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Abstract Despite major advances in molecular cytogenet-
ics during the past decade and the important diagnostic role
that fluorescence in situ hybridization (FISH) plays in the
characterization of chromosomal abnormalities, the useful -
ness of this technique remains limited by the number of
spectrally distinguishable fluorochromes or fluorochrome
combinations. Overcoming this major limitation would al-
low oneto use FISH to screen the whole human genome for
chromosomal aberrations which, until recently, was possi-
ble only through conventional karyotyping. A recently de-
scribed molecular cytogenetics technology, 24-color FISH
using spectral karyotyping (SKY), permits the simulta-
neous visualization of all human chromosomesin 24 differ-
ent colors. Most chromosomal aberrations detected during
cytogenetic evaluation can be resolved using routine cyto-
genetic techniques alone or in combination with single- or
dual-color FISH. However, some cases remain unresolved,
in particular de novo supernumerary marker chromosomes
and de novo unbalanced structural rearrangements. These
findings cause particular diagnostic and counseling con-
cernswhen detected during prenatal diagnosis. The purpose
of this report is to demonstrate the application of SKY in
the characterization of these de novo structural chromo-
somal abnormalities. Eight cases are described in this re-
port. SKY has considerable diagnostic applications in pre-
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natal diagnosis because of its reliability and speed. The
identification of the chromosomal origin of markers and
unbalanced translocations provides the patient, physician,
and genetic counselor with better predictive information on
the phenotype of the carrier.

Introduction

Accurate identification of small de novo markers and struc-
tural rearrangements remains a challenge to the cytogenetic
laboratory. The problem is accentuated when these findings
are detected during prenatal cytogenetic evaluation due to
time constraints and the limited amount of material avail-
ablefor analysis. We have recently reported the use of spec-
tral karyotyping (SKY) to refine cytogenetic diagnosis of
constitutional chromosomal abnormalities (Schrock et al.
1997). In the present study, we focus on the use of SKY in
the characterization of several cases with marker chromo-
somes as well as a de novo unbalanced translocation. The
present study confirmsthat this technique provides an accu-
rate cytogenetic characterization of these chromosomal ab-
errations in a timely fashion and we propose that SKY is
particularly useful when these aberrations are detected dur-
ing the course of prenatal cytogenetic evaluation.

De novo marker chromosomes and structural rearrange-
ments, detected during prenatal diagnosis, represent major
diagnostic and counseling dilemmas. Marker chromo-
somes, also known as extra structurally abnormal chromo-
somes (ESACs), half of which are de novoin origin, are de-
tected in up to 0.15% of prenatal cytogenetic investigations
(Ferguson-Smith and Yates 1984; Hook and Cross 1987;
Sachs et al. 1987; Warburton 1991). Structural rearrange-
ments are detected in up to 0.1% of prenatal cases (Gardner
and Sutherland 1996). The risk of congenital abnormalities
in the familial cases of chromosomal markersis low or ab-
sent, but it may be as high as 13% in de novo cases
(Warburton 1991). The risk of a serious congenital anoma-
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ly is estimated to be 6.1% for de novo reciprocal transloca-
tion (Warburton 1991). Risk estimates are currently based
on large population surveys, where the chromosomal find-
ings have been characterized primarily by conventional cy-
togenetic methods such as G- and C-banding and NOR
staining. While G-banding is a particularly useful proce-
dure for an initial screening for chromosomal aberrations,
because the entire genome can be evaluated in a single ex-
periment, itislimited initsability to clearly identify the or-
igin of the markers and unbalanced de novo translocations.
This results in the use of non-specific risk figures, which
can create agreat deal of anxiety and uncertainty on the part
of the consultands (Blennow et a. 1994; Brondum-Nielsen
and Mikkelsen 1995). The ability to accurately determine
the genetic constitution associated with different markers
and rearrangements will provide more precise prediction of
the phenotype (Brondum-Nielsen and Mikkelsen 1995). In
addition, in many cases, recurrent cytogenetic aberrations
associated with a particular disease have been instrumental
in the identification of a disease locus (Rowley 1973;
Francke and Kung 1976; Greenstein et a. 1977), making it
possible to use positional cloning (Collins 1995).

