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Abstract 
The most frequently diagnosed cancer of the female genital tract is cancer of the endometrium 
(endometrial cancer), ranked fourth among the invasive tumors that affect women in Europe 
and North America. As most other cancer types, endometrial cancer is a complex genetic 
disease as the development of tumors are influenced by environmental factors and are 
characterized by multiple genetic alterations.  
The human population is genetically heterogeneous and studies of complex diseases in human 
are proven to be difficult to perform. By using a model system such as the BDII rat, some of 
these obstacles can be avoided. Development of endometrial tumors in BDII rats is 
comparable in pathogenesis and histopathological properties to that of human. 
In studies of chromosomal abnormalities, cytogenetic methods are used to detect chromosome 
aberrations and rearrangements. In the spectral karyotyping analysis technique, chromosome-
specific painting probes for all chromosomes are hybridized to the tumor cells or cell lines 
metaphase preparations in a single experiment. 
The aim of this project was to set up the SKY technique in order to analyze structural and 
numerical aberrations in the BDII rat model of endometrial adenocarcinoma. Crosses between 
the susceptible BDII females and two non-susceptible strains were set up. We aimed to screen 
and characterize metaphases from 21 primary cell cultures of endometrial adenocarcinoma 
tumor samples from the cross progeny with regard to structural and numerical changes. Our 
goal was to find common changes that were specifically related to development of 
endometrial adenocarcinoma.  

In Paper I, we identified non-random numerical and structural aberration that could contribute 
to tumor formation. In Paper II, we could present evidence that the genetic background had a 
significant influence on the genome make-up of tumor cells.  
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Background 
Cancer is a complex genetic disease. The transition from a normal cell to a cancer cell is a 
multistep process, during which genetic alterations are accumulated in the cell (Figure 1) 
(Vogelstein and Kinzler 1993; Balmain 2002). Once a set of critical genetic alterations is 
acquired, the cancer cells proliferate in an uncontrolled manner. The progenies will then 
accumulate seemingly further random alterations (Hanahan and Weinberg 2000; Hanahan and 
Weinberg 2011).  

 

 
Figure 1. Clonal evolution of tumor cells, the transition from a normal cell to a cancer cell is a multistep process 
where genetic alterations are accumulated in the cell, (Devilee, Cleton-Jansen et al. 2001). 

 

Genomic alterations in cancer 

Chromosomal instability (CIN) is the feature of most cancer cells. CIN is caused by abnormal 
segregation of chromosomes during mitosis and may result in genomic alterations such as 
numerical and structural changes in the daughter cells (Garnis, Buys et al. 2004). CIN plays 
an important role in tumorigenesis due to the increased rate of chromosome changes, such as 
deletions and amplifications that may include genes involved in cellular proliferation. One 
consequence of CIN is numerical changes, leading to aneuploidy, which in some 
circumstances is regarded as good cytogenetic marker for specific cancer types (Nowak, 
Komarova et al. 2002; Martinez and van Wely 2010).  

Structural abnormalities are the result of chromosomal interruptions that are not repaired 
successfully during cell division and may result in abnormal gene copy numbers. 
Chromosomal translocation is an example of such structural abnormalities, where the whole 
or a part of a chromosome becomes attached to, or exchanged with another chromosome or 
chromosomal segment. Broken chromosomal ends are highly reactive and tend to join other 
chromosomes with an open end, resulting in translocations. Amplification of chromosome 
segments is another example of structural abnormalities. Sometimes the amplification 
includes a small segment of a chromosome containing one or a few genes that are amplified at 
its/their original location resulting in the formation of homogenously staining region on the 
chromosome (HSR, Figure 2). In other cases, the amplified part may become free from its 
original location and generate independent chromosome segments called double minutes 
(DM) (Shimizu, Shingaki et al. 2005; Shimizu 2009). Chromosomal deletion and inversion 
are other examples of structural aberrations.  
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Figure 2. Examples of structural chromosome aberrations. A) In a translocation, the whole or a part of a 
chromosome becomes attached to or exchanged with another chromosome. B) Gain of chromosomal segments 
containing one or a few genes at its/their original location on the chromosome results in the formation of HSR.  
(http://cytogenetique.envt.fr/activites/anom_struct_clip_image001.jpg). 

 

Endometrial cancer 
The most frequently diagnosed cancer of the female genital tract is cancer of the endometrium 
(endometrial carcinoma, EC), ranking fourth among the invasive tumors that affect women in 
Europe and North America. There is a clear geographic variation in the incidence of EC, with 
a ten times higher rate in the developed countries. One reason may be longer lifespan in the 
Western countries and therefore increased number of diagnosed EC cases (Amant, Moerman 
et al. 2005). Endometrial adenocarcinoma (EAC) is the predominant sub type and in the 
Western world approximately 80-85% of the patients with diagnosis of EAC are over 50 years 
of age (Prat, Gallardo et al. 2007).  

