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Abstract. Conventional banding techniques can charac-
terize chromosomal aberrations associated with tumors
and congenital diseases with considerable precision. How-
ever, chromosomal aberrations that have been overlooked
or are difficult to analyze even by skilled cytogeneticists
were also often noted. Following the introduction of multi-
color karyotyping such as spectral karyotyping (SKY) and
multiplex-fluorescence in situ hybridization (M-FISH), it is
possible to identify this kind of cryptic or complex aberra-
tion comprehensively by a single analysis. To date, multi-
color karyotyping techniques have been established as use-
ful tools for cytogenetic analysis. However, since this
technique depends on whole chromosome painting probes,
it involves limitations in that the origin of aberrant seg-
ments can be identified only in units of chromosomes. To
overcome these limitations, we have recently developed
spectral color banding (SCAN) as a new multicolor banding
technique based on the SKY methodology. This new tech-

nique may be deemed as an ideal chromosome banding
technique since it allows representation of a multicolor
banding pattern matching the corresponding G-banding
pattern. We applied this technique to the analysis of chro-
mosomal aberrations in tumors that had not been fully
characterized by G-banding or SKY and found it capable of
(1) detecting intrachromosomal aberrations; (2) identifying
the origin of aberrant segments in units of bands; and
(3) precisely determining the breakpoints of complex rear-
rangements. We also demonstrated that SCAN is expected
to allow cytogenetic analysis with a constant adequate reso-
lution close to the 400-band level regardless of the degree of
chromosome condensation. As compared to the conven-
tional SKY analysis, SCAN has remarkably higher accuracy
for a particular chromosome, allowing analysis in units of
bands instead of in units of chromosomes and is hence
promising as a means of cytogenetic analysis.
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Chromosome banding techniques have been an indis-
pensable tool for the identification of chromosomal aberra-
tions associated with tumors and congenital diseases. Over
the past three decades, G-banding has served as a standard
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chromosome banding technique. However, since G-band-
ing involves morphological identification of each chromo-
some based solely on banding patterns of monochrome
shade, it has unavoidable limitations in accuracy of karyo-
typing. Furthermore, long experience and high skill are
needed for analyzing chromosomal aberrations with this
technique. Still more, it is not uncommon that even experi-
enced cytogeneticists overlook cryptic chromosomal aber-
rations or are unable to identify complex chromosomal re-
arrangements completely in G-banding analysis. To over-
come these shortcomings of G-banding, new techniques of
cytogenetic analysis were developed in 1996; they are mul-
ticolor karyotyping techniques such as spectral karyotyp-
ing (SKY) (Schrock et al., 1996) and multiplex-fluorescence
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Fig. 1. FISH with a band-specific painting
probe generated by microdissection. After a
chromosome region corresponding to a par-
ticular G-band was cut out physically under a
microscope by microdissection and collected
into a microtube, the band-specific DNA can
be extracted and purified. This DNA was di-
rectly labeled with a fluorochrome using
DOP-PCR. FISH on a normal metaphase
chromosome with this product serving as a
band-specific painting probe showed the sig-
nal identical to the original cut-out band.

-
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in situ hybridization (M-FISH) (Speicher et al., 1996). SKY
analysis is a FISH-based molecular cytogenetic technique
that allows simultaneous discrimination of all 24 human
chromosomes in different colors in a single hybridization,
making use of the SKY probe mixture containing differen-
tially labeled painting probes for each chromosome. This
approach has been particularly useful for the comprehen-
sive identification of chromosomal aberrations, which are
difficult to analyze by G-banding (Veldman et al., 1997; Ka-
kazu et al., 1999, 2000). Multicolor karyotyping techniques
have been spreading rapidly at clinical laboratories as an ef-
fective diagnostic tool. However, multicolor karyotyping
also involves three limitations associated with the use of
whole chromosome painting probes: (1) identification of the
origin of chromosomal segments is possible only in units of
chromosomes, which is at much lower resolution than G-
banding; (2) intrachromosomal aberrations such as inver-
sion, duplication, or terminal or interstitial deletion cannot
be detected as color changes in aberrant chromosomes; and
(3) chromosomal breakpoints are difficult to determine by
multicolor karyotyping analysis alone. To overcome these
limitations of multicolor karyotyping analysis and to ele-
vate the accuracy of cytogenetic analysis, several multicolor
banding techniques have been developed recently. To date,
many reports have been published on methods such as mul-
ticolor chromosome bar code (Miiller et al., 1997), cross-
species color banding (Miiller et al., 1998; Teixeira et al.,
1999) and multicolor-banding (MCB) (Chudoba et al., 1999;
Liehr et al., 2002). However, banding patterns in these
methods are not identical to those in G-banding. The ideal
method is the one which is capable of detecting aberrations
in units of bands identical to G-bands corresponding to the
ISCN (2005) and of distinguishing between different bands
in terms of their unique colors. The authors have been work-
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ing to develop a new chromosome color banding technique
with these ideal capabilities. As the result, we have devel-
oped a multicolor FISH technique capable of detecting
chromosomal segments in units of bands corresponding to
G-bands. This new method is named ‘spectral color band-
ing (SCAN)’ (Kakazu et al., 2001). This review article pres-
ents this method, citing examples of its applications to clin-
ical cytogenetic analysis.

