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Fluorescent in situ hybridization (FISH) is a powerful technique for gene mapping and multi-color
FISH allows us to determine directly the order of two or more probes on both metaphase and
interphase chromosomes. We report the physical ordering of three DNA markers by three-color FISH
using two fluorochrome dyes, fluorescein isothiocyanate (FITC; green) and rhodamine (red). The
third color was visualized as a pseudo-color (yellow) generated by optical interference with FITC and
rhodamine. Using this system we could rapidly determine the order of three polymorphic DNA
markers located on the 3p23-p21.2 bands which span a tumor suppressor gene for renal cell carcinoma,

lung carcinoma, and several other types of tumors.
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The construction of a high-resolution map of a target
chromosome region is an essential step for the positional
cloning of a putative tumor suppressor gene(s) and an
unknown genetic disease locus. In this process, cyto-
genetic mapping by fluorescent in sitw hybridization
(FISH?) and linkage mapping with polymorphic DNA
markers have been employed."* Based on FISH com-
bined with replication R-banding, high-density cyto-
genetic maps have been constructed.*® Further, FISH
with two different haptenized probes, so-called two-color
FISH, has provided a new ordering system of c¢loser loci
within a limited region on both metaphase and interphase
chromosomes.™” In addition, Ried et al'" recently
reported simultaneous visualization of up to seven differ-
ent centromere probes using a digital imaging camera
and computer software for pseudocoloring and margin-
ing images of fluorescent signals. Herein we report the
physical ordering of DNA markers by three-color FISH
with a conventional epifluorescence microscope to detect
simultaneously three different DNA loci on metaphase
and interphase chromosomes. We employed a pseudo-
color (yellow), as the third color, generated by optical
interference with two different fluorochromes of FITC
(green) and rhodamine (red) as described by Nederlof
et al.'” This ordering system allowed us to determine
rapidly and precisely the order of three polymorphic
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? Abbreviations: FISH, fluorescent in situ hybridization;
BrdU, 5-bromo-2’-deoxyuridine; RFLP, restriction fragment
length polymorphism; DAPI, 4'-6-diamidino-2-phenylindole;
FITC, fluorescein isothiocyanate.

1248

Three-color FISH — Physical ordering — RFLP marker — Renal cell carcinoma

DNA loci on bands 3p23-p21.2, which span a tumor
suppressor gene of renal cell carcinoma,”” lung carci-
noma,'®® and several other types of tumors.?>*?

Metaphase chromosomes were prepared by the thy-
midine synchronization/BrdU release technique as pre-
viously reported.”” The slides were prepared by conven-
tional methods, and fixed at 70°C for 5 h. Just before
hybridization in situ, the slides were denatured in 70%
formamide/2 X SSC (0.6 M NaCl/0.06 M sodium ci-
trate) at 75°C for 2 min, immersed in 70% ethanol at
—20°C, and dehydrated through an ethanol series.

A human chromosome 3 specific cosmid DNA library
(CI3) was constructed from a human-mouse hybrid cell
line, and a genetic linkage map of chromosome 3 using 41
new RFLP markers was constructed."* Among them,
three markers, ¢CI3-245, 515, and 382 have been chosen
as probes in the present study, because they are located
within the region on the short arm of chromosome 3
spanning a putative tumor suppressor gene(s),'™ ™