Molecular cytogenetic techniques, namely fluorescence
in situ hybridization (FISH), have provided a valuable
method to accurately characterize the majority of chromo-
somal aberrations, including many ESACs (Jauch et al.
1990; Trask 1991). Different types of probes are available
for this use, providing ahigh degree of sensitivity and spec-
ificity. However, until recently, these probes have been used
in a targeted approach where the choice of a test probe re-
lied on previous knowledge of the chromosome abnormality
to be characterized. Overcoming this major limitation allows
the concomitant use of multiple probes to characterize chro-
mosomal aberrations. This represents a major step towards
providing an accurate diagnosisin atimely fashion, whichis
important in cytogenetic analysis in general and in prenatal
diagnosisin particular. Thisgoa was achieved recently when
Speicher and colleagues (1996) and Schréck and colleagues
(1996) described two different molecular cytogenetic ap-
proaches that allow the simultaneous visualization of the 24
different human chromosomesin unique colors.

Speicher et al. (1996) reported the simultaneous color
differentiation of all human chromosomes using combina-
torial labeling and sequential exposure through fluoro-
chrome-specific filters. Schrock et al. (1996) developed an
approach that is based on the measurement of the entire
emission spectrum through a single, custom-designed opti-
cal filter by means of spectral imaging. Spectral imaging is
based on a combination of fluorescence microscopy, Fouri-
er spectroscopy, and CCD imaging. SKY refersto the appli-
cation of spectral imaging to the differential color display
of all human chromosomes and is based on the simulta-
neous hybridization of 24 chromosome-specific painting
probes. Each probe is labeled with one or more fluoro-
chromes, either singly or in combinations and, therefore, is
characterized by a specific spectral signature. After hybrid-
ization, the emission spectra are measured for each image
point. Based on the spectral information, a classification al-
gorithm permits the identification of normal and aberrant

chromosomes. This spectral classification assigns adiscrete
color to all pixelswith identical spectra.

Many chromosomal aberrations detected during prenatal
diagnosis can be resolved using routine cytogenetic tech-
niques, alone or in combination with single- or dual-color
FISH. However, some cases remain unresolved, leaving pa-
tients with anxiety and uncertainty about the fetal pheno-
type. We have used SKY to characterize seven postnatal
chromosomal markers of different sizes and origins. We
then successfully applied this approach to characterize a
prenatal case from amniatic fluid found to have extra mate-
rial of unknown origin attached to the short arm of chromo-
some 21. The SKY results were confirmed in all cases us-
ing specific FISH probes. The purpose of this work is to
demonstrate the application of SKY for the characterization
of de novo rearrangements. This is particularly useful for
prenatal cytogenetic evaluation sinceit providesarapid and
definitive identification of chromosomal aberrations in a
single FISH experiment.

Materials and methods

A total of eight cases of de novo unbalanced structural chromosomal
abnormalities were analyzed by SKY after ascertainment by G-band
studies in two different laboratories (Georgetown University and
Tufts University).

The clinical information, conventional cytogenetic findings and
SKY resultsfor each case are described in Table 1. Metaphase chromo-
some preparations and G-banding were performed by routine methods.
Metaphase dlides were freshly prepared for SKY using chromosome
suspensions that were stored at —20°C in methanol/acetic acid (3:1) for
up to 4 years. Cases 1-7 were from lymphocyte harvests; case 8 was an
amniocyte culture. SKY was performed without prior knowledge of the
clinical cytogenetic diagnosis based upon G-banding. A minimum of
five metaphase spreads were examined from each case before a chro-
mosome assignment was made for each marker.

