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1. Introduction 

Aneuploidy is a defining feature of epithelial cancers with an impact on the genesis, 

progression and prognosis of these malignancies. Essentially all sporadic, mismatch repair 

proficient colorectal carcinomas are defined by a non-random distribution of genomic 

imbalances. Regarding breast cancer, however, aneuploid and near diploid cases show 

almost similar frequencies. Independent of the tumor entity, increased levels of aneuploidy 

result in a worse clinical outcome. For breast and colorectal carcinomas, aneuploidy has 

been reported as an independent prognostic factor with an impact comparable to that of the 

tumor stage. Unfortunately, the translation of this knowledge into the clinic was slow. 

Prognostication in breast cancer is augmented by gene expression profiles of poor or good 

prognosis. Interestingly, there is growing evidence that prognostic gene expression 

signatures simply reflect the degree of genomic instability. This is not surprising since gross 

nuclear aneuploidy is reflected in a strikingly recurrent and tumor entity specific 

distribution of chromosomal imbalances. Chromosomal imbalances, in turn, do significantly 

modulate resident gene expression levels. Furthermore, aneuploidy also affects protein 

expression. Proteomics has therefore become a powerful tool to unravel potential new 

targets for diagnostics, prognostication and therapeutic stratification. There is also 

increasing evidence that aneuploidy precedes invasive disease and can already be detected 

in premalignant lesions such as colon adenomas and/or ulcerative colitis. It is therefore 

reasonable to assume that aneuploidy plays a crucial role during carcinogenesis, an 

interpretation consistent with its direct influence on disease outcome. This has triggered 

considerable efforts to elucidate how aneuploidy develops and what its impact is on the 

genetic equilibrium of cells at the molecular level.   
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2. Nuclear DNA content, genomic instability and chromosomal aneuploidy 

In 1914, Theodor Boveri proposed that the loss or gain of “inhibiting” or “promoting” 

chromosomes, respectively, might cause uncontrolled cell proliferation (Boveri 1914; Ried 

2009). This hypothesis could only be validated after technical progress allowed a more 

detailed analysis of the human genome and after the correct number of human 

chromosomes was established to be 46 (Tjio and Levan 1956). Each chromosome consists of 

two chromatids that are joined at the centromere. The centromeric region is important for 

the attachment of kinetochores that are responsible for the segregation of the chromatids 

during mitotic cell division, a central feature for maintaining genomic stability (Kops, 

Weaver, and Cleveland 2005). Chromosomes can be classified by their centromere position, 

size and banding pattern (Strachan and Read 1999). Telomeres are located at the ends of 

chromosomes to protect the integrity of the chromosomal DNA. They harbour proteins that 

protect the ends of chromosomes from, e.g., recombination, nuclease attacks, and end-to-end 

fusions. The DNA polymerase telomerase is responsible for the maintenance of the telomere 

length that physiologically becomes shorter with each cell division. Telomerase reactivation 

has been identified as an important mechanism for malignant transformation (Shay and 

Wright 2002). Both abnormalities of centromere and telomere function can lead to 

aneuploidy. 

2.1 Clonal expansion and proliferation 

Boveri’s hypothesis that chromosomal aberrations might cause uncontrolled cell 
proliferation was first supported by the detection of the Philadelphia chromosome in 1960. 
The Philadelphia chromosome shows a translocation, t(9;22), characteristic for chronic 
myelogenous leukemia (Rowley 1973). This translocation causes synthesis of a fusion 
protein with increased tyrosine kinase activity (p210) that increases cell proliferation. 
Translocations belong to those mutations that affect the chromosomal structure. Inversions, 
deletions and duplications are also referred to as structural aberrations. Such cancer 
promoting chromosomal aberrations can affect different genes, causing either a gain of 
function (proto-oncogenes) or a loss of function (tumor suppressor genes). Whereas 
mutations in oncogenes are mainly dominant, mutations in tumor suppressor genes are 
typically recessive and follow Knudson’s two-hit model: The first mutation “hits” one allele 
of a tumor suppressor gene. The presence of the remaining wild-type allele preserves the 
tumor inhibiting function. The second “hit” mutates the remaining wild-type allele, which 
results in the complete loss of gene function (Knudson 1979). In addition to structural 
chromosomal aberrations, we also observe alterations of chromosome number, i.e., 
aneuploidy (Giaretti et al. 2004). While one reason for the emergence of structural 
chromosomal aberrations are deficiencies in the repair of DNA double strand breaks 
(Sinicrope, Rego, Foster, et al. 2006), there is mounting evidence that numeric chromosome 
imbalances are caused by chromatid segregation errors during mitotic cell division 
(D'Amours and Jackson 2002; Jallepalli and Lengauer 2001; Loeb and Loeb 2000; Vessey, 
Norbury, and Hickson 1999). Loss of bub1, for instance, a gene involved in the mitotic 
checkpoint, increases chromosome segregation errors (Cahill et al. 1998). Alternatively, 
overexpression of cyclin E, a cell cycle regulator results in centrosome amplification (Nigg 
1996), and has been observed in a variety of malignancies causing chromosome instability 
and aneuploidy (Spruck, Won, and Reed 1999; Donnellan and Chetty 1999). The completion 
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of the cell and DNA replication cycle requires the coordination of a variety of 
macromolecular syntheses, assemblies and movements. These complex processes are 
normally tightly controlled by regulatory pathways or checkpoints in order to maintain 
genomic stability. However, cancer cells often exhibit mutations that allow bypassing those 
regulatory mechanisms leading to aberrant growth and clonal expansion. Gain-of-function 
of growth factor receptors, often through an increase in copy number, is also frequently 
observed in tumors (Scharf and Braulke 2003). 

