In situ hybridization of cloned repetitive DNA
sequences and differential staining of human chromosomes.
Bull Exp Biol Med (USSR) 97: 595-598

Yurov YB, Yakovlev AG, Zaitzev |1Z, Mitkevich SP, Alexandrov
IA, Shapiro YuA, Kramerova IA, Gindilis VM (1986) The
cloned fragment of reiterated human DNA specific to cen-
tromeric heterochromatin of chromosome 3. Mol Genet Micro-
biol Virusol (USSR) 7:19-23

Yurov YB, Mitkevich SP, Alexandrov |A (1987) Application of
cloned satellite DNA sequences to molecular-cytogenetic
analysis of congtitutive heterochromatin in man. Hum Genet 76:
157-164

Yurov YB, Alexandrov |A, Mitkevich SP (1988) Molecular mark-
ers for heterochromatic regions of individual human chromo-
somes. In: Vartanian ME (ed) Neurona receptors, endoge-
neous ligands amd biotechnological approaches. Int Univ
Press, Madison, Connecticut, USA, pp 105-110

Yurov YB, SelivanovaHA, Deriagin GV (1991) Use of cloned al-
pha satellite DNA probes for the analysis of polymorphic hete-
rochromatic regions of human chromosomes and parental ori-
gin of trisomy 21. Genetika 27 : 1637-1647

Yurov YU, Vorsanova SG, Roizes G, Lewis R (1995a) The use of
directly fluoresceinated chromosome-specific DNA probes for
uni- and multicolor identification of human chromosomesby in
situ hybridization. Anal Cell Pathol 6:193

Yurov YB, Laurent A-M, Marcais B, Vorsanova SG, Roizes G
(1995b) Analysis of pericentromeric chromosome 21 specific
YAC clones by FISH: identification of new markers for mole-
cular-cytogenetic application. Hum Genet 95: 287-292



