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Sensitivity of Multiple Color Spectral Karyotyping
in Detecting Small Interchromosomal Rearrangem ents
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ABSTRACT
Multiple color spectral karyotyping (SKY) has been proven to be a very useful tool for characterization of
the complex rearrangements in cancer cells and the de novo constitutional structural abnormalities. The sensitivity of SKY in detecting interchromosomal alterations was assessed with 10 constitution al translocations
involving subtelomeric regions. Among the 13 small segments tested, 9 were clearly visualized and 8 were unambiguously identified by SKY. Fluorescence in situ hybridizations (FISH) with subtelomeric probes confirmed the reciprocity in three of the four translocations in which a small segment was not detectable by SKY.
On the basis of resolution level of G-banding and the information obtained from the FISH analysis, the minimum alteration that SKY can detect is estimated to be 1,000–2,000 kbp in size with the currently available
probes. This study has demonstrated the power, but also the limitations, of SKY in detecting small interchromosomal alterations, particularly those in subtelomeric regions.

(Schröck et al., 1997; Haddad et al., 1998; Huang et al., 1998;
Phelan et al., 1998; Reddy et al., 1999).
The size of chromosome alteration detectable by SKY was
initially suggested to be . 1,500 kbp based on the analysis of
a reciprocal translocation, t(1;11)(q44;p15.3) and a subm icroscopic translocation t(16;17) (Schröck et al., 1996). An assessment with a sufficient num ber of translocations involving small
segm ents appears to be necessary, because the sensitivity of
SKY on each individual chrom osome may vary depending on
the coverage of each particular probe in the hybridization cocktail (Garini et al., 1996; Schröck et al., 1996). We have tested
the sensitivity of SKY in detecting small interchromosom al rearrangements in 10 selected cases with previously identified
constitutional translocations.

INTRODUCTION

T

in situ hybridization
(FISH) with unique DNA sequences, whole chromosom e
painting probes, and the probes generated from particular regions by microdissection, along with the use of comparative genomic hybridization, have enabled us to characterize numerous
chromosome abnorm alities, and thus have dramatically enhanced the capacity of cytogenetic diagnosis (Cremer et al.,
1998; Fan et al., 1990, Guan et al., 1994; Ledbetter and Ballabio, 1995; Levy et al., 1998; Blancato, 1999; Fan et al.,
1999a– c]. The recently developed technology of spectral karyotyping (SKY) allows a simultaneous visualization of all human chromosom es by a single hybridization of 24 differentially
labeled chromosom e painting probes and provides a very useful tool for the characterization of the complex chromosome rearrangements in cancer cells (Garini et al., 1996; Schröck et al.,
1996; Coleman et al., 1997; Veldman et al., 1997; Allen et al.,
1998; Rao et al., 1998; Sawyer et al., 1998; Zattara-Cannon i et
al., 1998; Fleischman et al., 1999; Padilla-Nash et al., 1999;
Rogatta et al., 1999; Rowley et al., 1999; Trakhtenbrot et al.,
1999) and in de novo constitutional structural abnormalities
H E A P PLIC A TIO N S O F F LU O R ES C EN C E

MATERIALS AND METHODS
Patients
The criterion for selecting the cases was that a translocation
had involved a single terminal band at the resolution level of
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T A B LE 1. T R A N S LO CA TIO N
Cases
1
2
3
4
5
6
7
8
9
10

Clinical history
Multiple miscarriages
Familial translocation
Multiple miscarriages
Multiple miscarriages
Triogonocephaly
Multiple miscarriages
Son with der(15)
Fetus with der(18)
Familial translocation
Multiple miscarriages

550 bands or a segment smaller than three terminal bands at
the resolution level of 850 bands per haploidy in at least one
of the derivative chromosom es. Ten cases were selected for this
study on the basis of previous cytogenetic findings (Table 1).
The reasons for chromosome study in 9 adult patients included
a history of multiple miscarriages (5 cases), a fam ilial translocation (2 cases), a chromosom ally abnormal child (1 case), and
a pregnancy with an unbalanced karyotype (1 case). In a pediatric patient (case 5), trigonocephaly was the only clinical concern.

High-resolution G-banding
Chromosome slides were prepared from synchronized lym phocyte cultures for most of the cases, and 5–10 prophase or
prometaphase cells were analyzed with G-banding at the level
of resolution of 550–850 bands per haploidy. The karyotypes
were interpreted according to the ISCN 1995.