The ¢CI3-245 and 515 (0.5 gg of each) were labeled
with biotin-16-dUTP (Boechringer), and the ¢CI3-515
and 382 (0.5 ug of each) with digoxigenin-11-dUTP
(Bochringer) by nick translation. Labeled probes were
precipitated with sonicated salmon sperm DNA and E,
coli tRNA, and were dissolved in 20 gl of formamide.
Bio- and dig-labeled 515 probe solutions were mixed in a
ratio of 7:3, and the mixture was used as the bio/dig-315
dual probe instead of a double-labeled probe. In a hybrid-
ization with three different probes, solutions of bio-245,
dig-382 and bio/dig-313 were mixed in a ratio of 1.5:2.5:
6.0 (v/v). To eliminate background noise due to repeti-
tive sequences of Alu and 1.1, 0.6 ul of sonicated human
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Fig. 1. Three-color FISH on both metaphase and interphase nuclei with three polymorphic markers of ¢CI3-245, 515 and 382,
The 245 and 382 were singly labeled with biotin (bio) and digoxigenin (dig), respectively. The 515 was independently labeled
with bio and dig, and the bio-515 and dig-515 were mixed, and used as a dual labeled bio/dig-515 probe. Triple hybridization
sites were detected with FITC-avidin (green) and anti-dig rhodamine (red), and simultaneously visualized through a double
band-pass filter (Omega Optical). This system visualized the bio/dig-515 signals as a discernible pseudo-color (yellow). (a): A
representative partial metaphase with three twin-spots on both sister chromatids of homologous chromosomes 3. Three-color
signals were arranged in the order, 3cen-green(382)-yellow(515)-red(245)-pter. (b): The same is shown with DAPL. Arrows
indicate chromosomes 3. (¢, d, e): Three sets of partial metaphase spreads. The distance of 515(yellow)-382(green) was
physically longer than that of 245(red)-515(yellow) in 33 among 35 chromosomes 3 examined, as shown in these figures. (f, g):
Simultaneous detection of three color signals on interphase unclei. The three color signals show different pattern arrangements;
(f) aligned patterns with the true order of red-yellow-green (closed arrow) and with a false order (open arrow). (g) arrows
indicate non-aligned patterns,
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placental DNA (10 mg/ml) was added to 9.4 ul of the
triple-probe solution. The final mixture was denatured at
70°C for 5 min and mixed with an equal volume of 4 X
SSC with 20% dextran.sulfate.

The hybridization mixture was placed on denatured
slides, covered with Parafilm, and incubated in a humid
box at 37°C for 16-18 h. After being washed in 50%
formamide/2 < 88C, 2xS88C, and 1X88C (37°C, 15
min, each), the slides were treated with 4% Block Ace™
(Dainippon Pharmaceutical Co., Lid.) at 42°C for 15
min to block fluorochrome background noise. They were
then incubated in 4<SSC with 19% Block Ace™ con-
taining avidin-FITC (5 pg/ml) (Boehringer) and anti-
digoxigenin rhodamine (1 zg/ml) (Boehringer) at 37°C
for 40 min, and then washed for 10 min in each of 4 X
8SC, 4 X88C/0.059% Triton X-100, and 4 XSSC. Then,
the slides were counterstained with DAPI (1 gg/ml) and
mounted in an anti-fade solution containing 1% DABCO
(1,4-diazabicyclo[2,2,2]octane) (Sigma).

Microscopy was performed with a Nikon Y2F-EDF2
epifluorescence microscope. Both metaphase and inter-
phase chromosomes stained with DAPI were screened
through Nikon UV-2A filter (exciter, 400-440 nm; bar-
rier, 470 nm). To estimate the signal conditions for each
probe, FITC and rhodamine signals were observed with
filters of B-2E (exciter, 450—490 nm; barrier, 520-560
nm) and G-2A (exciter, 510-560 nm; barrier, 590) re-
spectively. Signals of the three probes were simultane-
ously visualized through a double band-pass filter (exci-
tation centers, 490 nm and 560 nm; emission centers, 530
nm and 650 nm) (Omega Optical). The microphoto-
graphs were taken using Fujichrome 400D film exposed
at 800 ASA. The photoslides were projected onto a
screen, and the distances between the centers of fluores-
cent signals were measured (mm).