Endometrial adenocarcinoma (EAC) is divided to Type I and Type II tumors. Over 80% of all 
diagnosed EACs are of Type I that is low-grade, estrogen dependent carcinomas with 
endometrioid pathology, also called endometrioid adenocarcinomas. Type I tumors often 
occur in pre- and peri-menopausal women with a history of excess estrogen. About 20% of 
EACs are diagnosed as Type II that is more aggressive high-grade carcinomas with non-
endometroid pathology and are not estrogen dependent. EAC, type II, usually occurs in older, 
post-menopausal women (Lax 2004; Prat 2004; Amant, Moerman et al. 2005; Prat, Gallardo 
et al. 2007; Buchanan, Weinstein et al. 2009). 

As most other cancer types, EAC is a complex genetic disease as the development of tumors 
are influenced by environmental factors and are characterized by multiple genetic alterations 
(Vollmer 2003). The endometrium is a hormone-dependent tissue and thus, tumors developed 
in this tissue, including EACs, are thought to be mainly mediated through the action of excess 
estrogen (Gruber and Thompson 1996). In fact, it has been suggested that excess 
administration of estrogen may act as one of the main factors in predisposition to EAC 
(Cavanagh, Fiorica et al. 1999).  
A family history of cancer, such as non-polyposis colorectal carcinoma (HNPCC), breast or 
ovarian cancer increases the risk of developing EC. For instance, HNPCC family history has 
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been shown to give 10 times greater risk for developing EC compared to the general 
population (Zawacki and Phillips 2002) (Prat, Gallardo et al. 2007). 
Inherited mutations in proto-oncogenes, tumor suppressor genes and/or DNA repair genes 
predispose to the development of EAC. Activation of proto-oncogenes such as KRAS is 
frequently seen in EACs by the frequency of 10-30%, with a tendency to be more represented 
in Type I EACs. Mutations in the tumor suppressor gene TP53 has in particular been 
associated with Type II EACs (Lax 2004; Dobrzycka, Terlikowski et al. 2010).  

Model organisms 
The human population is genetically heterogeneous and besides, is under influence of various 
environmental factors. Consequently, studies of complex diseases in human are proven to be 
difficult to perform. By using model systems, some of these obstacles can be avoided. There 
is a high degree of conservation among mammals and thus information gained in an animal 
model can largely be directly applied on clinical human material. There are many animal 
model systems available for human studies, among which rats particularly provide important 
models for analysis of cancer. 

The rat as a potent animal model system 
Rat models are one of the most used species in research of disease processes in humans and 
play a key role in analysis of a number of complex polygenic diseases such as cancer. 
Presently, there are over 1000 inbred rat strains developed by selective breeding of specific 
disease alleles to match a variety of complex disorders in human, such as hypertension, 
arthritis and cancer (Aitman, Critser et al. 2008; Gibbs, Weinstock et al. 2004; Twigger, 
Shimoyama et al. 2007; Dwinell, Worthey et al. 2009; Shimoyama, Hayman et al. 2009).  
The rat draft sequence was first published in 2004 and was the third mammalian species to be 
sequenced after mouse and human. Since then, the sequence has been continuously updated 
(latest version RGSC 3.4;Saar, Beck et al. 2008). Currently, more than 90% of the rat genome 
has been sequenced and published by the Rat Genome Sequencing Project Consortium 
(RGSPC) (Gibbs, Weinstock et al. 2004; Wallace and Aitman 2004; Worley, Weinstock et al. 
2008). During the last years a number of inbred strains of the species Rattus norvegicus have 
been sequenced for detection of SNP variations (Saar, Beck et al. 2008; Twigger, Pruitt et al. 
2008; Worley, Weinstock et al. 2008). The human and rat genomes exhibit a high level of 
conservation and more than 95% of the rat genes have orthologs in the human genome. Thus, 
by using comparative mapping, findings from experiments in a rat model can easily be 
transferred to the human genome.  

The BDII rat model 
The BDII rat is prone to spontaneously develop EAC in more than 90% of the virgin females 
(Kaspareit-Rittinghausen, Deerberg et al. 1987). Development of EAC tumors in BDII rats is 
comparable in pathogenesis and histopathological properties to that of human. The BDII 
tumor model has been genetically well characterized, but there is still much important genetic 
information that remains to be fully understood (Vollmer 2003; Samuelson, Hedberg et al. 
2009).  

