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A chromosome bar code describes the colored pattern of chromosome segments and is derived by multicolor fluorescence
in situ hybridization (FISH) of defined molecular probes. Published approaches to the simultaneous differentiation of whole
karyotypes with bar codes have not allowed the unequivocal identification of all chromosome segments because of color
redundancy of the patterns from a multitude of identically colored segments. Here, we present a chromosome bar code
approach in which the problem of color redundancy has been overcome. It allows the detailed description of translocations,
including breakpoints as well as intrachromosomal rearrangements in the karyotype of tumor cells. The resolution of
discernable bars was increased to 100 bars per haploid chromosome set by including human chromosome–specific probes and
more well-defined subregional probes such as chromosome arm- and segment-specific probes. Technically, no limitation to
further increase in the resolution of the pattern became apparent. The approach was validated by the analysis of four
established tumor cell lines widely used as models in cell biology, revealing numerous inter- and intrachromosomal
rearrangements. Chromosome bar coding as presented here may provide further useful information for the subregional
assignment of chromosomal breakpoints in complex chromosome aberrations, as found in various neoplasms that cannot be
obtained by chromosome painting or classical banding techniques alone. © 2003 Wiley-Liss, Inc.

INTRODUCTION

The introduction of color codes on chromosomes
by multicolor fluorescence in situ hybridization
(FISH) of labeled DNA probes has added signifi-
cantly to the definition of aberrant karyotypes.
Chromosome-specific painting probes have been
used to delineate the entire human karyotype in 24
distinct colors (Schröck et al., 1996; Speicher et al.,
1996). Especially for tumor cytogenetics, multi-
color painting approaches have strikingly demon-
strated the value of molecularly defined probes in
cases in which chromosome banding analysis alone
failed to interpret the complex changes of entire
karyotypes (Veldman et al., 1997; Ried et al., 1998;
Fauth and Speicher, 2001).

Chromosome painting, however, only allows the
identification of whole chromosomes and therefore
is limited to the analysis of chromosome transloca-
tions. The delineation of intrachromosomal rear-
rangements (inversions, duplications, transposi-
tions, gene amplifications, etc.) requires classical
chromosome banding or the use of subregional
DNA probes. A technique called chromosomal bar
coding, which defines multiple chromosomes and
chromosome segments by molecular probes (Len-
gauer et al., 1993), was introduced so that chromo-
somes and chromosome bands could be identified
by their DNA content rather than their gray-scale

banding patterns, as was done in classical cytoge-
netics (see Wienberg and Müller, 2002, for review).
Reports in the literature have described subchro-
mosomal probes that colorized chromosome seg-
ments such as YACs, cosmids, “fragmented hy-
brids,” microdissection probes, chromosome-
specific probes derived from species with
evolutionarily fragmented karyotypes, and combi-
nations thereof (Ried et al., 1992; Lengauer et al.,
1993; Müller et al., 1997, 1998; Chudoba et al.,
1999; Liehr et al., 2002). Application of such probes
in a multicolor format results in a colored banding
pattern of chromosomes, a chromosome bar code.

We recently introduced two strategies to colo-
rize chromosome segments within entire karyo-
types that also would enable us to screen for
intrachromosomal rearrangements. Because the
karyotypes of gibbons (hominoid primates) are
highly fragmented by translocations, painting
probes derived from these species can serve to
delineate up to 90 chromosome segments in the
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human karyotype (cross-species color segment-
ing, or RxFISH; Müller et al., 1998). Another
approach makes use of DNA extracted from frag-
mented human chromosomes in human/rodent
somatic cell hybrids (Müller et al., 1997). By
definition, a bar code should have a nonredun-
dant pattern that would definitively allow the
discrimination of each bar and thus the unequiv-
ocal identification of each chromosome segment.
Until now, however, this requirement could only
be fulfilled with bar codes for individual chromo-
somes. In both previous approaches that aimed at
the simultaneous differentiation of whole karyo-
types (Müller et al., 1997, 1998), the definitive
identification of each chromosome segment was
hampered by color redundancy of the patterns as
a result of a multitude of identically colored
segments and thus did not represent a true bar
code. To achieve proof of principle, we used only
two fluorophores to differentially label DNA
probes derived from fragmented chromosomes
from human/rodent somatic cell hybrids (Müller
et al., 1997). Recently however, experiments
have been described using up to seven different
fluorochromes in a single experiment (Saracoglu
et al., 2001). The number of “tags” that can be
set may be enhanced even more by sequential
hybridization of different probes to the same
metaphase spread (reFISH; Müller et al., 2002).
Thus, the problem of color redundancy can be
reduced by having probes labeled with more
fluorochromes. Further, currently used bar code
probes can be complemented with additional
tags such that current probes would define chro-
mosome segments not yet differentiated.