Sky analysis
To test if the small segments involved in the translocations
can be visualized and identified with SKY analysis, chromosom e slides were hybridized with the 24-color SkyPaint probes
(Applied Spectral Imaging, Carlsbad, CA), according to the protocol recomm ended by the manufacturer of the probes. Briefly,
slides were treated in pepsin solution (10–30 m g/ml in 0.01 M
HCl) at 37°C for 3–5 min, and washed with phosphate-buffer ed
saline (PBS), PBS/MgCl 2 solution and 1% formaldehyde, and
then dehydrated through 70%, 80%, and 100% ethanol. Slides
were denatured in 70% form amide/ 2 3 SSC at 70°C, and hybridized with the denatured SkyPaint mixture at 37°C for 36
hours. Slides were then washed and stained with DAPI. SKY
analysis was performed with the SkyVision imaging system
(Applied Spectral Imaging, Carlsbad, CA) equipped with a
Zeiss Axioskop fluorescence microscope. Each individual chromosome was visualized with both display and classified images. Ten metaphases were analyzed by Sky for each case.

FISH with subtelomeric probes
FISH was perform ed according to the protocols recom mended by the manufactur ers of DNA probes (Vysis, Downers Grove, IL). Specific subtelomer ic probes for 14q, 18p, and
18q were used in this study. Slides were stained with DAPI

IN TH E

S EL EC TED C A SE S
Karyotype
46,XX,t(2;19)( p23;q13.4)
46,XX,t(12;14) (q24.31;q32.3)
46,XX,t(2;7)(p 23.2;q36.1)
46,XX,t(5;8)(q 15;q24.22)
46,XX,t(18;22) (q23;q11.2)
46,XX,t(14;18) (q13;q23)
46,XY,t(6;15)( q25.3;q26.3)
46,XX,t(2;18)( p12;p11.32)
46,XY,t(14;18) (q32.3;p11.23)
46,XX,t(19;21) (q13.1;q22.3)

and analyzed with the SkyVision imaging system . G-banding
converted from DAPI staining after hybridizatio n was also
used to facilitate the identificat ion of the derivative chromosom es.

RESULTS
High-resolution G-binding analysis confirmed the karyotypes previously reported (Table 1, Fig. 1). In most of these
cases, only one translocated segment could be clearly seen at
the early metaphase or prophase stage, although these translocations were assum ed to be reciprocal based on the finding of
two derivative chromosomes in each case. The results of SKY
imaging analysis are listed in Table 2 and shown in Fig. 1. Of
13 small chromosome segm ents tested, SKY clearly visualized
nine segments on the derivative chromosomes and unambiguously identified the structural origins of eight segments.
Case 7 represented a situation when a small rearranged segment was detectable, but not identifiable. The recriprocal
translocation in this case involved two small segments, 6q25.3qter and 15q26.3-qter. Although both were visualized with distinct colors, SKY could only identify the origin of the segment
translocated onto derivative 15 from 6q, but not the one translocated onto 6q from 15q with certainty.
In cases 5 and 6, SKY could only detect the large segments, and not the small ones involved in the transloca tions.
In case 8, a very tiny yellow dot was occasiona lly visualized
at the tip of the short arm of der(2) in som e cells (see Fig.
1), but the structura l origin of this small segm ent could not
be identified . The translocat ion in case 9 involved two small
segments , 14q32.3-q ter and 18p11.23- pter. SKY was able to
detect the segm ent 18p11.23- pter on the der(14), but not
the segm ent 14q32.3-q ter on the der(18). FISH with subtelom eric probes for 18q, 18p, and 14q confirm ed the reciprocity of translocat ion t(14;18)(q 13;q23) in case 6,
t(2;18)(p1 3;p11.32) in case 8, and t(14;18)(q 32.3;p11. 23) in
case 9, respective ly. In case 5, how ever, FISH with the 18q
subtelom eric probe showed signals on both the normal chromosom e 18 and the der(18) at the breakpoin t junction (Fig.
2), but not on the der(22), indicatin g that the breakpoin t in
the der(18) is likely to be distal to the subtelom eric sequences ,
or else no material has been transloca ted from 18q onto 22q.
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FIG. 1. Partial karyotypes showing the translocations identified by high resolution G-banding and the results of SKY. Arrows
indicate the breakpoints of translocations assigned with G-banding analysis and visualized by SKY. Each color insert shows a
pair of chromosomes (normal one on the left and abnormal one on the right), and each chromosome is shown with a display color
(left) and a classified color (right).

DISCUSSION
We have tested the ability of SKY to detect 13 small telomeric segm ents involved in 10 reciprocal translocations. Nine
small segm ents were clearly demonstrated and the origins of
eight segments were unambiguously identified. These detectable segments originated from 6q, 7q, 8q, 12q, 14q, 15q,
18p, 19q, and 21q, respectively. At the level of resolution of
850 bands, the size of these segments ranged from part of a single band to two and one-half term inal bands. Based on the
breakpoints at this level of resolution, the small segments involved in these translocations are approximately in the range
of 2,000– 9,000 kbp in size (assuming 3,500 kbp/band). The
translocated small segment, 15q26.3-qter, in case 7 was clearly
visualized, but its structural origin could not be identified. The
segment 15q26.3-qter represents only a part of a single terminal band at the resolution level of 850 bands per haploidy, likely
with a size of 1,000–2,000 kbp.
Cases 6, 8, and 9 have illustrated the limitations of SKY. Because the reciprocity of the translocations in cases 6, 8, and 9
could be confirm ed by FISH with the subtelomeric probes, the
small segments involved in these translocations are estimated

to be at least larger than 100 kbp in size, given that the subtelom eric DNA probe contains a 60 , 65 kbp unique sequence
within 100–300 kbp of the chrom osome end (Ning et al., 1996).
In case 5, the small segment 18q23-qter translocated onto