Spectral karyotyping

Twenty-four human chromosome-specific DNA libraries were gener-
ated by bivariate, high-resolution flow sorting and amplified using de-
generate oligonucleotide primed PCR (Telenius et al. 1992). DNA la-
beling was performed by directly incorporating haptenized or
fluorochrome-conjugated dUTPs as described (Schrock et al. 1996).
The differentially labeled probe sets were combined and precipitated
in the presence of an excess of unlabeled human Cot-1 DNA
(Bethesda Research Laboratories) and resuspended in 10 pl of hybrid-
ization buffer (50% formamide, 10% dextran sulfate, 2xSSC). The
probe cocktail was denatured for 5 min at 80°C, and allowed to
preanneal for 1 h at 37°C. Metaphase chromosomes were denatured
separately at 80°C for 2 min in 70% formamide, 2xSSC and dehydrat-
ed through an ethanol series. The probe cocktail was applied to the
slides and hybridized for 2 days at 37°C. Posthybridization washes
were performed as follows: 3x5 min in 50% formamide, 2xSSC at
45°C; 3x5 min in 1xSSC at 60°C; 1x30 min in blocking solution
(4xSSC, 3% BSA) at 37°C. The biotinylated probe sequences were
detected by incubation with avidin—-Cy5 (Amersham Life Sciences)
and the digoxigenin probe sequences were visualized using a mouse
anti-digoxin antibody (Sigma Chemicals) followed by a goat anti-
mouse antibody conjugated to Cy5.5 (Amersham Life Sciences).
Slides were washed in 4xSSC, 0.1% Tween-20 at 42°C, counter-
stained with DAPI, and embedded in anti-fade (200 mM DABCO,
90% v/v glycerol, 20 mM TRIS-HCI, pH 8) to reduce photobleaching.

Spectral images were acquired with a SD200 SpectraCube system
(Applied Spectral Imaging) coupled via a c-mount adapter to aLeica
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Table 1 Clinical information, conventional cytogenetic findings, and determination of chromosome origin by spectral karyotyping (SKY)

(ESAC extra structurally abnormal chromosome, FISH fluorescence in situ hybridization)

Case  Clinica presentation Conventional Chromosomal origin Confirmation
cytogenetic findings of ESAC or translocation by FISH
by SKY
1 Significant psychomotor Deleted acrocentric. Chromosome 15 Confirmation with
and growth retardation C-banding: positive and negative regions. chromosome 15
NOR: positive. painting probe
Karyotype: 47,XX,+mar
2 Abnormal facies, hypoplastic Small acrocentric marker. Chromosome 15 Confirmation with
nails, tetralogy of Falot, VSD, Karyotype: 47,XX,+mar chromosome 15
bilateral cystic renal disease, painting probe
seizures, poor growth
3 History not available Small acrocentric marker. Chromosome 15 Confirmation with
Karyotype: 47,XX,+mar chromosome 15
painting probe
4 Significant developmental Deleted acrocentric. Chromosome 13 Confirmation with
delays, autistic behavior, C-banding: positive and negative regions. chromosome 13
minor anomalies of hands and NOR: positive. painting probe
feet, normal motor devel opment Karyotype: 47,XY,+mar[13]/46,XY[7]
5 Normal at birth except for Medium sized metacentric marker. Chromosome 9 Confirmation with
significant hyperpigmentation Karyotype: 47,XX,+7(9p)[8]/46,XX[27] chromosome 9
painting probe
6 23-year-old male diagnosed Small ring chromosome. Chromosome 18 Confirmation with
with Klippel-Trenaunay-Weber Karyotype: 47, XY,+mar chromosome 18
syndrome painting probe
7 Dysmorphic features, early Small non-mosaic marker (marl) which marl: not identified by SKY  Confirmation with

onset scoliosis, developmental
delay, microcephaly

appeared to consist only of satellites
and alarger mosaic non-satellited
marker (mar2). C-banding:

mar2: chromosome 6

chromosome 6
painting probe

marl, inconclusive; mar2, negative.
Karyotype: 48,XX,+marl,+mar2[9]/

47 XX +mar1[11]

8 Amniocentesis for advanced
maternal age

Extramaterial of unknown origin attached
to the short arm of chromosome 21
inall cells examined. Karyotype:

Confirmation with
chromosome 4
painting probe

Extramaterial on 21p
originated from
chromosome 4

46,X X, der(21)t(?;,21)(?;p11.2)

DMIRBE microscope. The samples were illuminated with a xenon
lamp (150 W, Optiquip). The use of a custom-designed triple band-
passfilter (SKY, ver 3; Chroma Technology) permits the excitation of
all dyes and the measurement of their emission spectra simultaneous-
ly, without the need for subsequent exposure through fluorochrome-
specific optical filters. The emitted light was sent through a Sagnac
interferometer where optical path differences were generated as a
function of the emission wavelengths. The resulting interferograms
were measured simultaneously for all image points (pixels) with a
high-resolution cooled CCD camera. The spectrum was recovered by
Fourier transformation as described (Malik et al. 1996). Spectra-
based classification was obtained by using an algorithm that assigns a
spectra-specific pseudocolor to all pixelsin the image that have the
same spectrum. This spectra-based classification permits the identifi-
cation of normal and rearranged chromosomes. The algorithm, aswell
as details of the image acquisition procedure, are described elsewhere
(Garini et a. 1996; Schrock et al. 1996). DAPI images for al
metaphases were acquired and then electronically inverted to give a
G-band like appearance in order to facilitate the assignment of chro-
mosomal bands during SKY analysis.

FISH using chromosome-specific painting probes

To confirm the SKY results in each of the eight cases, standard FISH
using chromosome-specific painting probes was performed in aclini-
cal cytogenetic laboratory (at Georgetown University or Tufts Univer-
sity) approved by CLIA (Clinical Laboratory Improvement Amend-
ments) using routine procedures.

Results

We conducted this study to evaluate the potential applica
tions of SKY in prenatal cytogenetic studies for the charac-
terization of de novo chromosomal abnormalities detected by
conventional cytogenetic analysis.

All eight samples were originally analyzed by G-banding
and some were also characterized by C-banding and/or silver
staining (NOR) (Table 1). Results of the conventiona cytoge-
netic evaluation were blinded to us prior to SKY evaluation.
In each of the eight cases analyzed, the diagnosis obtained
from the SKY experiment was confirmed by standard single-
color FISH using chromosome-specific painting probes, dem-
onstrating that the SK'Y result was accuratein all cases.
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Fig. 1A,B Case 7. G-banding image of one of the metaphase spreads
(A) and C-banding image of another metaphase spread (B), both
showing the two markers (marl and mar2)

Fig. 2A—C Spectral karyotyping
analysis of a metaphase spread
from case 7. A Inverted DAPI
image of one of the metaphase
spreads analyzed. Arrow indi-
cates mar2. marl was DAPI neg-
ative and therefore is not seen.
(On G-banding, marl appeared
to consist only of small satel-
lites.) B Presentation of display
colors. C Presentation of spec-
tra-based classification colors.
The marker chromosome (ar-
row) is shown to originate from
chromosome 6. Note that the gh
region on one of the chromo-
somes 16 shows non-specific
hybridization. Note also that the
pseudoautosomal region on both
X chromosomes shows some
cross-hybridization with Y chro-
mosomal material
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Fig. 3A,B Confirmation of the chromosomal origin of mar2 in case 7
using chromosome 6-specific painting probes. A Inverted DAPI im-
age of one of the metaphase spreads analyzed. Arrow indicates mar2.
B FISH image of the same metaphase using a chromosome 6-specific
painting probe. mar2 shows hybridization with these probes, confirm-
ing its origin to be from chromosome 6 as detected by spectral karyo-

typing

In three cases (cases 1-3), the markers were found by
SKY to originate from chromosome 15. Case 1 was re-
ferred for significant psychomotor and growth retardation.
G-banding revealed a non-mosaic ESAC, 47,XX,+mar. On
C-banding, the marker had positive and negative regions