Here, we propose a true chromosome bar code.
Composed of a set of human whole-chromosome
painting (WCP) probes, probes specific for chromo-
some arms and segments, and yeast artificial chro-
mosomes (YACs), it has improved banding resolu-
tion, yet avoids color redundancy. Using reFISH,
we did two hybridizations of three- and four-probe
pools each that implemented a total of seven image
planes of the same metaphase cell and finally dis-
criminated 100 regions of the human karyotype in
a distinct, nonredundant color code. To test this
approach, the set of probes was used for a detailed
karyotype analysis of four tumor cell lines widely
used in experimental biology: the melanoma cell
line Mel Juso; two colon carcinoma cell lines,
SW480 and SW620; and the T-cell lymphoma cell
line Jurkat.

MATERIALS AND METHODS

Cell Samples, Cell Culture, and Metaphase
Preparation

Metaphase spreads for in situ hybridization ex-
periments were prepared from phytohaemaggluti-
nin-stimulated peripheral lymphocytes of a normal
human male as well as from the established tumor
cell lines Jurkat (ATCC no. TIB-152, acute lym-
phoblastic T-cell leukemia; Schneider et al., 1977),
Mel Juso (primary melanoma; Johnson et al., 1981),
SW480 and SW620 (ATCC nos. CCL-228 and CCL-
227, a colon cancer and metastasis from the same
patient; Leibovitz et al., 1976). The cell line Mel Juso
was kindly provided by Dr. J. Johnson, Institute for
Immunology, Munich University. Cell culture and
metaphase preparation followed standard procedures.

Multiplex Probe Composition

Two multiplex probe sets were designed for use
in the hybridizations. The chromosome bar code
(CBC) probe included all subregional probes and
was color-labeled using three colors. To have un-
equivocal identification of all chromosome seg-
ments, the same metaphase cell was then hybrid-
ized with human WCP probes, which were labeled
with four different fluorochromes.

Subregional probes were mainly derived from
nonhuman primates with evolutionarily frag-
mented karyotypes. The entire set of WCP probes
from gibbons (Müller et al., 1998) was used and
supplemented with a few probes derived from Af-
rican green monkeys (Finelli et al., 1999) and tama-
rins (Müller et al., 2001). The African green mon-
key probes delineated human homologous
chromosome segments 2q13-qter and 4q, whereas
the tamarin probes hybridized to the human ho-
mologous chromosome segment 1q32-qter.

The bar code probe was further supplemented
by a YAC (860_g_08, specific for 21q22.3), frag-
mented hybrids 377 and 304 (segments 2q35-qter,
Xp11.2, and 5q34-qter; Antonacci et al., 1995), and
microdissected probes specific for entire chromo-
some arms (1p, 2p, 3p, 7p, 9p, 11p, 16p, 17p, 18p,
19p, and Xq; Guan et al., 1996) or individual bands
(6qter, 8qter, 11qter, 13qter, 15qter, 16qter, 18qter,
22qter, Xpter, and Yqter; Fauth et al., 2001). The
YAC was obtained from the DHGP Resource Cen-
tre (Berlin, Germany). The fragmented hybrids
were kindly provided by Dr. M. Rocchi, Bari Uni-
versity (Bari, Italy). Some of the microdissected
probes were purchased from Research Genetics
(Huntsville, AL, USA), and the others were gener-
ous gifts from Dr. M. Speicher (Technical Univer-
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sity Munich, Munich, Germany) and Dr. J. Trent
(National Cancer Institute, Bethesda, MD, USA).
The human DNA content of fragmented hybrids
was enriched by Alu-PCR, as described by An-
tonacci et al. (1995). Degenerate primers were then
used to transfer these Alu-PCR products into de-
generate oligonucleotide–primed polymerase chain
reaction (DOP-PCR) products (Telenius et al.,
1992). All other DNA probes were directly ampli-
fied by DOP-PCR. The bar code probes were di-
vided into three subsets (CBC 1–3), each of which
was labeled with a different fluorochrome. The
complementary human WCP probe set comprised
four subsets, each of which was labeled with a
different fluorochrome (Fig. 1A).

Probe Labeling

An adapted version of the protocol introduced by
Roberts et al. (1999) guided the composition of the
two multiplex probes. This protocol includes con-
structing probe pools for each of the seven subsets.
Thus, from each “member” of a subset, either
100–200 ng of WCP or 200–500 ng of DNA (YACs,
fragmented hybrids, microdissected probes), de-
pending on the quality of the individual probes,
was pooled. Each subset was reamplified by DOP-
PCR, using 150 ng of the pooled template DNA. In
a further round of DOP-PCR, each probe subset
was labeled with fluorochrome or hapten-conju-
gated 2�-deoxyuridine 5�-triphosphate (dUTP).
The probe labeling scheme was as follows: CBC
probe subsets were labeled with biotin-dUTP
(Roche), digoxigenin-dUTP (Roche), and TAMRA-
dUTP (Perkin Elmer). The WCP probe subsets
were labeled with biotin-dUTP, digoxigenin-
dUTP, dinitrophenol-dUTP (Perkin Elmer), and
TAMRA-dUTP. Mixed with 2.5 �g of each of the
CBC and WCP sets were 10 �g of human Cot-1
DNA, ethanol-precipitated and resuspended in hy-
bridization buffer (50% formamide, 1� SSC, 10%
dextrane sulfate).