Cytogenetic techniques 

In studies of chromosomal abnormalities, cytogenetic methods are used to detect chromosome 
aberrations and rearrangements through direct examination of chromosomes. G-banding, 
fluorescence in situ hybridization (FISH), and spectral karyotyping (SKY) are the most 
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common techniques used for cytogenetic analysis (Garnis et al., 2004). The most suitable 
method to detect numerical changes and large structural aberrations through visualization in a 
light microscope is G-banding, since each homologous chromosome pair can be recognized 
by its specific pattern of G-bands (Drets and Shaw 1971).  
With the introduction of the FISH method in cytogenetic analyses, a big change in how to 
analyze and interpret cytogenetic results was made and for a long time FISH was the most 
widely used method to detect genomic changes. In FISH, locus-specific or gene-specific 
fluorescently labeled probes are hybridized to metaphase chromosomes spreads, which allow 
confirmation of suspected chromosomal aberrations based on previous banding studies. 
However, the small translocations cannot always be detected by this technique and the origin 
of the so-called marker chromosomes in cancer cells can also be difficult to detect. FISH 
technique was later developed into a multi-fluorochrome FISH (M-FISH), where all the 
chromosomes are labeled with a series of different dyes making detection of different forms 
of chromosomal alterations feasible. There are two forms of M-FISH techniques, one is based 
on the use of a specific filter for each fluorochrome and the other is SKY, which is based on 
the specific signature of each fluorochrome in the probe cocktail (Bayani and Squire 2001; 
Teixeira 2002).  

In the SKY technique, chromosome-specific painting probes for all chromosomes are 
hybridized to the tumor cells or cell lines metaphase preparations in a single experiment. The 
chromosome specific painting probes are obtained by flow sorting of the chromosomes 
followed by two rounds of DOP-PCR. DNA from each chromosome is then labeled separately 
by different fluorescent dyes. Combinatorial labeling is used to give each chromosomal probe 
a specific fluorescent color by labeling with one or more of the fluorescent dyes (Table 1). 
SKY probes for rat has been available since 2003 when Buwe et al performed the SKY 
technique on rat chromosomes for the first time (Buwe, Steinlein et al. 2003). In the SkyPaint 
kit for rat (Applied Spectral Imaging, ASI, Israel) the probes are labeled with three 
fluorochromes (Spectrum Green, Spectrum Orange and TexasRed) and two haptens (Cy5 and 
Cy5.5). Chromosomal DNA is directly labeled with the fluorochromes, while labeling of the 
haptens is performed indirectly through biotin and Digoxin antibody chains (Macville, 
Veldman et al. 1997). 
 

Table 1: Combinatorial labeling scheme of rat chromosomes and the corresponding human chromosome 

 
Rat Chromosomes 

                 
Dye 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 X Y 

A x 
  

x 
 

x 
  

x 
      

x x x 
 

x x 
 

B 
 

x 
  

x x 
  

x x x 
   

x 
       

C 
  

x x 
 

x 
    

x x x x x 
  

x 
  

x x 

D 
  

x 
    

x 
 

x 
 

x 
     

x x x 
  

E x 
 

x 
 

x 
 

x 
     

x x x x 
  

x x x 
 

 
X 14 Y 19 12 15 2 8 - 16 7 4 10 10 - 13 20 11 21 9 - 17 

 
Human chromosomes 

                

A = Rhodamine (orange), B = Texas Red (red), C = Cy5 (infrared 1), D = FITC (green) and E = (infrared 2) 

 

Following hybridization of the probe cocktail to metaphase chromosomes and subsequent 
immunodetection, a spectral image is acquired by using a conventional fluorescence light 
microscope equipped with a triple-bandpass filter. Signals from Texas Red, Rohdamine, 
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FITC, and the SpectraCube (Applied Spectral Imaging, Israel) are detected, which enables 
retrieval of spectral information for every pixel in a digital CCD image. The light passes 
through an interferometer and the generation of a spectral image is achieved by acquiring 
approximately 100 frames of the same image. Each frame differs in the optical path. An 
emission curve is created for each pixel of the raw spectral image that shows the wavelength 
of the fluorescent intensity (Figure 3). The DAPI image is acquired separately. A software-
viewing program is then used to display the images. The software SkyView spectral 
imaging system (Applied Spectral Imaging, Israel) shows three different images of the 
chromosomes: 

• One in red-green-blue (RGB), used for the monitoring of the hybridization quality 
and the signal strength.  

• The second image shows the pseudo-color after the classification of the spectral 
signatures, where the whole range of colors can be seen. The pseudo-colors can be 
seen as a painted image. 

• The third image is an inverted DAPI that shows the chromosome bands and is used as 
a complement to the other two images for banding control of the chromosomes 
(Bayani and Squire 2001).  