Methodology of SCAN

The microdissection technique can cut out and collect a
region identical to a specific band from G-banded chromo-
somes. This is followed by extraction and purification of
genomic DNA to serve as a template for degenerate oligo-
nucleotide-primed PCR (DOP-PCR) (Telenius et al., 1992),
accompanied by direct labeling with fluorochrome. The
amplification product can be used as a chromosome band-
specific painting probe for FISH (Fig. 1). In this way, band-
specific genomic DNAs covering each band of a given chro-
mosome are labeled with one or two of five different fluo-
rochromes (Rhodamine, FITC, Texas Red, Cy5.5 and Cy5).
When doing so, each band-specific painting probe is differ-
entially labeled. All probes prepared in this way are com-
bined to yield a probe cocktail. The cocktail is then hybrid-
ized with human metaphase chromosomes and analyzed
using a detection system identical to that used for SKY anal-
ysis. We expect that in this way we can distinguish between
different band units by means of different colors. Initially,
we obtained six band-specific genomic DNAs for chromo-
some 10 and prepared a banding probe, followed by analysis
of normal metaphase chromosomes by SCAN. As a result,
chromosome 10 was successfully detected as a multicolor

Cytogenet Genome Res 114:250-256 (2006) 251



Chromosome 3

SCAN G-band Labeling

p A
- Y +

-
L
L
I
X
X

A: Rhodamine

Fig.2. SCAN analysis for normal chromosome 3. From left to right:
SCAN image of chromosome 3, the G-banded chromosome 3 ideo-
gram (defined by ISCN 2005) corresponding to the approximately 400-
band level per haploid set, fluorescence labeling scheme for a total of
15 band-specific painting probes of chromosome 3.

image in which individual bands were depicted in different
colors corresponding to the G-band pattern (Kakazu et al.,
2001). In addition to chromosome 10, we were able to gener-
ate a multicolor banding pattern for chromosome 3 using 15
differentially labeled band-specific painting probes (Fig. 2)
(Kakazu et al., 2003).

For SKY analysis, the fluorescence signals from each
chromosome show spectral patterns unique to the combi-
nation of labeling fluorochromes used for each chromo-
some painting. When these unique patterns of signals are
recognized by spectral analysis, it is possible to automati-
cally determine the chromosome from which a given signal
originates. For SCAN analysis, under the same principle,
the signals from each band must have spectral patterns
unique to individual combinations of fluorochromes.
Therefore, if the algorithm for spectral pattern recognition
by SKY analysis is used for SCAN analysis, it will be possible
to automatically determine the chromosomal band from
which a given signal originates.
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Fig. 3. SCAN images for various band levels of chromosome 3.
Chromosomes 3 at the 250- (A), 400- (B), and 550- (C) band levels per
haploid set. These normal chromosome samples, previously analyzed
by G-banding, were derived from one bone marrow sample with a 250-
band level per haploid set and two lymphocyte samples from periph-
eral blood with different levels of banding resolution (400- and 550-
band levels). Multicolor banding patterns are detected in a reproduc-
ible manner, irrespective of the degree of chromosome condensation
or quality of G-banding. For each chromosome, the G-band-like image
(inverted DAPI counterstained image) (left) and spectral color image
(right) are shown.

