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Murine models of human carcinogenesis are
exceedingly valuable tools to understand genetic
mechanisms of neoplastic growth. The identifica-
tion of recurrent chromosomal rearrangements by
cytogenetic techniques serves as an initial screen-
ing test for tumour specific aberrations. In murine
models of human carcinogenesis, however, kary-
otype analysis is technically demanding because
mouse chromosomes are acrocentric and of simitar
size. Fluorescence in situ hybridization (FISH) with
mouse chromosome specific painting probes’ can
complement conventional banding analysis.
Although sensitive and specific, FISH analyses are
restricted to the visualization of only a few mouse
chromosomes at a time. Here we apply a novel
imaging technique? that we developed recently for
the visualization of human chromosomes? to the
simultaneous discernment of all mouse chromo-
somes. The approach is based on spectral imag-
ing to measure chromosome-specific spectra after
FISH with differentially labelled mouse chromosome
painting probes. Utilizing a combination of Fourier
spectroscopy, CCD-imaging and conventional opti-
cal microscopy, spectral imaging aliows simultane-
ous measurement of the fluorescence emission
spectrum at all sample points. A spectrum-based
classification algorithm has been adapted to kary-
otype mouse chromosomes. We have applied spec-
tral karyotyping (SKY) to chemically induced
plasmocytomas, mammary gland tumours from
transgenic mice overexpressing the c-myc onco-
gene and thymomas from mice deficient for the
ataxia telangiectasia (Atm) gene. Results from these
analyses demonstrate the potential of SKY to iden-
tify complex chromosomal aberrations in mouse
models of human carcinogenesis.

We performed spectral karyotyping (SKY) on a nor-
mal mouse metaphase spread prepared from splenocytes
of the FVB mouse (Fig. 1). The chromosome specific
painting probes were generated by high resolution flow
sorting! and were labelled either singly with Spectrum
Green, Cy3, Texas Red, Cy5, or Cy5.5 or in combinations
(Table 1). The differentially labelled probe pools were
combined and hybridized together with an excess of
unlabelled Cot-1 fraction of mouse genomic DNA to
mouse metaphase chromosome preparations. Chromo-
some-specific spectra were measured using spectral
imaging. Spectral imaging combines Fourier spec-
troscopy, CCD-imaging and optical microscopy to mea-
sure the fluorescence emission spectrum simultaneously
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Table1 Fluorescence labelling scheme of

mouse chromosomes
Chromo- Spec. Cy5 Cy3 Texas Cy5.5
some green red

1 + + +

2 + +
3 + +
4 + + +

5 + +

6 + + +
7 + +

8 + +

9 +
10 +
11 + +
12 + + +
13 + + +
14 + + +
15 + +
16 +
17 + +
18 + + +
19 + +
X +

Y +

at all image points (pixels) after a single exposure??.

Therefore, spectral imaging is significantly different from
conventional fluorescence imaging techniques for FISH
experiments based on fluorochrome-specific optical fil-
ters and multiple subsequent exposures*. The spectral
measurement of the hybridization was visualized by
assigning a red, green and blue (RGB) look-up table to
specific sections of the emission spectrum (Fig. 15, see
Methods). For instance, the X-chromosome, labelled
only with Spectrum Green appears blue, chromosome
16 (Cy3) appears green, and chromosome 2 (Cy5 and
Cy5.5) appears red (Fig. 1b). The RGB display allows the
assessment of important parameters of the hybridiza-
tion, e.g., intensity and homogeneity (Fig. 1b). Based on
the measurement of discrete emission spectra at all pix-
els of the image, the hybridization colours are then con-
verted by applying a spectral classification algorithm that
results in the assignment of a discrete colour to all pixels
with identical spectra (Fig. 1¢). The spectral classifica-
tion is the basis for chromosome identification (Fig. 1¢)
and spectral karyotyping (Fig. 1d).

Murine models of human carcinogenesis are widely
used to delineate genetic mechanisms that determine
tumour initiation and progression®. The study of chro-
mosomal aberrations in mouse models, however, is
extremely demanding because mouse chromosomes are
difficult to discern and subtle aberrations often remain
unrecognized. The potential of spectral karyotyping as a
genome scanning method for detection of chromoso-
mal aberrations in mouse metaphase spreads was
explored by analysing metaphase chromosomes from
different mouse models of human carcinogenesis: (i) in
chemically induced plasmocytomas in BALB/c mice, (ii)
in mammary gland tumours that developed in trans-
genic animals that overexpress the c-myc gene under the
control of the MMTV-promotor and (iii) in thymomas
that occured in mice deficient for the ataxia telangiec-
tasia (Atm) gene.

