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Some marker chromosomes and chromosome rearrangements are difficult to identify using G-bands
by Giemsa staining after trypsin treatment (G-banding) alone. Molecular cytogenetic techniques, such
as spectral karyotyping (SKY) and fluorescence in situ hybridization (FISH), can help to detect chro-
mosomal aberrations precisely. We analyzed the karyotypes in 6 cases of multiple congenital abnor-
malities and 1 case of spontaneous abortion (case 2). Three cases (cases 1, 6, and 7) had marker
chromosomes, and 4 cases (cases 2-5) had chromosomal rearrangements. The karyotypes in cases 1, 2,
and 3 were determined using FISH with probes based on the clinical findings and family histories.
Spectral karyotyping (SKY) analysis in cases 4-7 showed that this method is useful and saves time.
The combination of SKY and FISH analyses defined the range of the ring chromosome in case 7. We
demonstrated that a combination of G-banding, FISH, and SKY can be applied effectively to the
investigation of chromosomal rearrangement and to the detection of marker chromosome origins.
We suggest the use of these methods for prenatal diagnosis, in which the inherent time limitations are
particularly important.
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S ome de novo marker chromosomes, which are

also known as extra structurally abnormal
chromosomes (ESACs), and chromosome rearrange-
ments, such as small insertions, are often associated
with neonatal malformations and mental retardation.
Therefore, the identification of these aberrations is
very important. ESACs occur in 1 out of 400 men-
tally retarded patients, 1 out of 4000 live-born indi-
viduals, and 1 out of 1000 cases at amniocentesis [1

-3]; 40% of these cases are familial [4].
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Chromosome structure rearrangements are detected
in up to 0.1% of prenatal cytogenetic investigations.
In a large multicenter study [5], abnormal pheno-
typic outcomes were seen in 13% of the de novo
marker chromosomes. When small marker chromo-
somes or chromosome structure rearrangements are
detected, the precise identification of the origins of
these chromosomes or chromosomal portions is
important.

Caspersson and Zech introduced chromosome
banding in 1969 [6, 7], and karyotype analysis by
G-banding has been the standard method for identify-
ing numerical and structural chromosomal aberra-
tions [4, 8]. However, chromosome-banding pat-
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terns are difficult to interpret. In the case of subtle
chromosomal rearrangements, de novo marker chro-
mosomes confound comprehensive karyotype analysis.
Molecular cytogenetic techniques such as FISH have
revolutionized the clinical identification of chromo-
somal abnormalities [9, 10]. In FISH, a DNA
probe labeled with a fluorescent substance hybridizes
to the target DNA on the chromosome. FISH analy-
sis was first used in gene mapping. Gradually, FISH
analysis using a specific probe has come to be used to
detect small regions that contain specific genes, such
as those in Prader-Willi syndrome and Williams syn-
drome. In addition, «a-satellite markers, including
D137Z1, D18Z1, and D21Z1, are useful for the
detection of supernumerary chromosomes [11-14].
The choice of probes is usually made according to
the G-banding patterns. The rapid identification of
the origins of complex markers can be accomplished
with whole-genome chromosome painting techniques,
such as SKY [15]. SKY permits the visualization of
all human chromosomes in 24 different colors using
painting probes labeled with different combinations
of 5 fluorochromes [9, 16, 17]. SKY can be used as
a screening tool to identify structural abnormalities
and marker chromosomes [18, 19].

In this study, 7 cases were analyzed. All of the
samples were screened initially by G-banding, fol-
lowed by SKY analysis (N=3), FISH analysis
(N =3), or the combination of FISH and SKY analy-
ses (N=1).

Materials and Methods

G-banding. G-banding was performed on
peripheral blood lymphocytes cultured from both
patients and parents. In case 2, fibroblasts from
amniotic fluid cells and chorionic villous samples
were also analyzed. Cells in metaphase or prometa-
phase were collected by adding corcemid to a final
concentration of 0.05 #g/ml. Two hours before har-
vesting, the peripheral blood cells were treated with
ethidium bromide at a final concentration of 10 yg/
ml [20]. Hypotonic treatment was performed in
0.075M KCI for 15 min at room temperature, and
the cells were fixed in methanol: acetic acid (3:1).
The slides were held at an angle of 60-80° down
from the horizontal position, and one drop of suspen-
sion was allowed to run quickly down the slide. The
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slides were allowed to dry completely in the slanted
position for 24 h. Each slide was rinsed with water
and treated with 0.01% trypsin, and then stained
with 3% Giemsa for 5 min.