2.2 Cell cycle regulation 

Cell cycle regulators, namely cyclin-dependent kinases (cdks) and their regulatory subunits 
(cyclins), are driving forces of the cell cycle and act at different cellular checkpoints. In 1951, 
Howard and Pelc divided the cell cycle into four phases (GAP1, synthetic phase, GAP2, and 
mitosis) (Howard and Pelc 1951). Later on, abbreviations were used that described the 
preceding phase as G1, the synthetic phase as S phase, the phase before cell division as G2, 
and the mitosis phase as M phase (Zetterberg, Larsson, and Wiman 1995). Since the genetic 
material is duplicated in the S phase and divided in the M phase, the transition of a cell into 
these two phases is crucial and regulated by the G1/S checkpoint and the G2/M DNA damage 
checkpoint. The cascade of interacting cyclins and cdks during the cell cycle can be briefly 
summarized as follows: The activation of cdk4 and cdk6 by cyclin D leads the cell from the 
middle of G1 to the G1/S checkpoint. Active cyclin E/cdk2 complexes then trigger the 
transition from G1 to S phase. The cyclin A/cdk2 complex promotes the cell cycle progress 
from the G1/S checkpoint into G2 (Sherr 1993). Cyclin A can therefore serve as a 
proliferation marker for committed cells that will pass through the S and G2 phase (Zindy et 
al. 1992). Cyclin A also binds cdk1 from the end of S to the beginning of the M phase. Its 
function has not been conclusively elucidated but aberrant expression of cyclin A/cdk1 
complexes has been associated with tumorigenesis (Liao et al. 2004). In addition, cyclin A 
overexpression itself significantly reflects poor prognosis of carcinoma patients (Handa et al. 
1999). For the transition from G2 into M phase, cyclin B activates cdk1. In addition to the cell 
cycle regulation by cdks and their cyclins, other regulatory factors have been described such 
as the transcription factor TP53 which is responsible for leading the cell into G1 and G2 
arrest (Vousden 2002). Another checkpoint has been described for the M phase which has 
been subdivided into five phases that harbour specific stages of the mitotic cell division: 
prophase, prometaphase, metaphase, anaphase, and telophase. The appropriate transition 
from prometaphase and metaphase to anaphase is highly important to guarantee genomic 
stability. The cellular mechanism that could be used to delay prometaphase or metaphase in 
response to spindle defects or impaired chromosome segregation has been termed the 
spindle integrity checkpoint (Allshire 1997).  

3. Aneuploidy and epithelial malignancies  

Aneuploidy is a characteristic genetic alteration of the cancer genome (Duesberg et al. 1998; 

Lengauer, Kinzler, and Vogelstein 1998; Ried et al. 1999). When the first quantitative 

measurements of the DNA content were applied to cancer cells, aneuploidy was defined as a 

variation in the nuclear DNA content of cancer cells within a tumor (Caspersson 1979). In 

addition to nuclear aneuploidy, an increased resolution of cytogenetic techniques such as 

chromosome banding, comparative genomic hybridization (CGH), spectral karyotyping 
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(SKY), and multicolor fluorescence in situ hybridization allowed the detection of specific non-

random imbalances, heretofore referred to as chromosomal aneuploidy (Caspersson et al. 

1970; Kallioniemi et al. 1992; Schrock et al. 1996; Speicher, Gwyn Ballard, and Ward 1996). 

Indeed, despite genetic instability in cancer genomes, cancer cell populations as a whole 

display a surprisingly conserved, malignancy-specific pattern of genomic imbalances (Ried et 

al. 1999; Knuutila et al. 1998; Forozan et al. 1997). Interestingly, chromosomal aneuploidy can 

be the first detectable genetic aberration found during human tumorigenesis, e.g., in pre-

invasive dysplastic lesions (Hittelman 2001; Hopman et al. 1988; Heselmeyer et al. 1996; 

Solinas-Toldo et al. 1996). This suggests both an initial requirement for the acquisition of 

specific chromosomal aneuploidy and a requirement for the maintenance of these imbalances 

despite genomic and chromosomal instability. This would be consistent with continuous 

selective pressure to retain a specific pattern of chromosomal copy number changes in the 

majority of tumor cells (Bomme et al. 1994; Ried et al. 1999; Nowak et al. 2002; Desper et al. 

2000). Chromosomal aneuploidy is also the earliest detectable genomic aberration in cell 

culture model systems in which cells are exposed to carcinogens or subject to spontaneous 

transformation (Barrett et al. 1985; Padilla-Nash et al. 2011). The conservation of these specific 

patterns of chromosomal aneuploidy indicates a fundamental biological role in tumorigenesis.  

3.1 Aneuploidy and colorectal cancer 

3.1.1 Chromosomal aneuploidy in sporadic colorectal cancer (SCC) 

Malignant transformation of the colorectum is defined by the sequential acquisition of 

genetic alterations, both at gene-specific and on chromosomal levels (Fearon and Vogelstein 

1990). Many of these aberrations can be visualized as specific chromosomal gains and losses 

resulting in a conserved and malignancy-specific pattern of genomic imbalances (Ried et al. 