 

 

 
Figure 3: Spectral imaging acquiring and analysis. Hybridized metaphase chromosomes on the slide are 
visualized by fluorescence microscopy (Schrock, du Manoir et al. 1996). 

 

The color display and the chromosome classification are based on the unique emission 
spectrum of the chromosomes. Together with the chromosome banding information from an 
inverted DAPI, a comprehensive overview of chromosomal aberrations can be obtained 
(Macville, Veldman et al. 1997). The SKY images of the chromosome look like a painted 
image and the breakpoint of the translocation has to be compared to the inverted DAPI 
banding to find out the approximate translocation point. For further analysis, probes for 
specific arms or chromosomal bands or FISH technique can be used as a complement. 
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SKY analysis may provide new markers for early diagnosis and therapeutic purposes as 
genomic approaches including SKY have proven to be effective in detecting recurrent 
chromosomal alterations and pinpointing candidate genes that are involved in the cancer 
development (Garnis, Buys et al. 2004). 
 

Aim of the project 
• The overall aim of this project was to analyze structural and numerical aberrations in a 

potent rat model of EAC by screening primary tumor cell lines with the SKY 
technique.  

• The ultimate goal was to find common changes that were specifically related to the 
development of EAC in this model.  

 

Materials and methods 

EAC tumor material 

Crosses had previously been set up between BDII females (genetically predisposed to EAC) 
and BN or SPRD males (without predisposition to develop EAC). The progeny were 
examined weekly for signs of tumor formation and at suspicion of tumor development were 
killed and the tumors were removed for further analyzing. Primary cell cultures were set up 
from the EAC tumors developed in the female progeny of the BDII x BN/SPRD crosses 
(Roshani, Wedekind et al. 2001) (Figure 4). These primary cell cultures were grown only for 
a few passages to obtain metaphases that reflected the status of the original tumors. 
In the present study RUT tumor cell lines represent EAC developed in F1 and F2 progeny and 
the NUT tumors represent EAC developed in the backcross progeny (Table 2). A total of 21 
rat EAC tumor cell cultures were used for this study (Table 2). Ten of the tumor samples 
came from the BN and 11 from the SPRD backgrounds. 
 

 
Figure 4. The BDII rat model 
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Preparation of chromosome slides 
For making chromosome preparations, cell cultures were treated with Colcemid (0.05 µg/ml, 
Life Technologies, Grand Island, NY) during the last 30 min. The cells were then harvested 
by mitotic shake-off and pelletized by centrifugation. The pellet was re-suspended in 0.075 M 
KCl and left at room temperature for 15 min. Fixation was carried out with methanol-acetic 
acid, as described previously (Islam and Levan 1987). Air-dried chromosome spreads were 
prepared, and the slides were stored at room temperature for 5-6 days prior to the SKY 
experiments. In metaphase chromosome preparations, overlapping chromosomes are avoided 
since the overlapping regions result in mixed spectra. Long extended chromosomes increase 
the spatial resolution of the chromosome analysis and thus are preferred.   
 
Table 2. The material consisted of 21 tumors cell lines derived from tumors in the female progenies after crosses 
between EAC susceptible BDII females and EAC non-susceptible SPRD or BN males. Ten of the tumor samples 
came from the BN and 11 from the SPRD backgrounds. 

Tumor	   Background	   Ploidy	  grade	  
 

No	  of	  
metaphases	  

	   	  
Diploidy	   Triploidy	   Tetraploidy	   Others	  

	  
NUT3	   SPRD(N1)	   16	   2	   5	  

 
23	  

NUT7	   SPRD(N1)	   6	   4	   13	   1	   24	  
NUT12	   SPRD(N1)	   2	   22	  

 
1	   25	  

NUT29	   SPRD(N1)	   14	   4	   3	  
 

21	  

NUT39	   SPRD(N1)	  
 

10	   9	   1	   20	  
NUT42	   SPRD(N1)	   4 	   1	   1	   	  

NUT47	   SPRD(N1)	   19	   3	   2	  
 

24	  

NUT84	   SPRD(N1)	   26	  
   

26	  
RUT2	   SPRD(F1)	   26	  

   
26	  

RUT6	   SPRD(F2)	   1	   28	  
  

29	  
RUT13	   SPRD(F2)	   6	   18	  

  
24	  

NUT6	   BN(N1)	   5	   18	  
  

23	  
NUT50	   BN(N1)	   6	   23	  

 
2	   31	  

NUT52	   BN(N1)	   9	   7	   7	  
 

23	  

NUT97	   BN(N1)	   10	   15	  
  

25	  

NUT98	   BN(N1)	   14	  
   

14	  
NUT100	   BN(N1)	   7	   17	  

  
24	  

NUT127	   BN(N1)	   3	   9	   11	  
 

23	  
NUT128	   BN(N1)	   3	   23	  

  
26	  

RUT7	   BN(F1)	   23	  
 

1	   2	   26	  

RUT25	   BN(F2)	   13	   11	   3	  
 

27	  

Background: genetic background of the animals that developed tumors (cross of BDII females to SPRD or BN 
males); Progeny: F1 – first generation intercross offspring; F2 – second generation intercross offspring; N1 – 
first back-cross generation offspring; Ploidy grade:  number of metaphases in EAC tumor that showed diploid, 
triploid, tetraploid or other (occasional near haploid, pentaploid or hexaploid) karyotype.  