SKY analysis. SKY analysis was performed
on cultured peripheral blood lymphocytes by SRL,
Tokyo, Japan. The chromosome-specific probes were
conjugated to a specific combination of 5 different

fluorophores: Cy2, Spectrum green, Cy3, Texas
Red, and Cyb.
FISH analysis. FISH was performed in cases

1, 2, 3, and 7. In case 7, FISH was performed with
the BAC923C6 probe, which maps to 1p12, and the
RR6 probe, which maps to 1ql2 heterochromatin.
These 2 probes were kind gifts of Dr. D. F. Callen
[21]. The remaining FISH analyses were performed
by SRL, and FISH analyses were performed using
the following probes: WCP3 and WCP22, paint
probe, and LIS1 (maps to 17pl13.3), and D14Z1/
D2271 probes [22, 23]. The slides were denatured
in 70% formamide/2 X SCC (20x SSC=3.0M
NaCl, 0.3M Sodium citrate) at 70 °C for 2 min, fol-
lowed by dehydration in ethanol. Ten microliters
(0.5ng/ 1) of the probe were applied to the slide,
which was then coverslipped and sealed. Following
incubation at 37 °C for 16 h, the slide was washed 3
times in 50% formamide/2 X SCC at 45°C for
10 min, once in 2 X SSC for 10 min at 45 °C, once
in 2xSSC/0.1% NP-40 for 5min at 45°C, and
once in 2X SSC for 10 min at room temperature.
The slides were counterstained with DAPI (4, 6
-diamidino-2-phenylindole dihydrochloride) [10, 24].

Results

Case 1. The proband was from an 8-month-old
girl. She was born at 38 weeks of gestation as the
first child of a 38-year-old mother and an unrelated
45-year-old father. Her birth weight was 2,510 g.
Immediately after birth, the girl was identified as
having anal atresia and total anomalous pulmonary
venous connection, and she underwent surgery.
After the operation, the subject was referred to us
for evaluation of multiple congenital malformations.
Physical examination showed brachycephaly, low
nasal bridge, hypertelorism, downward-slanted pal-
pebral fissure, microtia, preauricular fistula, small
hands and feet, long fingers, and developmental
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delay. There was no evidence of coloboma of the iris
or renal malformation.

The subject had a supernumerary marker chromo-
some (Fig. 1A-a). The karyotypes of the parents
were normal. With regard to the detection of the
marker chromosome by G-banding, the D or G group
was suspected. The clinical findings suggested cat
eye syndrome. The FISH method was performed to
detect the chromosomal origin, and the signal was
detected using 14/22 a-satellite probes and the chro-
mosome 22 probe (Figs. 1A-b, c¢). The karyotype
was diagnosed as 47, XX, +mar. ish idic (22)
(q11.2) (D1471/D227.1).

Case 2. The proband was from a couple con-
sisting of a 30-year-old woman and a 29-year-old man.
They did not have any malformations. Previously,
the female had had 3 spontaneous abortions and 1
artificial abortion.

G-banding analysis of the chorionic villous sample
was submitted at the time of the third natural miscar-
riage, and it was suspected of being 47, XX, + add (6)
(p21.3). The possibility existed that the husband or
the wife had a reciprocal translocation, and chromo-
some analysis was performed. The husband was 46,
XY, t(6; 17) (p24; pl13). After consultation for pre-
natal diagnosis, amniocentesis was performed at
week 16 of the fifth pregnancy. The rearranged seg-
ments were too small for precise karyotyping of the
amniotic fluid cells by the G-banding method alone.
Therefore, we also performed FISH. The combina-
tion of G-banding and FISH revealed the same recip-
rocal translocation as observed in the father (Figs.
1B-a, b).

Case 3. The proband was from a 5-month-old
girl. She was born at 38 weeks of gestation as the
first child of a 30-year-old mother and an unrelated
30-year-old father. Her birth weight was 2,264 g.
The subject was referred to us for evaluation of mul-
tiple congenital malformations. Physical examination
showed brachycephaly, bushy eyebrows, hyper-
telorism, inverted epicanthus, anteverted nostril,
depressed nasal bridge, down-turned corners of the
mouth, long philtrum, and mild developmental delay.
The subject did not exhibit heart malformations or
internal organ abnormalities.