1996). One of the earliest acquired genetic abnormalities during colorectal tumorigenesis are 

copy number gains of chromosome 7 (Bomme et al. 1994) which can already be observed in 

benign polyps. At later stages, e.g., in high-grade adenomas or in invasive carcinomas, 

additional numeric aberrations such as gains of chromosomes and chromosome arms 8q, 13, 

and 20q, and losses that map to 8p, 17p, and 18q become prominent (Figure 1). For a 

comprehensive summary see the “Mitelman Database of Chromosome Aberrations in 

Cancer” at http://cgap.nci.nih.gov/Chromosomes/Mitelman. Chromosomal aneuploidy is 

accompanied by specific mutations in tumor suppressor genes and oncogenes, including 

e.g., APC and TP53 (Vogelstein and Kinzler 2004). It is therefore well accepted that both 

chromosomal aneuploidy and specific gene mutations, are required for tumorigenesis.  

3.1.2 Chromosomal aneuploidy and ulcerative colitis-associated colorectal  
cancer (UCC) 

Unlike sporadic colorectal tumors, UCCs do not follow the adenoma–carcinoma sequence, 
and their sequential acquisition of chromosomal aneuploidy and gene mutations is less well 
established. It was therefore questioned if the pattern of chromosomal alterations in UCC is 
similar to that known for sporadic carcinomas. Earlier reports suggested that genomic 
imbalances observed in UCC cluster on the same chromosomes as those observed in 
sporadic colorectal carcinomas (Kern et al. 1994; Holzmann et al. 2001; Willenbucher et al. 
1997; Loeb and Loeb 1999; Aust et al. 2000).  
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Fig. 1. Comparison of genomic imbalances in sporadic adenomas (n=14), sporadic colorectal 

carcinomas (n= 15), and liver metastasis of sporadic colorectal carcinomas (n=12). Bars on 

the left side of the chromosome ideogram denote a loss of sequence in the tumor genome, 

bars on the right side a gain of sequence in the tumor genome. The number of alterations per 

chromosome is normalized to 10 cases for each disease stage. Only ratios greater than 2 have 

been considered. Figure modified from (Habermann et al. 2007). 

The analysis by Habermann and colleagues comprised the largest sample collection of UCCs 

from one clinical center and supports these findings: all 19 UCC specimens showed 

chromosomal imbalances by comparative genomic hybridization (CGH) (Habermann et al. 

2003) that mainly cluster on the same chromosomes as described for sporadic colorectal 

cancer (Figure 1). These data clearly indicate that the tumor cell population as an entity of 

UCCs selects for a distribution of genomic imbalances that is similar to sporadic carcinomas. 

It therefore seems logic to conclude that the tissue origin of the tumor cell and not the mode 

of tumor induction defines the similarity between sporadic colorectal cancers and UCC. This 

is in striking contrast to hereditary colorectal carcinomas arising in the background of 

mismatch repair deficiency, where neither aneuploidy nor specific chromosomal imbalances 

are observed (Ghadimi et al. 2000; Schlegel et al. 1995).  
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3.1.3 Nuclear aneuploidy and prognosis of colorectal cancer (SCC and UCC) 

The strikingly conserved pattern of chromosomal aneuploidy in sporadic and ulcerative 
colitis-associated colorectal carcinomas can be reflected by nuclear DNA aneuploidy. 
Hereby, flow and/or image cytometry are reliable tools with excellent clinical applicability 
also for high-throughput clinical diagnostics. Interestingly, reported frequencies of 
aneuploidy in UCCs vary inconsistently between 28.6% and 100% (Holzmann et al. 1998; 
Fozard et al. 1986).  One limitation of former studies might be the overall low number of 
UCC cases analyzed, varying from single case studies up to 17 UCC patients (Clausen et al. 
2001; Makiyama et al. 1995; Burmer, Rabinovitch, and Loeb 1991). Against this background, 
we had recently compiled a single center cohort comprising 31 UCCs that were assessed for 
the frequency of nuclear aneuploidy and its association to clinical parameters and survival 
and in comparison to 257 sporadic colorectal carcinomas (Gerling et al. 2010). Ploidy 
measurements were performed by means of image cytometry which allows the 
simultaneous assessment of histomorphology. Histograms were classified according to Auer 
(Figure 2) (Auer, Caspersson, and Wallgren 1980).  

 

Fig. 2. DNA Histogram types according to Auer (Auer, Caspersson, and Wallgren 1980). 
Histograms characterized by a single peak in the diploid or near-diploid region (1.5–2.5 c) 
were classified as type I. The total number of cells with DNA values exceeding the diploid 
region (>2.5 c) was <10%. Type II histograms showed a single peak in the tetraploid region 
(3.5– 4.5 c) or peaks in both the diploid and tetraploid regions (>90% of the total cell 
population). The number of cells with DNA values between the diploid and tetraploid 
region and those exceeding the tetraploid region (>4.5 c) was <10%. Type III histograms 
represented highly proliferating near-diploid cell populations and were characterized by 
DNA values ranging between the diploid and the tetraploid regions. Only a few cells (<5%) 
showed more than 4.5 c. The DNA histograms of types I, II, and III thus characterize euploid 
cell populations. Type IV histograms showed increased (>5%) and/or distinctly scattered 
DNA values exceeding the tetraploid region (>4.5 c). These histograms reflect aneuploid 
populations of colon mucosa nuclei with decreased genomic stability.  
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Interestingly, UCCs showed aneuploidy at a significantly higher frequency than sporadic 
colorectal carcinomas (100% versus 74.6%; P < 0.0006) (Gerling et al. 2010). A logistic 
regression analysis assessed age, sex, UICC stage, T- and N-status, histologic tumor grading, 
underlying inflammation, and DNA ploidy status. Out of these features, only age and DNA 
ploidy status were significant parameters indicating both patients of higher age at diagnosis 
and patients with aneuploid malignancy have a poor survival prognosis. Additional logistic 
regression analysis comprising these two significant parameters only confirmed age (odds 
ratio [OR], 1.05; 95% CI, 1.02–1.09; P = 0.003) and DNA ploidy (OR, 4.07; 95% CI, 1.46 –11.36; 
P = 0.007) to be independent prognostic parameters. Among those, DNA aneuploidy with 
an OR of 4.07 seemed to be the strongest independent prognostic marker for R0-resected 
colorectal cancer patients overall. The dominance of aneuploidy as an independent 
prognostic factor in patients with SCC and UCC was further supported by the fact, that 
patients with diploid tumors at advanced stages (UICC stage III/IV) did present a survival 
comparable to that of patients with aneuploid tumors at early stages (Figure 3). The latter 
finding might even suggest that the presence of aneuploid tumor cell populations may 
influence the patient’s prognosis more dominantly than tumor stage.  