 



14 
 

SKY analysis 

A cocktail of all chromosomal probes (Applied Spectral Imaging, Israel) were hybridized to 
chromosome preparations from the tumor cell cultures. After hybridization, the signals were 
detected by a conventional fluorescent light microscope equipped with a triple-bandpass filter 
and a SpectraCube®. The software converts the image to pseudo-colors to display the whole 
range of colors, which result in one specific color for each chromosome pair except for 
chromosomes 13 and 14, which are labeled with the same combination of the dyes. The SKY 
hybridization and detection were performed according to the manufacturer protocol (Applied 
Spectral Imaging, Israel) as briefly explained in the following section. The complete kit 
includes a cocktail of probes for all of the chromosomes plus two conjugated antibodies with 
biotin and digoxigenin for the detection. 

 

Hybridization 
Chromosome preparations were incubated at room temperature for 5-6 days prior to the 
hybridization step in order to reduce the fragility of the chromosomes during the labeling 
process. The slides were pretreated with pepsin, a protease that digests the cytoplasm and 
protein residues, to prevent non-specific binding and background fluorescence. The slides 
were then washed in a PBS and MgCl2 solution to stop the pepsin digestion and subsequently 
incubated in a solution of 1% formaldehyde in 1X PBS/MgCL2 for 10 minutes.  
Formaldehyde crosslinks the adenine and cytosine groups in the DNA to proteins and thereby 
strengthens the chromosomal structure. The PBS provides the right ionic concentration and 
prevents the chromosome from adapting a fuzzy appearance and thereby fixes the 
chromosome to the slide. The rat SkyPaint probe (Applied Spectral Imaging) was denatured at 
80°C for 7 minutes and then incubated at 37°C for 60 minutes. Metaphase slides from tumors 
were denatured in 70% formamide at 75°C for 2-3 minutes. A volume of 5-10µl of the 
denatured probe was placed on to the denatured metaphase chromosomes and the 
hybridization of the probe to chromosomes was carried out for 48 hr at 37°C. 

 

Detection 

Following hybridization, excess of the probe was washed away from the slides. The 
hybridized probes were then stained using anti-Digoxin and Cy5 StrepAvidin staining 
followed by a Cy5.5 sheep anti mouse antibody treatment. The chromosomes were 
counterstained with 4,6-diamino-2-phenylindole (DAPI) in an anti-fade solution (Applied 
Spectral Imaging, Israel).  Imaging of the signals was carried out using the SpectraCube 
system mounted on a ZeissAxioskop 2 mot plus Imaging microscope. Initially we used the 
imaging software for the human chromosomes and accordingly we had to compare 
combinatorial labeling of the rat probe to that of human in our analyses of the rat samples 
(Table 2). Later, multispecies software became available and all the metaphase images were 
re-analyzed with the new HiSKY software (High resolution spectral karyotyping analysis 
software). Hybridization and immuno-detection for all the 21 tumors were successfully 
performed. 
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Results and discussion 
This report presents summary of two published papers based on the cytogenetic analysis 
results of 21 rat EACs using SKY and inverted DAPI banding. In this work despite of similar 
spectra for RNO13 and 14 in rat SKY kit, we could successfully distinguish between these 
two chromosomes (and presented them in different colors, Figure 4) based on RNO13 and 14 
based on the G-banding/inverted DAPI and using manual karyotyping of all metaphases 
instead of the spectral classification. Later the multispecies HiSKY® software for the rat 
species was developed and used for re-analyses of all data. Results obtained in this work are 
summarized as follows: 

• We could successfully set up the SKY analysis technique for the BDII model of EAC. 
The SkyPaint kit for rat has been available since 2003, however this technique was not 
used in our lab when we started with this project in 2004 and the experimental 
procedure was set up from scratch. Initially we used the available protocol for the 
human samples and made adjustments to optimize the protocol to rat EAC 
chromosomes.  