G-banding showed an additional small region on
chromosome 3q (Fig. 1C-a), the origin of which was
not defined. The karyotype of each parent was nor-
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mal. FISH using the whole chromosome 3 probe
showed that the additional small region was derived
from chromosome 3 (Fiig. 1 C-b). The karyotype was
designated as 46, XX, dup (3) (q24q26.2).

Case 4. The proband was from a girl aged 1
year and 7 months. She was born at 38 weeks of ges-
tation as the first child of a 31-year-old mother and
an unrelated 34-year-old father. Her birth weight
was 2,892 g. She was referred to us for evaluation
of multiple congenital malformations. Physical exam-
ination showed a prominent forehead, hypertelorism,
epicanthus, low nasal bridge, large mouth with
widely spaced teeth, clinodactyly of the fingers, and
developmental delay. In addition, the subject was
epileptogenic. There was no heart malformation or
internal abnormality. Computed tomography of the
brain revealed no abnormalities.

G-banding analysis showed an additional segment
on 8p (Fig. 1D-a). The karyotype of each parent was
normal. Using the SKY method, the additional por-
tion of 8p was identified as being from chromosome 8
(Fig. 1D-b). The karyotype was designated as 46,
XX, dup (8) (p23pl2).

Case 5. The proband was from a girl aged 1
year and 4 months, who was born at 40 weeks of ges-
tation. Her birth weight was 3,949 g. The subject
was referred to us for evaluation of multiple congeni-
tal malformations. Physical examination showed flat
occiput, coarse hair, round face, up-slanted palpe-
bral fissure, hypertelorism, prominent anteverted
nose, low-set ear, simian crease, webbed neck, tho-
rax deformity, cubitus valgas, hypotonia, delayed
dental eruption, and developmental delay. The echo-
cardiogram showed a ventricular septal defect.
Computed tomography of the brain revealed agenesis
of the corpus callosum.

G-banding analysis revealed an additional frag-
ment of unknown origin on the short arm of chromo-
some 20 (Fig. 1E-a). The karyotype of each parent
was normal. Since SKY showed the extra material
to be from chromosome 20 (Fig. 1E-b), the karyo-
type of this patient was identified as 46, XX, dup (20)
(p11.2p13).

Case 6. The proband was from a 26-year-old
woman. She was born at term as the first child of a
27-year-old mother and an unrelated 29-year-old
father. After the birth, physical examination showed
cleft palate, atrial septal defect, congenital disloca-
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Fig. 1  A-a, Partial G-banded karyotypes in case 1; A-b, FISH using 14/22 «-satellite probes shows 2 positive signals on the marker
chromosome (arrow); A-c, FISH using 22 whole-chromosome painting probes shows positive signals on the marker chromosome
(arrow); B-a, Partial G-banded karyotypes in case 2; B-b, FISH using LIS1 (17p13.3 probe) shows a positive signal (arrow); C-a,
Partial G-banded karyotypes in case 3; the abnormal chromosome 3 (arrow) is longer than the normal chromosome 3; C-b, Chromosome
3 painting probe stains both chromosomes in a homogeneous fashion (arrows); D-a, Partial G-banded karyotypes in case 4. The
abnormal chromosome 8 (arrow) is longer than the normal chromosome 8; D-b, In the SKY analysis, the abnormal chromosome 8 (arrows)
shows consistent hybridization along its entire length; E-a, Karyotyping in case 5 showing abnormal chromosome 20; E-b, In the SKY
analysis, the abnormal chromosome 20 (arrows) shows consistent hybridization along its entire length; F-a, Partial G-banded karyotypes
in case 6; F-b, SKY analysis showing abnormal chromosome 22 (arrows); G-a, Partial G-banded karyotypes in case 7; G-b, SKY
analysis showing abnormal chromosome 1 (arrows); G-c, d, Representative FISH experiments. Fluorescent signals are detected for
probes BAC923C6 (1p12) (C) and RR6 (1912 heterochromatin) (D).
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tion of the hip joint, and mental retardation. At the
age of 1 year and 6 months, the subject was diag-
nosed with a chromosome 13 abnormality and did not
undergo any further chromosome analysis. She
received medical treatment at home and, at the age
of 26 years, entered an institution for the mentally
and physically disabled, with advanced disease. The
subject was referred to us for evaluation of multiple
congenital malformations. The physical findings were
asymmetric face, downward-slanted palpebral fissure,
hypertelorism, low nasal bridge, long philtrum, pre-
auricular fistula, long and slender fingers, and scoli-
osis.