 

Fig. 3. Kaplan-Meier survival estimates of significant prognostic groups according to UICC 
stage, ploidy status, and underlying inflammatory disease. SCC, sporadic colorectal cancer; 
UCC, ulcerative colitis-associated colorectal cancer. Modified from (Gerling et al. 2010). 

3.1.4 Nuclear aneuploidy and cancer risk assessment in ulcerative colitis and 
sporadic colon adenomas 

The higher frequency of nuclear aneuploidy in UCCs than in sporadic colorectal cancer 

might indicate the dominance of genomic instability not only at the time when malignancy 
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is overt but also for the development of malignant properties. In order to evaluate 

aneuploidy as a potential predictive marker in patient risk assessment, two groups were 

analyzed (Habermann et al. 2001): eight patients with UCC and 16 ulcerative colitis (UC) 

patients without malignancy but comparable risk factors according to the duration of 

disease, extent of inflammation and occurrence of epithelial dysplasia. A total of 683 

paraffin-embedded mucosal biopsies were evaluated for inflammatory activity, grade of 

dysplasia and ploidy status. In all biopsies, mild or moderate inflammatory activity was 

present in 78% while low-grade or high-grade dysplasia was found in 5.5% overall. No 

difference in inflammatory activity and dysplasia between patient groups could be detected 

(Habermann et al. 2001). One of the most important findings of this study was the detection 

of highly aneuploid epithelial cell populations scattered over the colon and rectum in 

premalignant biopsies of all eight UCC patients. These lesions could be observed up to 11 

years prior to the final cancer diagnosis (average 7.8 years). Aneuploidy was found in 

macro- and microscopically unsuspicious mucosa, could even be detected in regenerative 

epithelium, and was not related to dysplasia. DNA aneuploidy occurred more frequently in 

biopsies (75%) of ulcerative colitis patients with a subsequent UCC than in those without 

subsequent malignancy (14%, p = 0.006). All eight UCC specimens themselves also showed 

aneuploidy. In line with these findings, Löfberg et al. reported aneuploid biopsies in 25% of 

high-risk patients at least once during 10 years of observation (Lofberg et al. 1992). In other 

studies, aneuploidy has been repeatedly observed also in non-dysplastic mucosa of high-

risk patients (Rubin et al. 1992). It seems therefore reasonable to suggest that genomic 

instability, represented by DNA aneuploidy, might initiate malignant transformation in 

colitis as an early event. However, aneuploidy may be reversible over time once cells are no 

longer exposed to the inducing carcinogen (Auer et al. 1982; Ono et al. 1984). Thus, nuclear 

aneuploidy might need to be followed by multiple cellular alterations in order to reach 

malignant properties. 

In sporadic colorectal carcinogenesis, adenomas are considered premalignant lesions. 

However, individual colorectal adenomas have different propensities to progress to 

malignancy. We therefore explored whether these differences could be explained by 

chromosomal aberrations, oncogene amplifications, and/or deletions of tumor-suppressor 

genes. Fluorescence in situ hybridization (FISH) with gene specific probe sets was applied to 

18 adenomas of patients without synchronous or subsequent carcinoma, 23 adenomas of 

carcinoma patients, and 6 matched carcinomas (Habermann et al. 2011). The probe sets 

included centromere probes for chromosomes 17 and 18 (CEP17 and CEP18), as well as 

gene-specific probes for SMAD7 (18q21.1), EGFR (7p12), NCOA3 (20q12), TP53 (17p13.1), 

MYC (8q24.21), and RAB20 (13q34).  

First, gene copy numbers were correlated with the DNA ploidy status independent of 
patient groups: EGFR amplifications correlated with SMAD7 deletions (P < 0.01) and an 
increased DNA stem line value (P = 0.019). NCOA3 amplifications were more frequently 
observed in aneuploid adenomas and increasing NCOA3 gene copy number signals 
correlated with higher DNA stem line values (P = 0.023, Figure 4). A deletion of TP53 was 
more frequently observed in aneuploid adenoma samples (P = 0.029). MYC amplifications 
were more frequently observed in adenoma samples with increased DNA stem line values 
(P < 0.01) and in adenoma samples that were assessed to be aneuploid (P = 0.029). RAB20 
amplifications also correlated with increased DNA stem line values (P < 0.05).  
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Second, comparing adenomas with and without synchronous carcinomas showed that a 
higher genomic instability index of CEP18, SMAD7, and EGFR (the genomic instability 
index was measured by dividing the number of different signal patterns by the number of 
analyzed cells) could be detected in the adenoma samples of patients with carcinoma than in 
adenoma samples of patients without synchronous or subsequent carcinoma (P = 0.037). 
Furthermore, TP53 deletions were more frequently observed in adenoma samples of 
patients with synchronous carcinoma (P = 0.045).  