Sequential Hybridization In Situ and Probe
Detection

Both probe sets were sequentially hybridized to
the same specimen, according to the reFISH pro-
tocol (Müller et al., 2002). The CBC probe was
hybridized first. It was denatured at 70°C for 7 min
and preannealed by incubation at 37°C for 30 min.
The chromosomes on slides were denatured in
70% formamide/2� SSC at 72°C for 1.5 min. The
hybridization was carried out for 48 hr, followed by
serial washings as follows: twice in 50% form-
amide/2� SSC at 45°C for 5 min each time; twice

in 2� SSC at 45°C for 5 min each time; and once in
0.1� SSC at 60°C for 5 min. Biotinylated DNA
probes were detected by avidin–Cy5 (Amersham),
digoxigenin-labeled probes by sheep antidigoxige-
nin fluorescein-isothiocyanate (FITC)–conjugated
antibody (Roche). Before rehybridization with the
WCP probe set, the coverslip and the antifading
solution were removed from the slide by soaking it
in 4� SSC/0.2% Tween. This was followed by
serial ethanol dehydration (70%, 90%, 100%), fixa-
tion in methanol/acetic acid (3:1 v/v) for 30 min at
room temperature, and incubation overnight at
37°C. The slide denaturation time was extended to
2.5 min. The stringency washes done were identi-
cal to those after the first hybridization. The WCP
probe set was detected by avidin-AMCA (7-amino-
4-methylcoumarin-3-acetic acid), sheep anti-
digoxigenin Cy5– conjugated antibody (Roche),
and goat antidinitrophenol/rabbit antigoat FITC
(both Sigma).

Microscopic Setup and Image Analysis

After each of the two hybridizations, metaphase
cells were visualized with a cooled CCD camera
(Photometrics NU200 equipped with a KAF1400
chip) coupled to a Zeiss Axiophot microscope. Blue
(DAPI counterstain), green, red, and infrared fluo-
rescence were analyzed through a quadruple filter
set, and a single-band-pass filter was used for
AMCA (all from Chroma Technology, Brattleboro,
VT). The cell coordinates on the slide were re-
corded by an automated XY motorized stage
(Ludl), which allowed cell repositioning after the
second hybridization. The CCD camera and stage
were controlled by SmartCapture Viewpoint soft-
ware (Digital Scientific, Cambridge, UK).

RESULTS

Hybridization to Diploid Human Lymphocyte
Metaphase Preparations

The present CBC probe yielded 100 segments
on normal diploid human chromosomes per haploid
set in seven colors derived from the combination of
three fluorochromes. In each color combination,
12–15 bars were stained (Fig. 1A). The WCP probe
set labeled with four fluorochromes yielded 15
color combinations. The labeling scheme was cho-
sen so that each chromosome tagged with bars of
identical color in the CBC probe would be labeled
with a different fluorochrome combination with the
WCP probe set. For example, yellow segments on
chromosomes 1, 2, 4, 9, 11, 12, 14, 15, 17, 18, and 19
were stained in different colors with WCPs. On the
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Figure 1.
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other hand, chromosomes 4 and 20 were assigned
the same WCP probe label because these chromo-
somes did not share any segments of identical CBC
color. In total, each segment was tagged with a
unique combination of the three plus four fluoro-
chromes/haptens (Fig. 1A). The chromosomal
counterstain (DAPI) provided supplementary
banding information, which was particularly infor-
mative for the determination of chromosomal
boundaries. The hybridization patterns demon-
strated that the origin of each segment could
clearly be distinguished. No redundant color pat-
tern was observed in any of the 100 chromosome
segments.

Bar Code Analysis of Tumor Cell Lines

To validate the feasibility of this approach, four sam-
ples from established tumor cell lines were analyzed.
After sequential hybridization of both the CBC and
WCP probe sets, 10 metaphase cells from the cell line
Jurkat were fully analyzed by visual inspection of the
obtained hybridization pattern. Figure 1B–D displays
representative hybridization images. The results re-
vealed a rather uniform pseudodiploid karyotype of
2n � 45–48 with approximately 10% tetraploidy. Table
1 summarizes the chromosomal aberrations observed.
Numerical abnormalities involved chromosomes 3, 4, 8,
9, 18, 20, and Y. In total, 10 marker chromosomes were
noticed, 6 of them occurring in more than 70% of the
cells analyzed (Fig. 1H, Table 1). The karyotype ap-
peared balanced, except for underrepresented chromo-
somes and chromosome regions 4q273qter, 9,
18q113pter, 20, and Y and overrepresented chromo-
somes 5pter3q34 and Xq.