Reproducibility in condensed chromosomes

So that cytogenetic analysis in clinical diagnosis can be
performed appropriately using G-banding, the resolution
needs to be at least at the approximately 400-band level per
haploid set. Cytogenetic analysis in cases of hematological
malignancies often uses bone marrow or lymph node sam-
ples, but the metaphase chromosomes in these samples tend
to be more condensed than those in peripheral blood sam-
ples, often resulting in unsatisfactory resolution less than
the 400-band level. This trend is more marked in solid tu-
mors. Furthermore, in tumor-derived chromosome sam-
ples, the quality of G-banding itselfis poor. Because of these
unfavorable factors, the accuracy of G-band analysis of tu-
mors tends to be lower than that of G-band analysis of con-
genital diseases using peripheral blood samples. Bearing
this in mind, we applied SCAN to chromosome samples of
varying degrees of condensation and examined whether or
not color band patterns of a certain resolution could be ob-
tained in a reproducible manner. In this evaluation, the use
of SCAN allowed cytogenetic analysis at a resolution close
to the 400-band level even for condensed chromosomes for
which the resolution with previous G-banding was below
the 250-band level per haploid set (Fig. 3). Furthermore, de-
tection of evident multicolor banding patterns was possible
with SCAN even from chromosome samples with unclear
G-bands. On the basis of these results, SCAN is expected to
allow cytogenetic analysis with a constant adequate resolu-
tion level irrespective of the degree of chromosome conden-
sation or quality of G-banding. In MCB for chromosome 5,
a banding pattern comparable to the 500-band level per
haploid set has been observed independently of the length
of the chromosomes (Chudoba et al., 1999).



Applications of SCAN to cytogenetic analysis

SCAN was applied to the analysis of chromosomal aber-
rations in tumors and shown to be useful in the following
three respects.

Identification of the origin of the chromosome band of

abnormal segments

If the origin of an abnormal chromosomal segment can-
not be identified by G-banding, it is relatively easy to iden-
tify the chromosomal origin by using SKY analysis. How-
ever, it is difficult with SKY analysis alone to determine the
chromosomal band from which the segment originates. If
the segment is short, it is also difficult even by reevaluation
of the G-band pattern of the segment and the original chro-
mosome. As stated above, SCAN can overcome this limita-
tion and allows identification of the origin of abnormal chro-
mosomal segments in units of bands. A model case study is
presented below. We have analyzed the origin of double min-
ute chromosomes (DMs) of bone marrow metastases of gas-
tric cancer using the SCAN technique (Kakazu et al., 2001).
DMs are minute chromosomal segments that lack a centro-
mere region and are barely detectable with G-banding. If
dozens (occasionally hundreds) of DMs are detected in tu-
mor metaphase cells, the DMs are usually considered to con-
tain some particular oncogene. Therefore, DMs are also
known as a chromosomal indication of intense amplification
of oncogenes. However, DMs are too small to allow identifi-
cation of their origin with G-band analysis alone. When
DMs from a case with gastric cancer were first subjected to
SKY analysis, chromosome 10 was identified as the origin,
but the band of chromosome 10 from which the DMs origi-
nated remained unidentified. We then analyzed the DMs us-
ing SCAN for chromosome 10. The signals on the DMs were
identical to band q26 of normal chromosome 10 in terms of
spectral pattern, suggesting that the DMs originate from this
band. Band 10q26 was found to bear the fibroblast growth
factor receptor 2 (FGFR2, previously termed K-sam) gene
known to be particularly amplified in poorly differentiated
gastric cancer. Following this finding, we conducted FISH
using a probe containing this gene and found numerous sig-
nals on the DMs, confirming the SCAN results.

Detection of intrachromosomal aberrations

Some structural aberrations involve different chromo-
somes (e.g., translocation) and others take place within the
same chromosome (e.g., duplication). SKY is useful for anal-
ysis of the former type of aberrations, but it is difficult to
detect thelatter type of aberrations using SKY analysis alone.
This is because SKY analysis using whole chromosome
painting probes cannot detect intrachromosomal aberra-
tions as changes in the color of fluorescence signals. How-
ever, if SCAN is used, these aberrations can be easily detect-
ed on the basis of color banding patterns. In practice, SCAN
analysis not only detected the single band-sized insertion
within the short arm of chromosome 3 in a case of malignant
lymphoma, but also precisely identified the origin of the
chromosomal band as 3q13 (Fig. 4) (Kakazu et al., 2003).
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Fig. 4. Analysis of an intrachromosomal aberration. (A) G-band
image. Insertion of a small segment of unknown origin (arrow) in the
short arm of chromosome 3 [ins(3)] is revealed. The left is a normal
homolog of chromosome 3. (B) SKY image. The ins(3) chromosome
cannot be detected as a change in color because the inserted segment
originates from chromosome 3. (C) SCAN image. The ins(3) chromo-
some possesses an inserted segment with excessive red signals (not seen
in the normal chromosome 3, shown on the left) between bands 3p13
and 3pl4. The spectral color of signals of the inserted segment is iden-
tical to that of signals of band q13 of the long arm of the same chromo-
some 3. Thus, SCAN has revealed that the inserted segment originates
from band 3q13. (Reprinted with permission from Molecular Medi-
cine, Vol. 39 (suppl): Kakazu et al., Copyright 2002 by Nakayama-Sho-
ten Co., Ltd.).