Third, evaluation of the prognostic potential for adenoma recurrence revealed that a diploid 
signal count for NCOA3 was associated with a longer adenoma recurrence-free observation 
time (P = 0.042, Figure 4).  

 

Fig. 4. (a) Frequency of NCOA3 amplifications according to patient groups (A, patients 
without adenoma recurrence and without carcinoma; (B) patients with adenoma recurrence 
but without carcinoma; (D) patients without adenoma recurrence but with carcinoma; (E) 
patients with adenoma recurrence and with carcinoma). (b) Adenoma recurrence-free 
survival time depending on NCOA3 copy numbers. (c) Physiological copy numbers in 
diploid and (d) aberrant copy numbers in aneuploid adenomas for CEP17 (yellow), NCOA3 
(green) and TP53 (red). Modified from (Habermann et al. 2011). 

Fourth, the most frequently observed alterations overall were a gain of EGFR (36.2%) and 
RAB20 (34.2%). Although the frequency of these two aberrations was increased in the 
carcinoma samples (EGFR, 44%/RAB20, 41.4%), there was no difference between patients 
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with and without malignancy. Based on the presented above results one could conclude that 
genomic instability in colorectal adenomas is reflected by genomic amplification of the 
oncogenes EGFR, MYC, NCOA3, and RAB20. These amplifications could be indicative for 
adenoma recurrence and for the presence of synchronous carcinomas. Detection of such 
amplifications using FISH could therefore contribute to the assessment of individual 
progression to malignancy. 

4. Aneuploidy-associated gene expression 

4.1 Aneuploidy-associated gene expression in colorectal cell lines 

The correlation of nuclear aneuploidy with conserved patterns of chromosomal aberrations 

and gene specific signal enumerations with prognosis prompted us to analyze the 

immediate consequences of chromosomal copy number changes at the gene expression 

level. For this purpose, microcell-mediated chromosome transfer was used to introduce 

extra copies of chromosomes 3, 7, and 13 into the diploid colorectal cancer cell line DLD1 

(Upender et al. 2004). The introduction of all three chromosomes individually resulted in a 

significant increase in average gene expression on the trisomic chromosome (all P < 0.0001). 

In order to assess whether this effect was specific for DLD1 per se or specific for the tissue of 

origin (colon), we also determined the effect of an additional copy of chromosome 3 in a 

mammary epithelial cell line (hTERT-HME). The introduction of an extra copy of 

chromosome 3 into the telomerase immortalized, karyotypically normal mammary 

epithelial cells resulted as well in an increase in the average gene expression of chromosome 

3 genes (P < 0.0001, Figure 5). An additional analysis at the level of chromosome arms did 

not reveal additional changes in any of the derivative cell lines.  

In addition to analysis of average, chromosome-specific gene expression levels for the 
introduced chromosomes, we also identified additional deregulated genes throughout the 
genome. The influence of the three trisomies at the individual gene expression level was 
examined by considering only genes with expression ratios >2.0 (up-regulated) or <0.5 
(down-regulated) when compared with the parental cell line. For clone DLD1 + 7, only 18% 
(35 of 194) of the differentially expressed genes (DEGs) with known locus information 
mapped to chromosome 7 and 32 of these were up-regulated (Table 1). Regarding 
chromosome 13, only 6% (10 of 162) mapped to chromosome 13, of which all were up-
regulated (Table 1). The trisomy of chromosome 3 in DLD1 revealed 12% (17 of 144) to map 
to this chromosome and all were up-regulated (Table 1). The introduction of the same 
trisomy 3 into the hTERT-HME cells yielded 17% (23 of 135) of the differentially expressed 
genes mapping to chromosome 3, of which 21were up-regulated (Table 1). 

Strikingly, no genes were affected in common among any of the four derivative cell clones. 
Five percent of all genes on the array mapped to each of chromosomes 7 and 3. For 
chromosome 13, the percentage was 1.7%. The observed percentages of up-regulated genes 
located on chromosomes 7 and 3 were each >20%, and the observed percentage of up-
regulated genes residing on chromosome 13 was >10%. Thus, the percentages of up-
regulated genes residing on the introduced chromosomes were substantially greater than 
would have been expected by chance if up-regulation occurred at random. In contrast, the 
percentages of down-regulated genes residing on the introduced chromosomes were no 
more than expected by chance. Thus, the effect of a very specific increase in average  
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Fig. 5. Global gene expression profiles. Each scatter-plot displays all genes and their 
corresponding normalized expression ratio values along the length of each chromosome. 
Values in open light blue circles and open light orange circles represent ratio values between 
0.5 and 2.0. Dark blue dots represent expression ratios > 2.0 and dark orange dots are ratios 
< 0.5. The X axis shows the starting base pair location of each gene (Upender et al. 2004). 

 

 DLD1 + 7 DLD1 + 13 DLD1 + 3 HME + 3 

No. of genes two-fold 
altered 

202  164  148  140  

No. of up-regulated genes 155  92  81  91  
Map on chromosome  32  10  17  21 
Map off chromosome  117  82  64  66 
Map unknown  6  0  0  4 
No. of down-regulated 
genes 

47  72  67  49  

Map on chromosome  3  0  0  2 
Map off chromosome  42  70  63  46 
Map unknown  2  2  4  1 

NOTE. Genes up or down regulated (normalized ratio > 2.0 and < 0.5, respectively; (Upender et al. 2004). 

Table 1. Summary of 2-fold altered gene lists 
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expression of genes on the trisomic chromosomes is further supported by an expression 

increase of a significant number of individual genes located on those chromosomes. 