Fifteen cells of the female melanoma cell line
Mel Juso were completely analyzed after sequen-
tial hybridization of the CBC and WCB probe sets.
Figure 1E–G illustrates the results for a represen-
tative cell. The chromosome number in this near-
diploid cell line varied between 44 and 47. Chro-
mosomes 2, 6, 8, 10–13, 16, 21, and X were found
to be in a diploid state; all other chromosomes were
involved in structural or numerical abnormalities
(Table 2). Seventeen marker chromosomes were
observed, as illustrated in Figure 1I. This cell line
comprises two subclones, which can be distin-
guished by markers M5 and M17. M4 and M11

Figure 1. (A) Ideogrammatic illustration of the hybridization pattern
on normal human chromosomes obtained with the combined probe
sets CBC and WBC, resulting in a nonredundant chromosome bar
code. To the left of each chromosome, the CBC probe hybridization
pattern is shown as RGB display: probes detected with FITC are shown
in green, TAMRA-labeled probes in red, probes detected with Cy5 in
blue, and probes with more than one fluorochrome in the respective
mixed colors. The color code corresponds to that found in the tumor
sample metaphases displayed in Figures 1B and E and 2A. To the right
of each chromosome ideogram, the WCP probe pattern is illustrated.
Human painting probes detected with FITC are shown in green,
TAMRA-labeled probes in red, probes detected with Cy5 in blue, and
probes detected with more than one fluorochrome in the respective
mixed colors (corresponding to tumor metaphase images in Figs. 1C
and F and 2B). Chromosomes detected with AMCA are hatched and
displayed separately in tumor metaphase images in Figures 1D and G
and 2C. (B)–(D) Illustrations of representative metaphases of the acute
lymphoblastic T-cell leukemia cell line Jurkat. (E)–(G) Metaphase of the
primary melanoma cell line Mel Juso. All marker chromosomes ob-
served in these two cell lines are summarized in Figure 1H (Jurkat) and
I (Mel Juso). For each marker chromosome (from left to right): inverted
counterstain (DAPI), CBC (FITC/TAMRA/Cy5), WCB (FITC/TAMRA/
Cy5), and WCP (AMCA) pattern.

TABLE 1. Numerical and Structural Aberrations Observed in Cell Line Jurkat (Acute Lymphoblastic T-Cell Leukemia)

Numerical abnormalities Cells 1–10

3 2 2 2 1 2 2 2 2 2 2
4 1 1 1 1 1 1 2 1 1 2
8 1 1 1 1 1 1 1 1 1 1
9 0 0 0 0 0 0 0 0 0 0
18 1 1 1 1 1 1 1 1 1 1
20 2 3 2 2 3 3 3 3 3 2
Y 0 0 0 0 0 0 0 0 0 0

Structural rearrangements

M1 del(3)(pter3p13) X X
M2 del(3)(p133qter) X X
M3 der(4)t(4;19)(q27;q12) X
M4 del(4)(q27) X X X X X X X
M5 del(5)(q35) X X X X X X X
M6 del(8)(p11) X X X X X X X X X X
M7 der(9)t(8;9)(p11;p21) X X X X X X X X X X
M8 del(9)(p21) X X X X X X X X X X
M9 der(18)t(X;18)(q11;p11.2) X X X X X X X X X
M10 der(18)t(X;18)(q11;p11.2)del(X)(q12) X
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were preferentially found together with M5 (clone
1). M16, which may be derived from M11, was
found only in two cells. M7 most probably is a
derivative of M6, and, like M1, it was found only in
a single cell. Chromosomes and chromosome re-
gions 3p143pter, 4p (clone 1), 7p, 17q, and 20
were present in three copies, whereas chromosome
regions 9p213pter and 18q were found only in a
single copy (clone 1).

In our study, the cell line SW480 showed a hyper-
diploid karyotype, with the chromosome number
varying between 50 and 55 (Fig. 2). In the 15 cells
analyzed, only chromosomes 4, 6, 10, 14–16, and 20
were not involved in any structural or numerical ab-
normalities. In contrast to the results of a recent study
by spectral karyotyping (SKY) by Melcher et al.
(2000), 28 marker chromosomes were detected (Ta-
ble 3, Fig. 2D), compared to the 13 found in the
previous SKY analysis. All derived chromosomes
found in both studies were in good agreement. For
six marker chromosomes, however, different break-
points were detected. In two additional markers, the

chromosome bar code probe provided additional sub-
regional definition: Marker der(8)t(8;9) was identified
as M21, der(9)t(8;9)(q12;p13) and marker der(19)t(19;
8;19;5) as M27, der(19)t(19;8;19;5)(p?;q?;q?;p?), re-
spectively. Genomic imbalances were found in the
following regions: overrepresentation of 2pter3q24,
7pter3q22, 8pter3p23, 8q, 10p15?3pter, 11, 12p,
13q14?, 17, 19p?, and X and deletion of 5q14331, 9q,
12q11313, 31q213qter, 18q123qter, and Y.