T A B LE 2. R ES U LT S

OF

SKY A N A L Y S IS

Cases

Small translocated segments

1
2
3
4
5
6
7
8
9
10

19q13.4-qter
12q24.31-qter/ 14q32.3-qter
7q36.1-qter
8q24.22-qter
18q23-qter
18q23-qter
6q25.3-qter/ 15q26.32-qter
18p11.32-pter
14q32.3-qter/ 18p11.23-pter
21q22.3-qter

Results of SKY
1
1 /1
1
1
2
2
1 /1 ?
2
2 /1
1

1 , Segment detectable with its origin unambiguously
identified; 1 ?, detectable with a questionable identification;
2 , not detectable.
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FIG. 2. A metaphase of case 5 with DAPI staining (left) showing hybridization signals of 18q specific subtelom eric probe on
the normal chromosom e 18 in the telomeric region (small arrow) and on the derivative 18 at the breakpoint junction (large arrow). Chromosomes 18 were identified in the same metaphase with G-banding converted from DAPI staining (right).

22q was not detectable by both SKY and the subtelomeric probe
used. The conventional G-banding analysis revealed an 18q 1
and a 22q 2 in the patient, and normal karyotypes in both parents. The father had the sam e variant staining patterns observed
in the child in the short arms of a chromosome 21 and the
der(22), indicating that the translocation is a real de novo
change. The translocation with breakpoints at 18q23 and
22q11.2 was assum ed to be reciprocal. SKY could only detect
the 22q material on the der(18), but not the 18q material on the
der(22). Interestingly, FISH with the 18q subtelomeric probe
showed hybridization signals on the normal 18q and the der(18)
at the junction of breakpoints instead of on the der(22). The interpretation for this result is that the breakpoint at 18q is distal
to the sequences of the subtelomeric probe. Thus, the size of
the segment 18q23-qter translocated onto 22q in this case is
likely to be smaller than 200 kbp, if the translocation is indeed
reciprocal. However, a very subtle deletion in the telomeric region of 18q could not be ruled out.
It was noted that three of the four undetectable small segments originated from chromosome 18. However, this may not
be related to the probe used, but determined by the DNA size
of the segments translocated. Obviously, the same chromosome
segment described in different cases could differ by 1,000–2,000
kbp in size, even though they have the same breakpoint, as exemplified by the segment 18q23-qter in cases 5 and 6.
SKY has already demonstrated its diagnostic value in clinical and cancer cytogenetics. Many complex chromosom e rearrangem ents in leukemia and cancer cells have been characterized with this recently developed technology (Coleman et al.,
1997; Veldman et al., 1997; Allen et al., 1998; Rao et al., 1998;
Sawyer et al., 1998; Zattara-Cannon i et al., 1998; Fleischm an
et al., 1999; Padilla-Nash et al., 1999; Rogatta et al., 1999;
Rowley et al., 1999; Trakhtenbrot et al., 1999). SKY has also
refined the cytogenetic diagnosis for some constitutional chro-

mosomal abnormalities, thereby contributing to the understanding of genotype– phenotype correlations in dysmorphic
syndromes (Schröck et al., 1997; Haddad et al., 1998; Huang
et al., 1998; Phelan et al., 1998; Reddy et al., 1999). On the
basis of the resolution level of G-binding and the information
obtained from the FISH studies with subtelomeric probes, we
estimated that the minimum alteration that SKY can detect is
in the range of 1,000 to 2,000 kbp in size with the currently
available probes. We also believe that the quality of chromosom e preparation would affect the efficiency of hybridization
and, therefore, the sensitivity of SKY. It appears that FISH with
chromosome-s pecific subtelomeric probes is more sensitive in
detecting the deletions or translocations in the telomeric regions. For this particular clinical application, FISH using a device containing 41 telomere-specifi c probes, which allows simultaneous analysis of the subtelomeric regions of every
chromosome, has provided another powerful tool for cytogenetic screening or diagnosis (Knight et al., 1997; Anderlid et
al., 1999). It is known that comparative genomic hybridization
arrays for the telom eric regions are being developed (Lese et
al., 1999). While SKY is very useful to identify small interchromosomal alterations, efforts may need to be made to improve further the sensitivity of SKY by increasing the coverage of DNA probes for the whole genom e, including the
telomeric regions.
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