Furthermore, a large number of genes located on diploid chromosomes in these derivative 

cell clones was also significantly increased in expression, hereby revealing a more complex 

global transcriptional deregulation. 

The phenomenon of trisomy-associated expression alterations in the cell line model 

described above was further confirmed by a correlation analysis of chromosomal 

aberrations and gene expression changes in 16 normal mucosa specimens, 17 adenomas, 20 

primary colorectal carcinomas, and 13 liver metastases (Habermann et al. 2007). In 

particular, we found average gene expression changes for those chromosome arms that 

showed copy number changes including 7p, 7q, 8p, 8q, 13q, 18p, 18q, 20p and 20q in 

colorectal carcinomas.  

4.2 Aneuploidy-associated gene expression in breast carcinoma 

Comparable to colorectal cancer, aneuploidy also has a direct impact on the prognosis of 

patients suffering from breast cancer. In this disease, aneuploidy serves as an indicator of 

poor prognosis independent from established parameters such as lymph node status and 

other clinical and histomorphological variables (Auer, Caspersson, and Wallgren 1980; Auer 

et al. 1984; Heselmeyer-Haddad et al. 2002; Ried et al. 1995). Consistent with these results, 

the differentiation of aneuploidy and near diploidy in genomically stable and unstable cell 

populations using the Stemline Scatter Index (SSI) has shown that patients with genomically 

stable tumors have a significantly better prognosis than those with unstable ones 

(Kronenwett et al. 2004; Kronenwett et al. 2006). To evaluate potential differences in gene 

expression patterns between genomically stable and unstable breast carcinomas, 48 breast 

carcinomas were assessed by gene expression profiling on microarrays (Habermann et al. 

2009): 17 diploid tumors were genomically stable (dGS), 15 tumors assessed as aneuploid, 

yet genomically stable (aGS), and 16 carcinomas were classified as aneuploid and 

genomically unstable (aGU). No differences were observed among the three groups 

regarding patients’ age, tumor size and number of lymph node metastases. The higher 

degree of genomic instability in the aGU group was also reflected in an increase in 

chromosomal copy number changes as measured by CGH. A detailed summary and 

comparison of chromosomal aberrations between the three groups is presented in Figure 6.  

Chromosomal aberrations in the genomically stable tumors (dGS and aGS) were mainly 

restricted to gains of chromosome 1q and 16p and accompanied by losses on chromosome 

16q. In contrast, aGU tumors showed more diverse changes including a frequent gain of the 

long arm of chromosome 17, the mapping position of the ERBB2 oncogene. The similarity of 

the genomically stable (dGS and aGS) compared to the genomically unstable (aGU) tumors 

was further supported by gene expression profiles: pair-wise comparisons of the three 

groups showed that 38 genes were commonly differentially expressed for the comparisons 

aGU versus dGS and aGU versus aGS, whereas only two genes were commonly observed in 

the comparisons aGU versus aGS and aGS versus dGS, and three genes among aGS versus dGS 

and aGU versus dGS. The gene lists describing exclusive differences between all groups can 

be obtained from Habermann et al. (Habermann et al. 2009). In summary, both,  
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Fig. 6.  Genomic instability in breast cancer: Examples of DNA histograms of (a) diploid, 
genomically stable tumors (dGS), (b) aneuploid, yet genomically stable tumors (aGS), and 
(c) aneuploid and genomically unstable (aGU) tumors. Note the profound scattering of the 
ploidy stemline in (c) (for details of the ploidy classification see (Kronenwett et al. 2004). (d) 
Summary of genomic imbalances in 15 dGS (green), 12 aGS (red), and 11 aGU (blue) breast 
carcinomas analyzed by comparative genomic hybridization. Bars on the left side of the 
chromosome ideogram denote a loss of sequence in the tumor genome, while bars on the 
right side designate a gain. The width of the bars indicates the relative frequency of gains 
and losses observed (Habermann et al. 2009). 
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chromosomal alterations and patterns of differentially expressed genes suggest that tumors 
classified as genetically unstable differed substantially from the genetically stable ones, 
regardless of the actual ploidy status (i.e., the position of the stemline which is at 2c in the 
dGS and different from 2c in the aGS). 

In order to further explore the biological relevance of our gene expression differences in the 
genomically stable versus unstable groups, we evaluated the usefulness of our expression 
profiles for predicting disease outcome in previously published independent datasets. For 
this purpose, the classification of our samples into genomically stable and unstable 
carcinomas was based on a 12-gene-genome instability signature (Habermann et al. 2009). 
This gene set, which discerned the stable from unstable tumors, was then applied for 
predicting cancer outcomes in independent datasets reported by Sorlie et al. (Sorlie et al. 
2003), van de Vijver et al. (van de Vijver et al. 2002), and Sotiriou et al. (Sotiriou et al. 2003). 
Each patient in the three validation cohorts was classified as being more similar to either the 
genomically stable or unstable signature, based on the correlation of this patient’s gene 
expression pattern with the average expression profiles of the genomically stable and 
unstable samples in our dataset. Kaplan-Meier analyses showed that patients defined to 
have genomic unstable carcinomas were associated with a distinct shorter relapse-free 
survival and metastasis-free survival (p < 0.04) in the patient cohorts from Sorlie et al. (Sorlie 
et al. 2003), van de Vijver et al. (van de Vijver et al. 2002), and Sotiriou et al. (Sotiriou et al. 
2003). Furthermore, patients presenting tumors with genomic instability had a remarkably 
different, shorter overall survival in Kaplan-Meier analyses (p < 0.025) as shown in Figure 7. 