 

Experimental steps in the technique set up of rat SKY analysis 
We first tried to use pre-made chromosome preparations that had been stored in 70% 
ethanol and -20°C for some years. The quality of these slides was proven to be not 
good enough and resulted in very poor hybridizations. We thus learned that it is 
important to use freshly prepared slides for the SKY analysis. By aging the metaphase 
preparations for one day at room temperature, we could get some results, but the 
images were not perfect, probes for some of the chromosomes were not hybridized 
properly and there was a fluorescent background noise that interfered with the 
analysis. We noticed that the probe for the red color was in particular difficult to 
capture. We thus examined different aging of the slides and found that the optimal 
aging of slides was 5 to 6 days. From this point, the quality of the SKY images was 
very good and complete hybridization spectra of the probe with almost no background 
noise could successfully produced. We additionally examined different volumes of the 
probe and managed to reduce the amount of the probe used per slide from the 
recommended volume of 10µl to 5µl with no effect on the quality of the result.  
When we started with this project, there was only SKY analysis software for human 
samples available. We thus had to put more time for the analysis of rat samples and 
performed karyotyping of the rat chromosomes for each and every of the metaphases 
manually. To this end, we cut out each chromosome in each metaphase and then 
manually karyotyped them. The manual karyotyping was done after karyotyping of the 
normal control sample prepared from rat embryo fibroblast (REF) cell cultures with 
the expert help of Prof. Göran Levan (Dept. of Pathology, Sahlgrenska Academy, 
University of Gothenburg). We then used the human software to reclassify the manual 
classification of rat chromosomes. This reclassification resulted in the rat 
chromosomes received the default pseudo-color of human chromosomes as described 
by the software. The colored chromosomes significantly helped to correct manual 
misclassifications. For example, if in karyotyping we found only one chromosome that 
we identified as RNO1, we manually placed this chromosome at position 1 and after 
reclassification using the software, the placed RNO1 adopted the yellow pseudo-color 
of human chromosome 1. The program then found any other 
chromosome(s)/chromosome part(s) with the original rat labelling content for RNO1 
and placed this/these at position 1 as well. Therefore, not only our manual 
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classification could be verified, the program helped us to easily identify the 
chromosomal segments involved in chromosome rearrangements that would otherwise 
be difficult to identify using inverted DAPI counterstained banding pattern.  

As mentioned earlier, RNO13 and 14 have identical spectra in the rat SKY kit and thus 
they could not be differentiated by the spectral measurement and the pseudo-color 
reclassification procedure. We used the differences in the G-banding patterns of these 
two chromosomes in the inverted DAPI counterstained images for the classification of 
RNO13 and 14 (Figure 4), placed them manually in the karyotypes and thus defined 
them for the software. 

There were several chromosomes that showed different colors in their centromeric 
region compared to their euchromatic parts. This phenomenon is caused by cross-
hybridization of centromeric heterochromatin, which could not sufficiently be 
suppressed during pre-annealing and hybridization steps. As a consequence 
chromosome-specific spectra at the points of cross-hybridization are altered making 
the classification process ambiguous. Therefore, these areas were excluded from the 
analysis (Lee, Gisselsson et al. 2001).  
A multi-species software (multispecies software HiSKY®, Applied Spectral Imaging, 
Israel) for automatic analysis of rat, mouse and human samples became available later 
and we re-analyzed all metaphases. Since the new software was adapted to the rat 
chromosomes with predefined ideogram and also several new functions and tools, the 
analysis became much faster and feasible. We were pleased to notice that the re-
analysis results using the multispecies analyses software was in complete agreement 
with our manual analysis using the older analysis software.  

With the SKY technique, the translocations are seen as a straight line between the two 
different colors representing the two different chromosomes involved. At the border of 
the translocation, occasionally a narrow band with a color different from those of 
either of the translocation partners was seen, which was the result of a mix of the two 
chromosomal spectra. To make sure that this new color was not a third chromosomal 
segment, at least 20-25 metaphases were checked for such examples. If the third color 
was present in all metaphases, it was concluded that there was a triple chromosome 
translocation. In such cases, it is recommended to verify triple translocations with 
another method, such as FISH.  

 
• We could successfully prepare chromosome slides from all 21 rat EAC tumor samples 

as well as the normal control sample, rat embryo fibroblasts (REF). Our goal was to 
analyze 22 – 25 metaphases per tumor sample to obtain a reliable image of the tumors 
genomic content. Chromosomes were counted and aberrations such as translocations, 
amplifications and deletions of whole or part of the chromosome(s) were noted. In 
average 24 metaphases per tumor were analyzed except for two tumors, for which we 
could only analyze 6 (NUT 42) and 14 (NUT98) metaphases due to poor condition of 
the metaphases (Paper I, Table 2). The REF cells displayed a normal diploid karyotype 
in all 25 metaphases analyzed (Figure 4). All tumor samples, but three (RUT2, NUT84 
and NUT 98) showed a mixed population of clones with different ploidy grades (Paper 
I, Table 1). 
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Figure 4. Depicted normal rat embryo fibroblasts (REF) in the SKY analysis. a. RGB image, b. pseudo-colored 
image, c. inverted DAPI image (G-band), d. Complete SKY compared to G-banded karyotype. 