Precise determination of breakpoints of chromosomal

rearrangements

Numerous recurrent chromosomal translocations spe-
cific to the subtypes of hematological malignancies have
been found. The molecular approach of identifying their
breakpoints hasled to the cloning of the causative genes that
were closely associated with tumorigenesis. Therefore, pre-
cise determination of breakpoints is important for diagno-
sis of subtype, prediction of prognosis and determination of
treatment strategy in patients with hematological malig-
nancies. With SKY analysis alone, however, definite deter-
mination of breakpoints is difficult even when the chromo-
some from which a given translocated segment originates
can be identified. If SCAN is used in such cases, the trans-
location breakpoints can be easily determined on the basis
of identification of the band from which a given translo-
cated segment originates. In many cases of hematological
malignancies, especially in malignant lymphoma cases,
translocations were too complex to allow easy identifica-
tion of breakpoints even with G-banding analysis. We ana-
lyzed the complex translocations in a case of B-cell lym-
phoma using SCAN for chromosome 3 and unveiled all of
four breakpoints of chromosome 3, which had not been de-
tected by G-banding, in a single analysis (Fig. 5). In this
analysis, we identified the translocation involving band
3q27, serving as one of the four breakpoints. Such 3q27
translocation is seen relatively frequently in cases of B-cell
lymphoma and is reported to be specific for a subtype of
diffuse large-cell lymphoma. It is significant in clinical di-
agnosis of hematological malignancies that SCAN detected
the subtype-specific chromosomal translocation that had
been overlooked by G-banding. MCB has also been shown
to be useful for precise determination of chromosomal
breakpoints (Lemke et al., 2001; Weise et al., 2002).
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Fig.5.Precise determination of breakpoints for complex rearrange-
ments. (A) G-band image: Two aberrations derived from chromosomes
1 and 3 [der(1): ?del(1)(p36); der(3): add(3)(q?21)] were revealed in a
malignant lymphoma case. At this stage, these aberrations appear to
have no relation to each other. (B) SKY image: These two aberrations
were shown to be a complex translocation between chromosomes 1 and
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Fig. 6. Scheme of a probe cocktail composed of the banding probes
for SCAN and the painting probes for SKY.

Conclusions and perspectives

We have developed a new method called SCAN on the
basis of the conventional SKY analysis. We applied this
method to analysis of chromosomal aberrations related
to tumors and demonstrated its usefulness in cytogenetic
diagnosis. SCAN, which allows precise identification of the
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3. However, it was not possible to determine breakpoints of this trans-
location. (C) SCAN image: In the der(1) chromosome, region 3q28~q29
was translocated to the short arm and region 3q21~q27 was inserted
into the long arm. In the der(3) chromosome, the segment from chro-
mosome 1 was translocated to region q13. All of four breakpoints of
chromosome 3 can be determined in a single SCAN analysis.

origin of chromosomal segments in units of bands cor-
responding to G-bands, is expected to remarkably im-
prove the accuracy of cytogenetic analysis as compared to
conventional banding techniques. However, this method
does not completely replace G-banding or SKY analysis,
but it serves as an auxiliary method making up for the
shortcomings of existing methods. We summarized the
features and usefulness of microdissection-based multi-
color banding techniques compared with conventional
chromosome banding and multicolor karyotyping tech-
niques (Table 1).