Fig. 4A—E Presentation of the
chromosomal markers and deriv-
atives (indicated by arrows) and
their chromosomes of origin
from cases 1 (A), 4 (B),5(C), 6
(D), and 8 (E). For each case,
the chromosomes are shown in
display colorson the left and in
spectra-based classification col-
orson theright
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and was NOR positive by silver stain. Case 2 was referred
because of abnormal facies, hypoplastic nails, tetralogy of
Fallot, VSD, bilateral cystic renal disease, seizures, and
poor growth. G-banding revealed an ESAC in al cells
(47, XX,+mar). The clinical history was not available on
case 3 but G-banding revealed a 47, XX ,+mar karyotype.
Case 4 was referred because of significant developmen-
tal delays, autistic behavior, minor anomalies of hands
and feet, but otherwise norma motor development.
G-banding showed the following mosaic karyotype:
47 XY,+mar[13]/46,XY[7]. The marker showed C-band
negative and positive regions and was NOR positive by sil-

t(4;21) 4
21 21

4

t(4;21)

“« 8
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ver staining. SKY revealed the marker to originate from
chromosome 13.

Case 5 wasnormal at birth except for areas of significant
hyperpigmentation. G-banding showed mosaicism for a
medium sized metacentric marker suspected of being
an isochromosome of the short arm of chromosome 9.
The karyotype was 47,XX,+71(9p)[8]/46,XX[27]. SKY re-
vealed results consistent with the suspected G-band finding
of the origin of the marker as derived from chromosome 9.

Case 6 was clinicaly diagnosed with Klippel-
Trenaunay-Weber syndrome. G-banding revealed a ring
chromosome in all cells (47,XY,+r). SKY showed that the
ring chromosome originated from chromosome 18.

Case 7 was referred because of dysmorphic features,
early onset scoliosis, developmental delay, and microceph-
aly. G-band analysis showed a small non-mosaic marker
(marl), which appeared to consist only of satellites, and a
larger mosaic non-satellited marker (mar2). The karyotype
was. 48, XX,+marl,+mar2[9]/47 XX,+marl[11] (Fig. 1A).
On C-banding, marl showed inconclusive results while
mar2 was C-banding negative (Fig. 1B). Marl was DAPI
negative, which means that the marker did not contain the
proximal short arm of chromosome 15 nor the heterochro-
matic regions of chromosomes 1, 9, 16 or Y. This DAPI
finding was consistent with the G-banding impression that
the marker consisted of satellites. SKY failed to determine
the origin of the satellited marker (marl) while the second
marker (mar2) was found to originate from chromosome 6
(Fig. 2), afinding which was confirmed by chromosome 6
painting probes (Fig. 3).

In case 8, amniocentesis was performed because of ad-
vanced maternal age. G-band analysis showed extra material
of unknown origin attached to the short arm of chromosome
21 in dl cels examined. The karyotype was
46,X X, der(21)t(?,21)(?;p11.2). SKY reveded that the extra
material on 21p originated from chromosome 4. A combina-
tion of the G-band findings and the FISH results indicated
that the trisomic region was from the 4931.3 - g terminus.

Chromosomal markers and derivatives and their chro-
mosomes of origin from cases 1, 4, 5, 6, and 8 are shown in
Fig. 4.

Discussion

Conventional cytogenetic techniques using chromosome
banding remain the standard method for chromosome eval -
uation. Karyotype analysis is the technique of choice be-
cause it allows the evaluation of the whole genome and
screening for chromosomal aberrations in a single experi-
ment. In some instances, however, chromosome banding
patterns are difficult to interpret. This is especialy true in
cases with subtle chromosomal rearrangements such as
cryptic translocations and small insertions, complex struc-
tural abnormalities, and small markers.