Mice from susceptible strains (BALB/c) treated with
pristane oil develop, in a multistep process, tumours that
are histomorphologically and immunologically similar to
human plasmocytomas®. The cytogenetic hallmark of

nature genetics volume 14 november 1996




letters

Fig. 1 Spectral karyotyping (SKY) of mouse chromosomes. a, Metaphase spread from normal mouse splenocytes (Strain: FVB). The
inverted image of the DAPJ-stained chromosomes results in a G-like banding pattern. b, Same metaphase as in (a) after simultane-
ous hybridization of 21 differentially labelled mouse chromosome painting probes. The display colours allow discernment of most
chromosomes in different colours. However, chromosome painting probes that were labelled with similar fluorochromes appear in
similar colours. The numbers denote chromosomes that were labelled with green (X-chromosome), red (chromosome 16) or near
infrared (chromosome 2) fluorochromes only. ¢, Spectral classification of the same metaphase spread shown in (g, b). Based on pixel
by pixel measurement of the spectra of the entire image, the display colours in (b) were converted to classification colours. Here, all pix-
els that have identical spectra were assigned the same classification colour. d, The spectral classification forms the basis for colour kary-
otyping of mouse chromosomes. All mouse chromosomes can be discerned according to a specific colour.

pristane-induced plasmocytoma in mice is the chromo-
somal translocation t(12;15) that juxtaposes the c-myc
oncogene in the vicinity of promoters for the
immunoglobulin heavy chain genes on mouse chromo-
some 12 (ref. 6). The genetic consequence of the mouse
translocation t(12;15) is therefore similar to the translo-
cation t(8;14) observed in human Burkitt’s lymphoma.
However, it is not clear whether tumour progression
depends on additional chromosomal aberrations and
conventional cytogenetic analysis has not detected fur-
ther recurrent chromosomal aberrations. We examined
the entire chromosome complement from a mouse plas-
mocytoma (X24) by SKY on metaphase chromosomes.
In this hypotetraploid tumour, the translocation

nature genetics volume 14 novemher 1996
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t(12;15), identified by G-banding, was readily confirmed.
In addition, unrecognized rearrangements were detect-
ed. In all cells analysed (n = 9) a reciprocal transloca-
tion t(3;6) and a translocation t(1;X) were identified
(Fig. 2a). The analysis of a larger number of tumours
using SKY will reveal if similar aberrations occur con-
sistently in mouse plasmocytomas, and the fine map-
ping of the translocation breakpoints will guide the
search for candidate genes.

The analysis of a sequence of chromosomal aberra-
tions that occur during the development of human
breast carcinomas is arduous. This is in strong contrast
to, for example, colon carcinogenesis’ and is mainly
attributable to the difficulty of retrieving tumour mate-
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rial at defined stages of human breast carcinogenesis. It
is clear, however, that a recurrent pattern of chromoso-
mal aberrations occurs in breast carcinomas and that
the gain of function of certain oncogenes, such as the c-
myc oncogene, is a crucial genetic aberration®. Trans-
genic mice that overexpress oncogenes hold great
promise in unravelling genomic effects of oncogene gain-
of-function mutations because they will allow the study
of chromosomal aberrations that occur during tumour
initiation and progression®. Transgenic mice that express
the c-myc oncogene under MMTV-promotor control
develop mammary gland tumours at the age of 9 to 12
months'®, We analysed metaphase spreads from one of
these tumours!'! by SKY in order to identify and map
chromosomal aberrations (Fig. 2b). Numerous
rearrangements were identified that occured in the
majority (90%) of the cells (1= 11): a loss of the X chro-
mosome, trisomy for chromosome 18, a translocation
t(X;11) and a dicentric marker chromosome that is
derived from chromosome 4. The identification of this
dicentric marker chromosome is particularly interest-
ing because it indicates that the formation of a dicentric
marker does not preclude proper chromosome segrega-
tion during mitotic cell division. Compared to G-band-
ing alone, SKY will allow large numbers of tumours to
be analysed reliably and rapidly. This may provide
insight into ¢-myc induced chromosomal changes in
murine mammary gland tumorigenesis.

The biological and genetic significance of tumour sup-
pressor gene function can be elegantly studied in mice'?.
For example, we have studied tumours that developed
in mice that have homozygous disruption of the Atm
gene!®. Humans afflicted with ataxia telangiectasia (AT)
have, among a plethora of other symptoms, an increased
risk for the development of malignant tumours, most
commonly lymphomas. Atm-deficient mice have virtu-
ally all of the findings of AT patients. Of note, thymic
lymphomas were observed invariably between 2 and 4

months of age'®. We analysed the chromosomal conse- |

quences of Atm inactivation in one of the thymomas
using SKY (Fig. 2¢). We examined 12 metaphases;
increased genomic instability was reflected by a marked
heterogeneity of chromosomal aberrations in metaphase
spreads of this tumour. We detected an involvement of
chromosomes 14 in all metaphase spreads, suggesting
an important role of genes on this chromosome in