It was further shown, that the 12-gene signature is independent of clinicopathologic factors 

such as lymph node status, the NIH criteria, the St. Gallen criteria, and grading used for 

breast cancer prognostication (Habermann et al. 2009). Furthermore, the 12-gene genome 

instability signature revealed a remarkable concordance with independent classification 

systems for specific prognostic subtypes, i.e., luminal A and B, basal, ERBB2+, and normal-

like (Sorlie et al. 2001; Sorlie et al. 2003; Perou et al. 2000; Bergamaschi et al. 2006): of the 28 

genomically stable tumors in our collection, 24 were assigned to subtypes luminal A (n = 18) 

or normal-like (n = 6). Only four tumors were assigned to the ERBB2+ group. In contrast, all 

but one genomically unstable tumor (n = 16) was assigned to either the ERBB2+ group (n = 

10) or the basal group (n = 5), indicating pour prognosis. Of note, most of our genomically 

unstable tumors showed genomic amplification of chromosome arm 17q, the mapping 

position of the ERBB2 oncogene (Figure 6).  

In addition, it was explored whether other gene expression signatures for breast cancer 
prognosis would allow classification of the degree of genomic instability in our samples. 
Specifically, the 21-gene signature of the so-called Oncotype DX assay (consisting of 16 
cancer-associated genes and 5 genes included for normalization purposes) (Paik et al. 2004), 
and the 70-gene signature of the MammaPrint ® (van de Vijver et al. 2002; van 't Veer et al. 
2002) were used to predict genomic instability in our tumor collection. Twelve of the 21 
genes used in the Oncotype DX test were present on our platform, whereas 21 of the 70 
genes employed by MammaPrint® could be utilized in our set. Using the Oncotype DX gene 
set, overall prediction accuracy (measured as correct classification of unstable tumors as 
unstable, and stable tumors as stable) was 91%, whereas the MammaPrint® set correctly 
classified 84% of all cases. Therefore, these results further support a close linkage between 
genomic instability and poor prognosis in breast cancer.  
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In summary, the above data show that, firstly, differences in the degree of genomic 
instability were reflected in the 12-gene signature that separated our samples. Secondly, this 
aneuploidy-specific gene expression signature can reliably predict outcome in published 
datasets, and, thirdly, in turn, the gene expression signature of poor prognosis, independent 
of the specific platform, predicts the degree of genomic instability with convincing accuracy 
(p < 0.001).  

 

 

Fig. 7. Applying the 12-gene genomic instability signature for prediction of disease-free and 
overall survival in independent datasets using Kaplan-Meier analyses. The curves in red 
reflect carcinoma patients harboring the genomically stable signature, the curves in green 
the one representing genomic instability. For all examples, statistically significant 
association of genomic instability with shorter disease-free and overall survival was 
observed (Habermann et al. 2009). 

5. Aneuploidy-associated protein expression 

Against the background that nuclear aneuploidy correlates with cancer or cancer subtype-
specific chromosomal alterations that impact on gene expression levels, we considered it 
highly important to elucidate if aneuploidy-associated protein expression patterns can be 
identified as well. Such protein expression patterns could likely unravel novel targets for 
improved diagnostics and potentially therapeutic interventions. Two-dimensional gel 
electrophoresis (2-DE) and mass-spectrometry were applied to assess protein expression 
profiles of colorectal cancer cell lines of defined ploidy types. Ploidy assessment determined 
the colorectal cancer cell lines DLD-1, HCT116, and LoVo to be diploid. In contrast, Caco-2, 
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HT-29, T84, and Colo 201 were classified as aneuploid. Ploidy-type classification of cell lines 
was further supported by comparative genomic hybridization (CGH) and spectral 
karyotyping (SKY) analyses (http://www.ncbi.nlm.nih.gov/sky/). 

Two independent statistical analyses revealed 38 (ANOVA analysis) and 31 (random forest) 
protein spots being differentially expressed between the diploid and aneuploid cell lines 
(Gemoll et al. 2011). Twenty-six spots were identified by peptide mass fingerprinting: eight 
proteins were higher and 18 lower expressed in the aneuploid than in the diploid cell lines. 
Based on Ingenuity Pathways Analysis, fold changes, molecular functions, and availability of 
antibodies, YWHAQ, CAPZA1, GNAS, PRDX2, HDAC2, and TXNL1 were selected for 
downstream analysis. While Western-blot fold changes of all six proteins were in accordance 
with 2-DE data, only three of the six proteins reached significance (p < 0.05) having either 
lower (TXNL1, CAPZA1) or higher expression (HDAC2) in the aneuploid group.  

 

 

Fig. 8. (a) HDAC2, CAPZA1, and TXNL1 immunohistochemical detection in colorectal 
cancer specimens based on a tissue microarray. Image examples are given at 800-fold 
magnification. (b) Tissue-microarray-based immunohistochemical evaluation of HDAC2, 
CAPZA1, and TXNL1 comparing diploid versus aneuploid colorectal carcinoma specimens. 
Immunoreactivity was scored with ‘‘0’’ showing no positivity, ‘‘1’’ presenting up to 20% 
immunopositive cells, ‘‘2’’ up to 50%, and ‘‘3’’ above 50% stained cells. Barplots of the TMA 
analysis confirmed HDAC2 and TXNL1 as significantly (asterisk) differentially expressed 
proteins between diploid and aneuploid tumors (Gemoll et al. 2011). 
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For proof of clinical relevance we chose those three proteins for tissue microarray (TMA)-
based immunohistochemistry assessment. As shown in Figure 8, HDAC2 nuclear 
immunopositivity (score 1, 2, and 3) was more frequently present in aneuploid (91.3%) than 
in diploid (70%) carcinomas (P = 0.02). For TXNL1, strong nuclear immunoreactivity (score 
3) was more frequently observed in diploid (24%) than in aneuploid carcinomas (6.4%, P = 
0.04). CAPZA1 immunohistochemistry showed a similar trend as in Western-blot and 2-DE 
analysis, however, did not reach significance. By comparing immunopositivity between 
normal adjacent mucosa and all carcinoma specimens irrespective of their ploidy status, we 
detected significantly stronger immunopositivity in the carcinomas for HDAC2 (P < 0.001) 
and TXNL1 (P = 0.026).  