The use of molecular cytogenetic techniques (FISH)
in clinical diagnostic laboratories has made it possible
to accurately characterize many marker chromosomes

(Brondum-Nielsen and Mikkelsen 1995). Their origin can
be determined through the use of single- or dual-color FISH
using centromeric and/or whole chromosome paint probes
(Callen et al. 1992; Brandt et al. 1993; Popp et al. 1993;
Blennow et a. 1995; Wegner et a. 1996). Characterization
of these markers involves testing a number of probes, either
singly or two at a time, to determine the origin of each
marker. The choice of probes is usually made according to
their reported frequency in the literature or according to any
G-banded patterns that may be present. While in many in-
stances the origin of the marker is accurately determined, it
is a time-consuming approach which may not lead to a di-
agnosis within the time limits imposed by the gestational
ageinaprenatal case. In addition, the lack of full character-
ization of complex markers prohibits their correlation with
a specific phenotype, which causes many counseling diffi-
culties in prenatal diagnosis (Blennow et a. 1994;
Brondum-Nielsen and Mikkelsen 1995). While the value of
standard FISH analysis lies mainly in the clarification or
confirmation of previously identified chromosomal aberra-
tions, it isnot a suitable tool to screen for these aberrations.
The recently developed SKY technology alows for the
unique color display of al human chromosomes (Schrock
et al. 1996, 1997; Veldman et al. 1997). The sensitivity of
SKY with chromosome painting probes in detecting chro-
mosomal aberrations was shown previously to be in the
range of 1.5 Mb (Schrock et al. 1996).

In this study we describe the application of SKY for the
characterization of structural chromosomal abnormalities
that had been previously detected by conventional cytoge-
netic analysis. Thisis particularly important in prenatal cas-
es where their identification is needed in a timely fashion.
All the cases we evaluated in this study were successfully
hybridized and all markers, with the exception of the one
with the small satellited marker (case 7, marl), were posi-
tively identified, thus demonstrating the application of this
technology for the characterization of unknown marker
chromosomes.

In case 5, SKY confirmed the suspected finding by
G-banding (iso 9p). In the six other cases, however, SKY
was instrumental in identifying the origin of the marker
chromosome. In case 7, there were two markers. a small
non-mosaic satellited marker (marl) and a larger mosaic
non-satellited one (mar2). Using SKY, mar2 was correctly
identified; however, marl did not show a hybridization sig-
nal. By G-banding, marl appeared to consist solely of sat-
ellites. To date no abnormal phenotype has been reported in
a case with a marker originating from satellite regions.
Sincethese regions consist of highly repetitive DNA, which
is suppressed by Cot-1 DNA during the SKY hybridization
step, no information can be obtained from SKY. Therefore,
SKY ishelpful in cases where the genetic material consists
partially or completely of euchromatin. A negative SKY re-
sult isalso useful. If the marker isnot euchromaticitisless
likely to be clinically significant. Case 8 was a prenatal di-
agnosis for advanced maternal age which had a derivative
chromosome 21 with extra material unidentified by
G-banding alone. SKY was performed and yielded a result
within 48 h of the time of detection of the abnormality by



G-banding. This result was confirmed using a chromosome
4 painting probe 24 h later. SKY was very useful for the
rapid characterization of the G-band findings and the time-
ly counseling of the couple.

As discussed earlier, many cytogenetic findings can be
characterized by conventional methods alone or in combi-
nation with single- or two-color FISH. Spectral karyotyp-
ing is an important technique in that it can be used in refer-
ence cytogenetic laboratories for those cases that remain
unresolved using standard approaches. This is particularly
true for prenatal cases where the use of SKY permits full
characterization of the chromosomal aberrationsin asingle
FISH experiment, thus overcoming the delays created by
sequential hybridizations and also overcoming the prob-
lems of the limited amounts of available material. In addi-
tion, this technology can lead to greater precision in
karyotype—phenotype correlations, which would be benefi-
cial for genetic counseling.

We conclude that an approach that uses conventional cy-
togenetic techniques to screen for prenatal chromosomal
aberrations, coupled with hybridization-based color dis-
crimination by SKY when indicated, will alow thereliable
characterization of most aberrations involving segments
larger than 1.5 Mb (Schrock et al. 1996).
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