In the triple hybridization experiment, two or three
twin-spot signals could be detected on both the short
arms of homologous chromosome 3 in all 100 metaphase
cells examined. Among them, 58 metaphase cells showed
a simultaneous delineation of three-color signals with a
linear arrangement of centromere-green-yellow-red-telo-
mere along one or both of the short arms (Fig. la, c—e).
This result clearly demonstrates that the order of the
three sequences is 3cen-382-515-245-pter.

From these 58 cells, we selected 35 in which the
straight short arm of chromosome 3 had complete three-
color twin-spot signals, and measured the distance be-
tween the centers of the signals along one side of a
chromatid. The signals sometimes appeared as an oblong
spot rather than a twin-spot (Fig. 1a, c—¢) and in these
cases, the measuring point was set at the center of the
transverse diameter of the signal. The distance between
the yellow (¢CI3-515) and green (cCI3-382) signals was
longer than that between the red (¢CI3-243) and yellow
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(cCI3-515) signals in 33 chromosomes (Fig. le~f) with
statistical significance by the sign test.

To test the validity of the interphase ordering of the
three clones used in the present study, we examined the
arrangement of signals in 34 interphase nuclei. Nuclei
showing two separate sets of chromatin domain with
complete three-color signals were selected to avoid con-
fusion with signals between the chromatin domains of
both homologous chromosomes 3. Among the 68 cases,
37 showed a non-aligned pattern (Fig. lg), and 31
showed an aligned pattern with the order green-yellow-
red in 18, but with other order patterns in 13 cases
(Fig. 1f). Thus, the correct order of the three sequences
in interphase nuclei could not be determined by this
approach.

In general, for simultaneous visualization of three
target sequences by FISH, three different haptenized
probes and three independent signal detection systems
are required.'>* " In these systems, FITC (green),
rhodamine/Texas Red (red), and AMCA (blue) have
been used most commonly as the three fluoro-
chromes,>*?? although these three fluorescent signals
cannot be visualized and micro-photographed simultane-
ously through the same filter. On the other hand, the
three-color FISH used by us can simultaneocusly show
three different color signals through a double band-pass
filter, permitting the rapid and precise ordering of three
different sequences on metaphase chromosomes without
a filter change.

The physical order of ¢CI3-245, 515, and 382 deter-
mined by our three-color FISH agrees with the result of
linkage analysis."?® Recently, Takahashi et al. con-
structed a high-resolution cytogenetic map of chromo-
some 3 with 291 ¢CI3 DNA markers by direct R-banding
FISH,” and reported the loci of these three clones as
cCI3-245 (3p23), cCI3-515 (3p21.33-3p22.3), and ¢CI3-
382 (3p21.2-21.31). Our data also agree with the order of
the three sequences estimated indirectly according to this
cytogenetic map. Further, a comparison of the 245-515
and the 515-382 distances showed the existence of a
statistically significant difference between the physical
lengths (the sign test). Thus, our three-color FISH
system allows us to compare each distance among the
three sequences and to order the sequences on metaphase
chromosomes.

Since the chromatin domains of interphase nuclei are
decondensed and extended, interphase mapping by FISH
has come into use to order closer sequences.” " * '™ We
evaluated the feasibility of ordering the three sequences
in interphase nuclei using the present three-color FISH.
As described above, however, suitable alignment of the
three signals was present in 31 of 68 cases, but further 13
cases revealed a false order (Fig. 1f). The physical dis-
tance of the entire chromosome 3 has been estimated to



be 214 Mb, and the 3p23-p21.2 bands spanning the three
probes used here represent about 29.5 Mb according to
the relative length of the ISCN ideogram (ISCN 1985).*”
Thus, these three sequences are assumed to be scattered
over a distance of about 10 Mb, suggesting that the
interphase ordering system is applicable for sequences
that are even closer as previously reported.”

In a previous interphase ordering system by two-
color FISH, a laborious “pairwise analysis” was re-
quired,”*'® because one probe was detected with one
color among two others detected with another color.
However, our three-color FISH technique can simply
and simultaneously detect three sequences with three
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