In cell line SW620, chromosome numbers varied
between 47 and 52 (15 cells analyzed). All chromo-
somes except 9, 12, 17, 19, 21, and 22 were in-
volved in numerical aberrations. In total, 36 marker
chromosomes were observed, reflecting a highly
complex karyotype. (Fig. 2A–C, E; Table 4). In
five markers (M3, M12, M13, M18, and M21), dif-
ferent breakpoints were identified, compared to
the recent SKY analysis of this cell line (Melcher et
al., 2000). The presence of two distinct subclones
(60% cl1, 40% cl2) with a distinct spectrum of
derivative chromosomes was confirmed. Clone 2
exhibits a higher rate of genomic instability, with

TABLE 2. Numerical and Structural Aberrations Observed in Cell Line Mel Juso (Primary Melanoma)

Numerical abnormalities

Cells 1–15

Clone 1 Clone 2

1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1
4 1 1 1 2 1 1 2 1 2 1 2 2 2 2 2
5 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
7 2 2 2 2 1 1 2 1 2 2 2 2 2 2 2
9 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0
14 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
17 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
18 1 1 1 1 1 1 1 1 2 1 2 2 2 1 2
19 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
20 3 3 2 3 3 3 3 2 3 3 3 3 3 3 2
22 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Structural rearrangements

M1 inv(1)(q31q41) X
M2 der(1;19)(p11;q11) X X X X X X X X X X X X X X X
M3 der(3)t(3;5)(p14;p13) X X X X X X X X X X X X X X
M4 i(4)(p11) X X X X X X X
M5 der(4;19)(q11;p11) X X X X X X
M6 der(5)t(1;5)(q12;p13) X X X X X X X X X X X X X X
M7 der(5)t(1;5;18)(q12;p13;q12) X
M8 i(7)(p11) X X X X X X X X X X X X X X
M9 del(9)(p21) X X X X X X X X X X X X X X X
M10 del(9)(q12) X X X X X X X X X X X X X X X
M11 der(9;18)(p11;p11) X X X X X X X X X X
M12 der(9;22)(q11;q11)del(22)(q13) X X X X X X X X X X X X X X
M13 der(14;15)(q11;q11) X X X X X X X X X X X X X X X
M14 der(15;22)(q11;q11) X X X X X X X X X X X X X X X
M15 der(17)t(17;17;17)(q?;q?;q11) X X X X X X X X X X X X X X X
M16 der(18;19)(q11;p11) X X
M17 der(19)t(19;22)(p11;q?) X X X X X X X
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Figure 2. Bar code analysis of colon carcinoma cell lines SW 480
(primary tumor) and SW 620 (metastasis from the same patient). Refer
to Figure 1A for the probe color code. Representative illustrations of
SW 620 metaphases after hybridization shown for the (A) CBC and (B
and C) WCB probes. All marker chromosomes observed in the two cell

lines SW 480 and SW 620 are summarized in (D) and (E), respectively.
For each marker chromosome (from left to right): inverted counter-
stain (DAPI), CBC (FITC/TAMRA/Cy5), WCB (FITC/TAMRA/Cy5), and
WCP (AMCA) pattern.
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12 marker chromosomes found in a minority of
cells, compared to only one in clone 1. Both sub-
clones also showed a different pattern of genomic
imbalances. In subclone 1, chromosomes Y, 3,
4q283qter, and 18q123qter were deleted, and 5p,
7p, 7q323qter, 12p, 13q213qter, 16, 17p
18pter3q12, 20p, and 22 were overrepresented.
Subclone 2 showed underrepresentation of chro-
mosomes 3 and 18, whereas 8p, 11p, 12p, 13, 17p
and 20p were present in more than two copies per

cell. Marker chromosomes M11 (cl2), M31 (cl1),
and M33 (cl1 and cl2) were present both in cell line
SW 480 and in cell line SW 620.

DISCUSSION

Increasing the Resolution of Bar Code Probes

The present study provides for the first time a
nonredundant multicolor chromosome bar code
with multiple bars for each chromosome for the

TABLE 3. Numerical and Structural Aberrations Observed in Cell Line SW480 (Colon Cancer, Primary Tumor)

Numerical abnormalities Cells 1–15

1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 2 1 2 2 1 2 2 2 2 2 2 2 2 2 2
3 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1
5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
7 2 2 2 2 1 2 2 2 2 2 2 2 2 2 2
8 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
9 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
11 3 2 3 3 3 3 3 3 3 3 3 3 3 3 3
12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
13 1 1 1 2 1 2 1 1 1 1 1 1 1 1 2
17 3 3 3 3 3 2 3 3 3 3 3 3 3 3 3
18 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
19 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
21 2 2 2 2 2 2 3 2 2 2 3 3 2 2 2
X 1 1 2 1 0 2 2 2 2 2 1 2 2 1 2
Y 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Structural rearrangements