Fig. 2 Applications of SKY to identify chromosomal aberrations in
murine models of carcinogenesis. a, Metaphase spread from a
mouse plasmocytoma (XRPC24). Several chromosomal transloca-
tions were detected. SKY confirmed the presence of a transloca-
tion t(12;15) which had already been identified by G-banding analysis
(inset). Previously unrecognized chromosomal aberrations not
detected by chromosome banding alone include a reciprocal translo-
cation involving chromosomes 3 and 6 as well as a translocation
t(1;X). Arrows denote the aberrant chromosomes in metaphase and
their normal homologues. The spectra based classification of all
aberrant chromosomes is presented (inset). b, Metaphase spread
from a cell line established from a mammary gland carcinoma that
developed in c-myc transgenic mice. Several previously unknown
aberrations were identified: translocation t(X;11), trisomy 18, and a
marker chromosome (M1} derived from chromosome 4. Arrows
denote the aberrant chromosomes in metaphase and their normal
homologues. The spectrum-based classification and the DAPI-band-
ing of the marker M1 is shown (inset). ¢, ldentification of chromo-
somal aberrations in metaphase cells of primary cultures from a
thymoma that developed in mice with homozygous inactivation of
the ataxia telangiectasia (Atm) gene. The reciprocal translocation
t(6;14) was readily identified (arrows). The aberration was confirmed
by spectra-based classification (inset).
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tumorigenesis (Fig. 2¢). Chromosome 14 carries the
genes for T-cell receptor chains o and 8. Similar involve-
ment of T-cell receptor genes was observed in lym-
phomas diagnosed in AT-patients'?. This suggests
common genetic mechanisms in human AT and murine
Atm-deficiency. Based on the SKY-results, a targeted
analysis of candidate genes will allow the further eluci-
dation of genetic pathways involved in the genesis of
malignant thymomas.

We have shown that spectral karyotyping is a reliable
and robust screening test that is broadly applicable to
the detection of chromosomal aberrations in murine
models of tumorigenesis. SKY will assist in the identifi-
cation of regions that are recurrently altered in mouse
model systems by delineating consistent chromosomal
breakpoints. Other applications of SKY will extend to
the interspecies analysis of chromosomal aberrations in
related animal models, such as hamster or rat, and will
become an important tool to automate the analysis of a
large number of metaphase spreads for mutagenicity
testing in experimental toxicology.

Methods

Preparation of mouse metaphase chromosomes. Mouse
metaphase chromosomes were prepared from LPS-stimulated
spleen cultures, from cell lines established from transgenic
mice, or from short term cultures according to standard proce-
dures, and fixed in methanol acetic acid. The suspensions were
dropped onto precleaned slides and rinsed with acetic acid to
remove excess cytoplasm. The preparations were dehydrated
through an ethanol series and stored at room temperature.

Amplification and labelling of flow sorted mouse chromo-
somes. Mouse chromosomes were isolated by high resolution
flow sorting as described'. Chromosomes were amplified using
degenerate oligonucleotide primed PCR (DOP-PCR)!%, The
individual probe pools were labelled using DOP-PCR by direct
incorporation of haptenized or fluorochrome conjugated
nucleotides in the combination described in Table 1.

In situ hybridization and detection. Approximately 100 ng of
the labelled probe pools for each mouse chromosome were pre-
cipitated in the presence of 30 pg of the Cot-1 fraction of mouse
genomic DNA (Bethesda Research Laboratories). The probe
cocktail was resuspended in 50% formamide, 10% dextran sul-
fate, 2x SSC and denatured (5 min, 80 °C) followed by a pre-
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annealing step for 1 h at 37 °C. After hybridization at 37 °C for
2 days, the slides were washed, and the haptenized probe
sequences detected: biotin labelled sequences were detected
using avidin Cy5, and the digoxigenin labelled sequences were
detected using a mouse anti-digoxigenin antibody followed by
a goat anti-mouse antibody conjugated to Cy5.5 (Amersham
Life Sciences). Samples were counterstained with DAPI and
embedded in an antifade reagent (para-Phenylenediamine).

Spectral imaging. The spectral analysis is based on the spectral
cube system (SD200, Applied Spectral Imaging). Imaging and
analysis were performed as described®. The SD200 imaging
system was attached to an inverted microscope (Leica
DMIRBE) via a C-mount. [t consists of an optical head with a
special Fourier transform spectrometer (Sagnac common path
interferometer) to measure the spectrum and a cooled CCD
camera (Princeton Instruments) for imaging. The samples were
illuminated with a Xenon Jamp (OptiQuip 770/1600) and
imaged with a 63x oil immersion objective through a custom
designed filter set (Chroma Technology) with broad emission
bands (excitation filter: 486/28, 565/16, 642/22; emission filter:
524/44, 600/38, 720/113; beamsplitter: reflection 421-480,
561-572, 631-651, transmission 495-564, 580-620, 660~740).
The use of this filter allows the simultaneous excitement of all
dyes and the measurement of their emission spectra. Therefore,
a single exposure (approximately 1 min depending on the
brightness of the preparation) is sufficient to acquire the entire
image. The conversion of emission spectra to visualize the spec-
tral image in display colours is achieved by assigning a different
colour (blue, green, red) to specific spectral ranges. The inten-
sity for each colour is proportional to the integrated intensity in
the corresponding spectral range (Fig. 1b). The spectral classi-
fication that is independent of signal intensities enables multi-
ple different spectra in the image to be identified and high-
lighted in classification-colours (Fig. 1¢). This allows assign-
ment of a specific classification-colour to all mouse chromo-
somes based on their spectra alone (Fig. 1d). The algorithm is
described in detail®.
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