SCAN is a technique for analysis of a particular chromo-
some and is not capable of detecting aberrations of the oth-
er 23 chromosomes. To overcome this shortcoming of
SCAN analysis, we prepared a probe cocktail composed of
the banding probes for the particular chromosome used for
SCAN and the painting probes for SKY analysis after elim-
ination of the painting probe for the particular chromo-
some for SCAN (Fig. 6). Using this cocktail, we succeeded
in simultaneously displaying multicolor banding images for
chromosome 3 and unique spectral color images identical
to those of SKY analysis alone for the other 23 chromosomes
in the same metaphase cells (Fig. 7). This method, involving
a combination of SKY and SCAN, makes use of the advan-
tages of both methods. It is particularly suitable for simul-
taneous characterization of complex rearrangements and
their breakpoints in cancer cytogenetics (Kakazu et al., in
preparation). We have presented SCAN for only chromo-
somes 3 and 10 so far. In addition, we have prepared SCAN
probes for another eleven human chromosomes (chromo-
somes 1, 5,7-9, and 11-16) (data not shown). This technique
will be available for all human chromosomes in the near
future.

On the other hand, in MCB simultaneous use of two sets
of chromosome-specific probes could detect a balanced
translocation between chromosomes 5 and 13, with the re-
spective breakpoints at q13 and ql4 (Liehr and Claussen,
2002). Furthermore, multitude MCB (mMCB) has been de-
veloped (Weise et al., 2003). The mMCB probe set contains
a total of 138 chromosome region-specific microdissection-



Fig. 7. Representative images of a normal male metaphase analyzed using a combined method of SCAN and SKY.
(A) Chromosomes 3 (arrows) are displayed in a multicolor banding image of SCAN. The other 23 chromosomes are de-
tected in their unique colors of SKY. (B) Karyogram of the metaphase depicted in A. SCAN image of chromosomes 3 is
framed in white.

Table 1. Comparison among conventional banding, multicolor karyotyping and microdissection based multicolor banding techniques

Description Technique
Conventional banding Multicolor karyotyping Multicolor banding
Typical method(s) G-banding spectral karyotyping (SKY) spectral color banding (SCAN)
multiplex-FISH (M-FISH) multicolor-banding (MCB)
Labeled probes unnecessary chromosome-specific painting ~ chromosome band (region)-specific
probes (flow-sorted) painting probes (microdissected)
Identification morphological identification  automated identification automated identification

Objects in a single analysis all 24 human chromosomes

Intrachromosomal aberrations detectable

detectable, but sometimes
overlooked if the trans-
location involves similarly
banded segments or
segments are too small

Interchromosomal aberrations

Identification of the origin of
chromosomal segments

possible in units of bands

Determination of breakpoints of
chromosomal rearrangements

possible, but sometimes
difficult in the case of
complex rearrangements

all 24 human chromosomes

difficult to detect

very useful

possible in units of chromo-
somes

difficult with multicolor
karyotyping analysis alone

some particular chromosomes (SCAN,
MCB), all 24 human chromosomes
(mMCB)

detectable

difficult with the probe for a particular
chromosome alone

detectable with probe sets for more than
two different chromosomes (MCB) or for
all human chromosomes (mMCB)

possible in units of bands identical to
G-bands (SCAN)

possible even in the case of complex
rearrangements

derived libraries covering all human chromosomes. Thus,
mMCB allows simultaneous visualization of multicolor
banding patterns unique for each of the 24 human chromo-
somes in a single analysis at a banding resolution corre-
sponding to about 370 bands per haploid set. This method
was applied to two myelodysplastic syndrome cases and two

solid tumor cell lines and has been shown to be useful for
comprehensive characterization of complex structural ab-
normalities involving at least three chromosomes (Weise et
al., 2003). Moreover, mMCB revealed cryptic chromosomal
abnormalities even in acute lymphoblastic leukemia cases
with normal karyotype (Karst et al., 2006). This approach
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is also a powerful tool for high-resolution analysis of karyo-
type evolution in chimpanzee (Gross et al., 2006).

As a remarkable outcome of the human genome project,
draft sequencing of the entire genome was completed and
published in 2001 (International Human Genome Sequenc-
ing Consortium, 2001). Through the genomic era, genome
analysis technologies such as array comparative genomic
hybridization (array CGH) have been advancing remark-
ably (Ishkanian et al., 2004). Now, huge amounts of infor-
mation about the human genome are available. However, for
more effective utilization of abundant genomic informa-
tion in molecular cytogenetics, it is necessary to establish

more highly sophisticated analysis systems in combination
with multicolor karyotyping and multicolor banding tech-
niques so that they can efficiently and comprehensively de-
tect multiple specific genetic changes involved in tumors
and congenital diseases.
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