M1 der(1;3)t(1;3;5)(p21;q24;q13) X
M2 der(1)t(1;5)(p22;p?) X
M3 der(1)t(1;9)(q21;q12) X X X X X X X X X X X X X X X
M4 der(1;9)(q12;p11) X X X X X X X X X X X X X X X
M5 del(2)(q11.1q14.1)ins(2;7)(q11.1;q?) X
M6 der(2)t(2;12)(q24;q13) X X X X X X X X X X X X X X X
M7 del(3)(p11) X X X
M8 del(3)(q11) X X X X X X X X X X X X X X
M9 der(3)t(3;20)(q31;q12)inv(3)(p21q31) X X X
M10 der(3)inv(p?24q26.3)del(3)s(p?24) X X X X X X X
M11 der(3;7)(p11;q11) X
M12 der(5)t(5;20)(q14;p12) X X X X X X X X X X X X X X
M13 dic(6;16)(p25;p11) X
M14 der(7)t(7;13)(q32;q22) X X X X X X X X X X X X X X X
M15 der(7)inv(7)(q22q36)t(7;14)(q22;q22) X X X X X X X X
M16 del(8)(p23) X X X X X X X X X X X X X X X
M17 i(8)(q11)ins(8;13)(p11;q?) X X X X X X X X X X X
M18 der(8;19)(p11;q11) X X X X X X X X X X X X X X X
M19 i(9)(p11) X X
M20 der(9)t(8;9)(q12;p13) X X X
M21 der(10)t(3;10;12)(q13;p?15;q12) X X X X X X X X X X X X X X X
M22 del(11)(p11) X
M23 i(12)(p11) X X X X X X X X X X X X X X X
M24 der(13)invdup(13)(q14q?)del(13)(q21) X X X X X X X X X X X X X X X
M25 del(18)(q12) X X X X X X X X X X X X X X X
M26 der(19)t(19;8;19;5)(p?;q?;q?;p?) X X X X X X X X X X X X X X X
M27 der(20)t(5;20)(q31;p12) X X X X X X X X X X X X X X X
M28 i(X)(p11) X
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TABLE 4. Numerical and Structural Aberrations Observed in Cell Line SW620
(Colon Cancer, Metastasis from the Same Patient Shown in Table 3)

Numerical abnormalities

Cells 1–15

Clone 1 Clone 2

1 2 2 2 2 2 2 2 2 2 1 1 1 1 1 1
2 1 1 1 1 1 1 1 1 1 3 2 2 2 3 2
3 1 1 1 1 1 1 1 1 1 0 1 1 0 0 1
4 2 2 1 1 2 2 2 2 2 2 2 2 2 2 1
5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
6 1 1 1 1 1 1 0 1 1 2 2 2 2 2 2
7 2 2 2 2 2 2 2 2 2 2 3 2 3 3 2
8 1 0 0 1 1 1 1 1 1 1 1 0 1 1 1
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
11 3 3 3 3 3 2 3 3 3 2 2 2 2 2 2
13 2 2 2 2 2 2 2 2 2 1 1 2 1 1 1
14 2 2 2 2 2 2 2 2 2 0 0 0 0 0 0
15 2 2 2 1 2 2 2 2 2 1 1 1 1 1 1
16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
18 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
20 2 2 2 2 2 2 2 2 2 2 2 1 1 2 1
X 1 1 1 1 1 1 1 1 1 2 2 1 2 2 2
Y 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Structural rearrangements

M 1 del(1)(p11) X X
M 2 der(1)t(1;19)(p36.3;p13.2) X
M 3 der(2)t(2;12)(p24;p12) X X X X X X X X X
M 4 del(3)(p14) X X X X X X X X X X X X X X X
M 5 del(3)(p21) X X X
M 6 del(4)(q28) X X X X X X X X X
M 7 der(4)t(3;4)(p21;p16) X X X X X X
M 8 der(5;7)(p11;p11) X X X X X X X X X
M 9 der(5)t(5;11)(q21;q22) X
M 10 der(5)t(5;17)(q13;p12) X X X X X X X
M 11 der(5)t(5;20)(q15;p12) X X X X X
M 12 der(6)t(6;7)(q23?;q32) X X X X X X X X X
M 13 del(7)(p13) X X
M 14 der(7)t(7;21)(p13;q22?) X
M 15 der(7)t(7;X)(q32;q?) X
M 16 der(8)del(8)(p21) X X X X X
M 17 der(8)del(8)(q13) X
M 18 der(8)t(8;13)(p23;q21) X X X X X X X X X X X X X X X
M 19 der(9;11)(p11;q11) X
M 20 der(10)t(10;12)(p15;p11) X X X X X X
M 21 der(10)t(10;13)(q22;q?) X X X X X X X X X
M 22 der(10)t(10;14)(q22;q11) X X X X X X
M 23 del(11)(q11) X
M 24 der(11;20)(p11;q11) X X
M 25 der(13;17)(q11;p11) X
M 26 der(13;17)(q11;p11)del(13)(q14) X X X X X X
M 27 der(14)t(14;15) X X X X X X
M 28 der(15)t(2;15)(q21;q11) X
M 29 der(15)t(14;15)(q13;q?) X X X X X
M 30 der(16)t(3;16;8;16;10)(p21;p13;p?;q12?;q22) X X X X X X X X X X X X X X X
M 31 del(18)(q12) X X X X X X X X X
M 32 der(18)t(17;18)(p11.2;q12) X X X X X X X
M 33 der(20)t(5;20)(q13;p11.2) X X X X X X X X X X X X X X X
M 34 ins(20;5)(p11.2;q11q13) X X
M 35 der(22)t(2;22)(p23;q11) X X X X X X X X X
M 36 der(X)t(X;6)(q27?;q23?) X X X X X X X X X
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differentiation of the entire human karyotype. This
progress was made possible through advances both
in fluorescence microscopy and in multicolor FISH
procedures (Roberts et al., 1999; Schröck and Pa-
dilla-Nash, 2000; Fauth and Speicher, 2001; Müller
et al., 2002). Currently, the only limitation of the
strategy presented here is the expense of the probe
labels and the workload in the construction of these
complex probe sets. The expense of the probe
labels, however, may be significantly reduced when
fluorescent nucleotides are synthesized according
to the principles outlined in Henegariu et al.
(2000).