The TXNL1 gene encodes a protein that belongs to the thioredoxin family of small redox 

active proteins. TXNL1 overexpression can increase the transcriptional repressor function 

through its binding to the transcription factor B-Myb (Kim et al. 2006). Thus, TXNL1 

overexpression specifically predisposes to arrest in the G0/G1 phase of the cell cycle. 

Overexpression in diploid malignancies could therefore help to maintain genomic stability. 

HDAC2 plays an important role in transcriptional regulation and cell cycle progression 

(Harms and Chen 2007). HDAC2 is overexpressed in several tumor entities, including colon 

cancer (Song et al. 2005; Ashktorab et al. 2009). Interestingly, HDAC2 overexpression seems 

to be induced by APC loss and appears to be sufficient on its own to prevent apoptosis, thus 

favoring the development of genomic instability and tumor growth (Zhu et al. 2004). The 

inhibition of HDAC in combination with chemotherapy (doxorubicin) is currently assessed 

in phase I clinical trials. HDAC2 overexpression in the primary tumor serves as a predictive 

marker for efficient HDAC inhibition (Munster et al. 2009). Our data show a close 

correlation of HDAC2 overexpression, aneuploidy, and poor prognosis. It seems therefore 

reasonable that HDAC2 overexpression is a mere reflection of aneuploidy and that patients, 

in particular those with aneuploid tumors could benefit from treatment with HDAC-

inhibitors. The fact that more than 70% of colorectal cancers are aneuploid makes this even 

more compelling.  

6. Conclusions 

DNA aneuploidy is a defining feature of human cancers of epithelial origin, i.e., the 
carcinomas. Disease-specific chromosomal aneuploidies develop before the transition to 
invasive disease, e.g., in ulcerative colitis and colorectal adenomas. These early 
chromosomal alterations are maintained in primary carcinomas and are complemented by 
additional, recurrent chromosomal aberrations that persist in local and distant metastases. 
Chromosomal aneuploidy not only has an impact on the expression levels of resident genes 
but also correlates with protein expression. Such aneuploidy-associated protein expression 
patterns could reveal novel diagnostic and therapeutic targets. Our general conclusions 
were supported by the findings of Sinicrope et al., Bosari et al., and Yildirim-Assaf et al. 
showing that patients with aneuploid tumors had a worse outcome compared to patients 
with euploid tumors (Sinicrope, Rego, Halling, et al. 2006; Bosari et al. 1992; Yildirim-Assaf 
et al. 2007). Despite this clear demonstration of an association of aneuploidy and outcome 
the American Society of Clinical Oncology (ASCO) does not recommend ploidy assessment 
in clinical routine. In our opinion, this should be reconsidered, also because meta-analysis 
revealed results clearly indicating the prognostic impact of aneuploidy on colorectal and 
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other cancers (Araujo et al. 2007; Walther, Houlston, and Tomlinson 2008; Schulze and 
Petersen 2011). Overall, the assessment of nuclear aneuploidy by image cytometry could 
become routine practice to assist in predicting individual cancer risk and in disease 
prognostication in solid tumors. 

7. Future perspectives 

DNA ploidy measurements in premalignant lesions could profoundly improve individual 
risk assessment for imminent colorectal cancer development. Furthermore, individual risk 
stratification and survival prognosis in solid malignancies, including colorectal and breast 
cancer, could benefit from the assessment of nuclear DNA content and the visualization of 
disease-specific chromosomal aneuploidies. However, large multicenter prospective studies 
are warranted to further corroborate the value of measurement of aneuploidy for an 
improved screening and better prognostication in solid malignancies. For this purpose we 
have initiated the North German Tumorbank of Colorectal Cancer (Acronym: ColoNet) that 
currently comprises patients of the universities and clinics of Hamburg, Lübeck, Rostock, 
Greifswald, Bad Oldesloe, Berlin-Buch and associated private practices in Northern 
Germany. Within this network and in collaboration with the Surgical Center for Translational 
Oncology-Lübeck (SCTO-L) as well as the clinical partners at the greater Stockholm area we 
will investigate the benefit of ploidy measurements for individual risk and prognosis 
assessment in epithelial malignancies.  
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9. Abbreviations 
 

2-DE Two-dimensional gel electrophoresis 
aGS Aneuploid genomically stable 
aGU Aneuploid genomically unstable 
ANOVA Analysis of variance 
ASCO American Society of Clinical Oncology 
CDK Cyclin-dependent kinase 
CGH Comparative genomic hybridization 
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CI Confidence intervall 
DEG Differentially expressed gene 
dGS Diploid genomically stable 
FISH Fluorescence in situ hybridization 
OR Odds ratio 
SCC Sporadic colorectal cancer 
SKY Spectral karyotyping 
SSI Stemline Scatter Index 
TMA Tissue microarray 
UC Ulcerative colitis 
UCC Ulcerative colitis-associated colorectal cancer 
UICC Union internationale contre le cancer 
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