 

Summary of Paper I 
In Paper I, by applying the International System for Human Cytogenetic Nomenclature (ISCN 
1995) and literature on nomenclature for G-bands in rat chromosome (Levan 1974; Hamta, 
Adamovic et al. 2006), we determined the most common cytogenetic changers among the 
tumors (Paper I, Table 2). The majority of tumors displayed a very complex pattern of 
numerical and structural aberrations. Two tumors, NUT42 and NUT47, displayed only 
numerical changes.  

Non-random numerical changes were detected in the tumor material 

We analyzed the numerical chromosome aberrations in the whole tumor material with no 
reference to the two genetic backgrounds. We analyzed and identified non-random numerical 
chromosome aberrations by calculating the expected and observed number of chromosomes in 
all metaphases and tumor samples. In the total of 490 metaphases analyzed in 21 tumor 
samples, when the ploidy status of metaphases was taken into consideration (Paper I, Table 
1), 1311 of each of the 21 chromosomes would be expected if no chromosome gain or loss 
would have happened (Paper I, Table 4). We then counted the number of chromosomes 
presented in the tumor material (observed number of chromosomes; Paper I, Table 4). 
Comparing the observed and expected numbers of the chromosomes in the tumor panel, it 
appeared chromosome gains were more common than chromosome losses (Paper I, Table 4). 
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In the whole material, the most commonly gained chromosome was RNO4 (+23.34%, Figure 
2) and the most commonly lost chromosome was RNO15 (-14.19%, Figure 2). 

Non-random structural changes in RNO3, 6, 10, 11, 12 and RNO20  

To investigate the frequency of non-random structural changes, amplifications, deletions and 
translocations were recorded in all metaphases, in the whole tumor material. To distinguish 
between random and nonrandom changes, a correlation analysis was performed. If the 
observed changes were random, there should have been a correlation between the number of 
observed changes in each chromosome and the size of the individual chromosomes of the 
whole tumor set. In the case of when the number of events related to the size of a specific 
chromosome, a very high correlation was expected. The Pearson´s coefficient of correlation 
test showed there was no such correlation (P>0.05) and therefore it was concluded that the 
observed structural changes were non-random events. The next step was to examine whether 
there were specific chromosomes responsible for this lack of correlation, i.e. if there were 
chromosomes that went through structural changes more often than would be expected by 
their genomic sizes. It was stated that the number of structural changes in six chromosomes, 
RNO3, 6, 10, 11, 12 and RNO20, were higher than would be expected with regards to their 
sizes. In all of these chromosomes, but RNO10, over 80% of the changes were in form of 
translocations (Paper I, Table 4). RNO10 displayed a special pattern of structural changes, 
including frequent deletions. Our analysis suggested that structural changes in these 
chromosomes were selected for during endometrial carcinogenesis and thus these changes 
represent non-random events with potential contribution to EAC tumorigenesis in this model. 

In summary, we performed detailed cytogenetic analysis of 21 experimental EACs and could 
identify non-random chromosome aberrations with potential contribution to experimental 
EAC development. 

 

Summary of Paper II 
The aim of the work presented in Paper II was to look at the impact of the genetic setup of the 
two non-susceptible parental strains (BN and SPRD) in EAC tumourigenesis and to identify 
aberrant chromosomal regions independent of cross background. 

To analyse the genomic differences between the primary tumor cell lines from the two genetic 
backgrounds, we analysed the ploidy state and the total number of numerical and structural 
changes per chromosome separately in the groups of tumors derived from the BN and SPRD 
backgrounds (Paper II, Table 1 and 2). Independent t-tests and χ2- tests were used in the 
statistical analyses.  

Ploidy distribution was different between the two genetic backgrounds 
The majority of the tumors comprised a mixed population of clones with different ploidy 
grades (Paper II, Table 1). Ten of the tumor cell lines were derived from crosses between 
BDII and SPRD and the other ten from crosses between BDII and BN (Paper II, Table 1). The 
majority of tumors derived from the SPRD background displayed a diploid or close to diploid 
karyotype, whereas tumors from the BN background were, for the most part, triploid (Table 
1). A χ2-square analysis of the distribution of the most common ploidy grades among tumors 
(i.e. diploids, triploids and tetraploids) revealed significant difference between tumors 
developed in animals from the two genetic backgrounds (χ2=10.33, df=2, P<0.001). 
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The distribution and type of aberration differed between the ploidy states in the two 
backgrounds 
We examined the relation between the number/type of structural changes and the ploidy state 
of the tumors. The structural changes were more abundant in the SPRD background (P< 
0.001) with translocations as the predominant type. The diploid and triploid tumors with the 
SPRD background contained most structural changes compared to the tetraploids (P<0.001), 
whereas no significant differences between different ploidies could be detected in the BN 
background (Paper II, Figure 1).  
 