Several improvements have been made in this
bar code compared to previous chromosome bar
code strategies for differentiating the entire human
karyotype (Müller et al., 1997, 1998). First, the
banding resolution was increased to 100 bars per
haploid chromosome set. Each chromosome was
subregionally defined by at least two (chromosome
22) and up to seven bars (chromosome 2). This was
achieved by including various well-defined subre-
gional probes derived from nonhuman primate spe-
cies, rearranged somatic cell hybrid cell lines, and
microdissected human chromosome segments, as
well as a YAC clone. More important, the comple-
mentation with human paint probes provided a way
to overcome the problem of color pattern redun-
dancy, inherent in previous whole-karyotype bar
code approaches. Each bar can now be unequivo-
cally assigned to a defined human chromosome
region, and the identification of chromosomal ma-
terial is not hampered any more by a multitude of
segments of the same color. In total, the present
bar code probe set is equivalent to a multiplex
probe set composed of 100 individual combinato-
rially labeled subregional probes and therefore pro-
vides superior subregional definition compared to
the to-date most complex multiplex probe set that
would simultaneously define all human chromo-
some arms (Wiegant et al., 2000). Thus, this ap-
proach may present an advance over current M-
FISH or SKY strategies, because it combines
reproducible color karyotyping for the detection of
chromosomal material in translocations with a de-
tailed definition of chromosome subregions.

We used reFISH to demonstrate that this num-
ber of segments can even be differentiated on
microscopes with a “conservative” setup using con-
ventional band-pass filters (Müller et al., 2002). For
this purpose, the CBC probe set was labeled with
three fluors yielding seven color combinations. It
was hybridized first and was detected together with
the chromosomal counterstain DAPI. It was de-

signed to produce bars of identical color on 15 or
fewer different chromosomes. The resulting color
redundancy was overcome with the second hybrid-
ization of the four complementary WCP probe sets.
The WCP probe set yielded 15 color combinations
and was composed in a way to differentially stain
those chromosomes previously tagged with bars of
identical color. Therefore, the present microscopic
setup limited the number of segments (S) to be
unequivocally discriminated to 7 � 15 � 105 (S �
NM, where N and M are the numbers of the CBC
and WCP color combinations, respectively). In a
more advanced microscopic setup, the same num-
ber of uniquely labeled segments can of course be
defined in a single hybridization by just using
seven discernible fluorochromes.

Alternatively, given the possibility to simulta-
neously discern more fluorochromes with a dedi-
cated microscopic setup, a human WCP probe set
composed of purely combinatorially labeled probes
with five fluorochromes may be applied. In this
case, all human chromosomes could be readily
identified with the WCP probe. Consequently, the
number of bars produced by an additional CBC
probe and therefore its resolution would theoreti-
cally be virtually unlimited. In reality, it would
solely depend on the hybridization efficiency and
the spatial resolution of individual subregional
probes used in the CBC probe set.

Obviously, a way to realize the goal of increasing
the number of bars beyond the resolution of clas-
sical banding techniques would be to include a
large number of genetically well-defined BAC
clones. This approach would also allow a direct link
of chromosomal breakpoints to the human genome
sequence. This strategy was recently tested by
Liehr et al. (2002) for a generation of high-resolu-
tion chromosome bar codes for individual chromo-
somes. However, the authors concluded that the
YAC- or BAC-based bar codes did not fulfill expec-
tations in flexibility, hybridization efficiency, and res-
olution, compared to microdissection-derived band-
specific painting probes. In our hands, a chromosome
7–specific bar code probe composed of 35 BAC
clones obtained from the Human BAC Resource
Consortium (http://www.ncbi.nih.gov/genome/cyto)
was equally unsatisfying (our unpublished data).
The complexity of BACs and the contamination
with bacterial DNA may require a more efficient
PCR amplification and labeling procedure of hu-
man vector cloned DNA than is currently available.
The recent introduction of novel sets of dedicated
DOP primers (Fiegler et al., 2003), which showed a
sixfold increase in the amplification of human BAC
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cloned DNA compared to conventional primers,
will certainly be helpful.