The subject had a supernumerary chromosome,
which was suspected to be of the G group (Fig.
1F-a). Based on the clinical presentation, der (22)
(11q; 22q) was suspected, but the subject had been
previously diagnosed as having a chromosome 13
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abnormality. Her parents would not agree to partici-
pate in chromosome analysis. Therefore, lympho-
cytes from the subject were analyzed by the SKY
method. Using this method, a fragment of chromo-
some 11 was detected on chromosome 22 (Fig. 1F-b).
The karyotype was designated as 47, XX, + der (22)
t (11; 22) (q23.2; ql11.2).

Case 7. The proband was a 3-year-old boy. He
was born at 38 weeks of gestation to a 25-year-old
mother and an unrelated 29-year-old father. His
birth weight was 2,650 g. At 1 year of age, the sub-
ject was diagnosed as having mild developmental
delay and physical abnormality. At 2 years of age,
he started to walk but could not utter any meaningful
words. The subject was referred to us for evaluation
of multiple congenital malformations. Physical exam-
ination showed microcephaly, hypertelorism, almond-
like palpebral fissure, protruding ears, anteverted

Table 1 Summary of the G-banding, spectral karyotyping (SKY), and fluorescence in situ hybridization (FISH) results and clinical
findings.
Case  Gband- o gyy Clinical Findings Karyotype

No. ing
Anal atresia, total anomalous pulmonary venous connection,

1 n n B brachycephaly, low nasal bridge, hypertelorism, downward-slanted 47, XX, + mar. ish idic
palpebral fissure, microtia, preauricular fistula, small hands and feet, (22) (q11.2) (D14Z1/D2271)
long fingers, developmental delay.

2 + + - None. 46, XX, 1(6; 17) (p24; pl3)
Brachycephaly, bushy eyebrows, hypertelorism, inverted epicanthus,

3 + + — anteverted nostril, depressed nasal bridge, down-turned corners of 46, XX, dup (3) (024026.2)
the mouth, long philtrum, mild developmental delay.

Prominent forehead, hypertelorism, epicanthus, low nasal bridge,

4 + — + large mouth with widely spaced teeth, clinodactyly of the fingers, 46, XX, dup (8) (p23p12)
developmental delay.

Flat occiput, coarse hair, round face, up-slanted palpebral fissure,
hypertelorism, prominent anteverted nose, low-set ear, simian

5 + — + crease, webbed neck, thorax deformity, cubitus valgas, hypotonia, 46, XX, dup (20) (p11.2p13)
delayed dental eruption, developmental delay, ventricular septal
defect, Agenesis of the corpus callosum.

Cleft palate, atrial septal defect, congenital dislocation of the hip

6 n B L joint, mental retardation, asymmetric face, downward-slanted 47, XX, + der (22)
palpebral fissure, hypertelorism, low nasal bridge, long philtrum, t(11; 22) (923.2; ql11.2)
preauricular fistula, long and slender fingers, scoliosis.

Microcephaly, hypertelorism, almond-like palpebral fissure, protruding
7 + + + ears, anteverted nostrils, brachyclinodactyly of the fifth fingers, 47, XY, (1) (p12a12)/

tapering fingers, developmental delay.

46, XY
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nostrils, brachyclinodactyly of the fifth fingers, and
tapering fingers.

The subject had a supernumerary marker chromo-
some, which was identified as 47, XY, +r/46, XY
(7%/93%), although the origin of the supernumer-
ary ring chromosome could not be determined (Fig.
1G-a). The parental karyotypes were normal. SKY
analysis clearly demonstrated that the small marker
chromosome was derived from chromosome 1 (Fig.
1G-b). FISH with the BAC923C6 (1pl2) and RR6
(1q12 heterochromatin) probes was used to extend
the cytogenetic analysis. The fluorescent signals
were positive for both probes (Figs. 1G-¢, d), which
suggested the 47, XY, +r(1) (pl2ql2)/46, XX
karyotype.

The results obtained for all seven cases are sum-
marized in Table 1.

Discussion

In this study, we describe the application of
molecular cytogenetic methods to the characteriza-
tion of chromosome structure abnormalities that had
been previously detected by conventional cytogenetic
analysis. By combining molecular cytogenetic meth-
ods with conventional G-banding analysis, we were
able to precisely identify the karyotypes of all seven
cases, four of which (cases 2-5) had chromosomal
rearrangements and three of which (cases 1, 6, and 7)
had small marker chromosomes.