The frequency of numerical and structural aberrations was different between the two genetic 
backgrounds 

To evaluate whether numerical and structural aberrations of individual chromosomes were 
different between the BDIIxBN and BDIIxSPRD crosses, we calculated the number of 
deviations of individual chromosomes. We applied independent sample t-tests, which 
revealed significantly differences in gains and losses for certain chromosome. The analysis 
thus showed that incidence of numerical changes was clearly dependent on the genetic 
background as highly significant P values were obtained for certain chromosomes. In 
addition, distribution and number of structural and numerical changes for certain 
chromosomes differed significantly between the two groups of tumors derived from cross the 
progenies. (Paper II, Table 2).  

For certain chromosomes the number of aberrations was not correlated to size of 
chromosome 
Pearson´s correlations test was used to check for the relation between the chromosome size 
and the number of changes per chromosome in the two backgrounds separately. The test 
revealed no correlation between the size and the number of structural changes in either of the 
two cross background (P>0.05) (Paper II, Table 2, Figure 2). The chromosomes responsible 
for this lack of correlation were RNO3, 6, 9, 10 and RNO13 in the BN background and 
RNO6, 10, 11 and RNO12 in the SPRD background. We thus identified abundant non-
random structural chromosomal changes in the tumor material that in some cases were 
common to both backgrounds 

Structural and numerical changes dictated by the susceptible BDII  
The next question was which of the numerical and/or structural changes were contributed by 
the susceptible BDII strain. To address this, we implemented four criteria to detect aberrations 
with the same occurrence pattern in the two backgrounds (Paper II, Table 2). We applied a 
reasonably stringent approach and only when an aberration fulfilled at least three of the four 
criteria, it was selected as an event based on the contribution of the susceptible strain. Five 
chromosomes fulfilled this requirement: RNO8, RNO9, RNO10 RNO17 and RNO18 (Paper 
II, Table 3. Identification of chromosomes harboring aberrations independent of the genetic 
input from the non-susceptible strains, provide valuable information about the potential 
location of EAC susceptibility genes in this model. Detailed analysis of identified changes in 
these chromosomes may shed some light on the identification of genes involved EAC 
development in the BDII model, and potentially in human. 

In summary, we produced evidence for unquestionable impact of the genetic background on 
the genome make-up of tumor cells. We additionally identified aberrations specific to the 
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EAC susceptible strain with a good potential to contribute to the identification of EAC 
susceptibility genes in human.  
 

Conclusions 
Taken all together, SKY is a useful technique in clinical cytogenetic, especially in analysis of 
tumor cells in which multiple and complex chromosome aberrations is commonly found. We 
found SKY analysis a useful technique for detailed cytogenetic analysis of experimental 
tumors. Multicolor karyotyping has greatly facilitated the identification of rat chromosomes 
and enhanced the resolution, accuracy and speed in the genetic analysis of respective rat 
models of human diseases. We are among the first research groups who took the initiative to 
try this technique for analysis of EAC developed in a rat model for this complex disease. 

In the present project, 21 rat endometrial adenocarcinoma were selected for SKY analysis. 
Huge amount of data has been produced by this analysis and the results needed to be carefully 
scrutinized for an improved discovery of recurrent chromosomal changes in EAC tumors. 
This study resulted in two publications where detailed data of chromosomal aberrations of this 
tumor model for endometrial carcinogenesis was presented. We could clearly show; 

• Non-random numerical and structural aberrations such as gains and losses could 
contribute to tumor formation.  

• Evidence that the genetic background plays a significant role in the influence of the 
genome make-up of tumor cells. 

The findings in this study can be applied to or taken into consideration in studies of human 
EC. This may also help to provide new insights into underlying molecular mechanisms 
involved in development of this malignancy in humans. Through molecular analysis of the 
identified recurrent chromosomal involved in tumorigenesis, we might additionally be able to 
find and define novel cancer-related genes with significance in EC tumorigenesis. Our 
analysis also clearly showed that influence of genetic background is a crucial driving force on 
the pattern and frequency of genetic changes that are found in tumor samples and thus 
emphasizing again on the value of tumor models in analysis of human cancer, in particular for 
those with very complex patterns of genetic changes.  
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