Application of the Bar Code Probe to Tumor
Cytogenetics

Our approach was validated by analysis of four
established tumor cell lines widely used as models
in cell biology. The aims were (1) to evaluate
whether the chromosome bar coding presented in
this study equals other multicolor FISH karyotyp-
ing studies in resolution and reproducibility and (2)
to add additional information by better defining
chromosome subregions.

The colon carcinoma cell lines SW 480 and SW
620 (Fig. 2) were chosen because they were previ-
ously investigated by SKY (Melcher et al., 2000).
Compared to the results found in the previous SKY
analysis, our study showed more than twice the
number of marker chromosomes in SW 480, al-
though all derivative chromosomes that were com-
mon to both studies were in good agreement. It
cannot be ruled out that the differences in the
number of rearranged chromosomes observed be-
tween this study and the previous SKY analysis are
simply culture artifacts and the result of different
evolutions of subclones of this cell line. For six
marker chromosomes identified in the SKY analysis
and the present work, however, different break-
points were postulated from the bar code pattern.
In two further markers, the chromosome bar code
probe provided additional subregional definition.
Compared to the results of the previous analysis of
cell line SW 620 by SKY, our study identified an
almost identical pattern of the remaining marker
chromosomes by the nonredundant chromosome
bar code probe and SKY.

In addition to the colon carcinoma cell lines, two
well-known tumor cell lines, as yet uncharacterized
by molecular cytogenetics, were analyzed with the
bar code probe: the melanoma cell line Mel Juso
and the acute lymphoblastic T-cell leukemia cell
line Jurkat. In primary melanomas, chromosomes 1,
6, 7, 8, 9, 10, and 11 are frequently involved in
numerical or structural aberrations (Thompson et
al., 1995; Balazs et al., 2001; Schulten et al., 2002).
Of these rearrangements, cell line Mel Juso
showed gains of 7p, involving the EGFR gene, and
loss of 9p213pter, involving the CDKN2A tumor
suppressor gene locus. Furthermore, various cases
with an i(17q) have been described in primary
melanomas (http://cgap.nci.nih.gov/chromosomes/
Mitelman). Marker M15, a complex der(17)t(17;17;
17)(q?;q?;q11) found in every cell, does contain two
copies of 17q resembling an i(17q) but also contains

additional 17pter3q? material. It also may be as-
sumed from the hybridization pattern of the chro-
mosome 17 WCP that M15 is dicentric.

Although the cell line Jurkat shows 10 marker
chromosomes, none is characteristic for ALL, ex-
cept for a deletion and a translocation involving the
9p21 region (M7 and M8, respectively) harboring
the CDKN2A locus. Neither did we observe numer-
ical aberrations involving chromosomes 4, 6, 10, 14,
17, 18, 21, or X (Harrison and Foroni, 2002).

We conclude that the present chromosome bar
code approach allows a detailed description even of
complex chromosome aberrations characteristic of
various tumors. Translocations can be detected
with at least the same confidence as in conven-
tional M-FISH or SKY karyotyping studies. In ad-
dition, the bar code approach provides useful in-
formation for subregional assignment of
chromosomal breakpoints that cannot be obtained
by chromosome painting alone. Thus, this tech-
nique may span the bridge between chromosome
painting for the identification of chromosome trans-
locations and conventional banding analysis or
FISH of defined clones for the assignment of the
breakpoints involved. Probe sets such as those pre-
sented here will be made accessible to the cytoge-
netic community for additional evaluation of their
resolution and efficiency in different areas of can-
cer cytogenetics.
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Ried T, Schröck, E, Ning Y, Wienberg J. 1998. Chromosome paint-
ing: a useful art. Hum Mol Genet 7:1619–1626.

Roberts I, Wienberg J, Nacheva E, Grace C, Griffin D, Coleman N.
1999. Novel method for the production of multiple colour chro-
mosome paints for use in karyotyping by fluorescence in situ
hybridisation. Genes Chromosomes Cancer 25:241–250.

Saracoglu K, Brown J, Kearney L, Uhrig S, Azofeifa J, Fauth C,
Speicher MR, Eils R. 2001. New concepts to improve resolution
and sensitivity of molecular cytogenetic diagnostics by multicolor
fluorescence in situ hybridization. Cytometry 44:7–15.

Schneider U, Schwenk HU, Bornkamm G. 1977. Characterization of
EBV-genome negative “null” and “T” cell lines derived from
children with acute lymphoblastic leukemia and leukemic trans-
formed non-Hodgkin lymphoma. Int J Cancer 19:621–626.
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