In general, when a chromosomal aberration is
detected, the recommended order of steps in the
analysis is (1) G-banding, (2) SKY, and (3) FISH [25,
26]. In cases 1 and 3, the clinical findings and
G-banding patterns provided useful information. In
case 1, the clinical findings suggested cat eye syn-
drome [27], and we found a partial tetrasomy of the
region that spans the p-arm and part of 22q11, which
is characteristic of cat eye syndrome. In case 3, the
clinical evaluation revealed mild but typical features
of dup (3q) syndrome, as has been previously
described [28]. Dup (3q) syndrome individuals are
trisomic for segments of the long arm of chromosome
3, most often within the region 3q21 to 3qter; a fur-
ther minimal critical region has been defined at
3q26.3-q27. Case 3 did not exhibit trisomy for this
critical region; therefore, the clinical findings were
mild.
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In cases of ESAC, the FISH probes must be
selected according to the G-banding pattern associ-
ated with the karyotype of the patient. Therefore, if
the information on the banding pattern is insufficient,
the process of choosing the appropriate probes for
diagnosis may be time-consuming, and precise identi-
fication of the marker may not be possible.
Alternatively, SKY provides a unique color display
of all the human chromosomes, and it is very useful
for rapid characterization of the origin of a chromo-
some, which facilitates timely counseling. Therefore,
this approach can serve as a screening tool for the
identification of structural abnormalities and marker
chromosomes [15, 16]. SKY analysis in cases 4-7
demonstrated that this method is useful and time-sav-
ing. Case 4 was an inverted duplication of 8p, case 5
involved a 20p trisomy, and case 7 was a ring chro-
mosome 1 mosaicism. The clinical features of these
conditions have been previously reported [29, 30,
31] and were similar to our findings. The major
causes of trisomy 20 are familial translocations or
inversion. Case 5 was extremely rare because it
resulted from a tandem duplication of the whole short
arm of chromosome 20. As our case is an example of
pure trisomy of 20p, the features were important in
helping to delineate the syndrome. Based on the clin-
ical presentation, case 6 was suspected of being der
(22) t (11q; 22q), owing to a 3:1 meiotic non-disjunc-
tion event [32]. Case 6 had been previously diag-
nosed as having a chromosome 13 abnormality, so we
used SKY analysis to obtain an immediate diagnosis.

Although SKY is valuable for refining chromo-
somal aberrations, it has some limitations. In partic-
ular, SKY is limited to detecting chromosomal aber-
rations in the range of 1.5 Mb [7, 16]. Furthermore,
although SKY gives approximate sizes for marker
chromosomes and rearranged segments, it cannot
detect the segments of the chromosome precisely.

In case 7, the marker chromosome consisted of
only chromosome 1; therefore, further analysis
using FISH was performed. There has been a wide
range of phenotypic variability in past cases of ring
chromosome 1. Thus, in looking for the origin of a
clinical picture, it is important to elucidate the range
of the ring chromosome by FISH analysis. In such
cases, we recommend a combinatorial approach to
karyotyping that takes advantage of the strengths of
each methodology while minimizing the disadvantages
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of each method.

In case 2, as the couple had a history of habitual
spontaneous abortion, a chromosome analysis was
routinely performed. The father showed a balanced
translocation, and each translocation segment was
similar in size and banding pattern. This makes it
difficult to recognize the karyotype analysis of amni-
otic fluid cells by G-banding alone. FISH using LLIS1
(17p13.3 probe) gave a positive signal on normal
chromosome 17 and derivative chromosome 6, but
did not show a positive signal on derivative chromo-
some 17. The combination of G-banding and FISH
immediately revealed the same reciprocal transloca-
tion as in the father. The combination of accurate
karyotyping and knowledge of the associated natural
history, prognosis, and future complications facili-
tates reliable genetic counseling.

We conclude that the strategy of using conven-
tional cytogenetic techniques to detect marker chro-
mosomes and chromosome structure rearrangements
in combination with molecular cytogenetic methods is
useful when the identification of chromosome origin
by G-banding analysis is unsuccessful. In particular,
prenatal diagnosis has the problem of a limited
amount of sample material, which might not allow
multiple analysis, and advancing gestational age
poses serious time limitations. It is necessary to
introduce molecular cytogenetic methods to analyze
prenatal diagnosis precisely and quickly.
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