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ABSTRACT 
Aneuploidy is a consistent genetic alteration of the cancer genome. At early steps in the 
sequence of malignant transformation during human tumorigenesis, chromosomal 
aneuploidies can be the first detectable genetic aberrations found. Since late diagnosis 
results in a significant reduction of average survival times, it is of high interest to 
elucidate proteins and pathways of genomic instability or stability. This may also give 
new insights into tumorigenesis and reveal clinically relevant targets for improved 
diagnostics and therapeutics. 

The high variability of protein expression complicates the clinical application of 
‘proteomics’, but continuous improvements in instrumentation, analytical 
methodologies, and labeling chemistries nowadays allow the thorough study and 
detection of tissue protein biomarkers. In addition, the need of strict quality controls of 
samples and clinical validation in large patient cohorts is important to transfer novel 
biomarkers into clinical use. In this manner, we detected genomic instability-specific 
protein alterations in colorectal and endometrial malignancies as detailed in this thesis.  
A comprehensive proteomic analysis of diploid and aneuploid colorectal cell lines and 
clinical tissues was carried out. We found that two proteins, TXNL1 and HDAC2, were 
not only significantly expressed in our 2-DE analysis and validated by Western 
blotting, but showed expression differences also in clinical samples discerning 
aneuploid from diploid carcinomas. We then analyzed protein expression patterns 
between normal endometrium and endometrial carcinomas that profoundly differed in 
their degree of genomic instability and their histopathologic subtype. We detected 121 
ploidy-associated proteins to be differentially expressed. Interestingly, one protein, 
TXNL1, was expressed at low level in both aneuploid colorectal and endometrial 
malignancies. In order to identify the impact of chromosomal aberrations onto the 
protein expression in the clinical setting, we further mapped genomic imbalances with 
associated gene and protein expression changes of the endometrial cancer patients. 
AKR7A2 and ANXA2 were identified to show similar trends of changes at the gene 
and protein levels. We conclude that the grade of genomic instability correlates with a 
recurrent pattern of chromosomal imbalances and dominates specific gene and protein 
expression changes, irrespective of the histopathological subtypes in endometrial 
cancers. To further elucidate the relevance of highly conserved chromosomal 
aberrations in colorectal cancer, we used specific chromosomal aneuploidies in cancer 
cells and dissected the consequences of genomic imbalances on the proteome: three 
artificial trisomic clones of the diploid colorectal cancer cell line DLD1 were analyzed. 
Chromosomal aneuploidies resulted in a significant increase in the average translational 
activity of proteins encoded by genes not located on the trisomic chromosome, 
indicating pathway-related regulation of the cellular proteome equilibrium. A 
malignancy related protein-profile could also be identified for colorectal cancer: 31 
proteins showed differential expression between normal mucosa and colorectal 
carcinomas in general, while 39 polypeptides were distinctly expressed between diploid 
and aneuploid carcinomas only. Overall, distinct genes and proteins not known to be 
associated with colorectal and endometrial cancer or genomic (in)stability will likely 
reveal novel targets involved in personalized medicine. 
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1 INTRODUCTION 
1.1 GENERAL BACKGROUND 

 
Cancer is a leading cause of mortality world-wide. According to the World 
Health Organization (WHO), it accounted for 7.6 million deaths (13.3% of all 
deaths) in 2008. A major goal in cancer research is to understand the ability of 
cells to acquire malignancy. Hanahan and Weinberg postulated in 2000 six 
essential alterations in cell physiology that collectively dictate malignant growth 
(hallmarks of cancer): self-sufficiency in growth signals, insensitivity to growth-
inhibitory (antigrowth) signals, evasion of programmed cell death (apoptosis), 
limitless replicative potential, sustained angiogenesis, and tissue invasion and 
metastasis [1]. With these functional capabilities the malignant cell is able to 
survive, proliferate and disseminate. Interestingly, two characteristics, namely 
tumor-promoting inflammation and genomic instability, are essential for 
acquisition of the multiple hallmarks [2]. Further, genomic instability is one of 
the most common properties of cancers, is observed in early stages in tumor 
development, and the aggressiveness of a cancer due to chromosomal and 
genetic alterations can affect tumor progression, treatment and prognosis [3-9]. 
 
 
Despite screening programs, most epithelial cancers are detected at advanced 
stages. While detection of cancer at early stages is critical for curative 
treatment interventions, efficient diagnostic and therapeutic markers for the 
majority of malignancies are still needed. Thus, proteomic and other bio-
analytical techniques can potentially play important roles for detection of 
diagnostic markers, prognostic markers, and for prediction of treatment 
outcome, thus enabling personalized treatment. Comprehensive tumor profiling 
has therefore become a field of intense research, aiming at the identification of 
clinically useful biomarkers by different molecular biologic techniques, e.g. two-
dimensional gel electrophoresis and mass spectrometry. 
 
 
Two-dimensional gel electrophoresis (2-DE) enables the separation of complex 
mixtures of proteins according to their isoelectric point (pI) and molecular mass 
(Mr) variability. It delivers a map of intact proteins, which reflects changes in 
protein expression levels, isoforms, or post-translational modifications [10]. 
Proteins of interest can be procured from the gel and their identity can be 
assessed by mass spectrometry. In this manner, proteins can be monitored for 
changes (e.g. in normal versus disease or diploid versus aneuploid cases, 
etc.). 
 
This thesis focuses on the investigation of colorectal and endometrial cancers. 
Both tumor entities are epithelial cancers, which, due to their location, can be 
easily accessed for biopsy sampling.  
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It is of highest clinical interest to elucidate causes and consequences of 
genomic (in)stability and its association with chromosomal alterations. The 
correlation of protein fingerprints with underlying genomic alterations might 
allow gaining new insights into tumorigenesis and reveal clinically relevant 
targets for improved diagnostics and therapeutics. This thesis has utilized 
different proteomic approaches to identify signatures of genomic 
stability/instability in order to reveal potential biomarkers.  
 
 
 
1.2 COLORECTAL AND ENDOMETRIAL CANCER 

 
Colorectal cancer is globally the fourth leading cause of cancer mortality with 
about 38% of colorectal cancers occurring in Europe. In 2008, colorectal 
cancer accounted for 1.2 million new cases and 608,700 deaths worldwide 
[11]. The incidence of colorectal cancer is higher in developed countries. In 
Sweden, it is the third most common tumor with approximately 5,700 new 
cases and 2,600 deaths per year [12]. The disease is rarely diagnosed before 
an age of 40. 
 
Endometrial cancer accounts for 288,000 new cases and 74,000 deaths in 
women worldwide in 2008. In Sweden, around 1,400 new cases and 330 
deaths were documented [12]. The incidence is slowly rising and it is primarily 
a disease of the postmenopausal woman with a median age at diagnosis of 63 
years [13].  
 
 
1.2.1 Etiology and risk factors 

 
The normal mucosa of the colon is a highly dynamic system: There is a large 
amount of proliferating cells which migrate during the differentiation process to 
the intestinal surface, undergo apoptosis, and are shed into the lumen. In this 
way, the intestinal epithelium is renewed every five to six days. Thereby, the 
cells of the mucosa are subjected to high toxic and mechanical stress that 
could affect the cells in their genetic stability. Likely etiologic factors include 
fecal mutagens, red meat intake, bile acids, altered vitamin and mineral intake 
and fecal pH. However, a high rate of proliferation in the cells could promote 
malignant transformation once regulatory mechanisms for cell homeostasis are 
bypassed. The essential etiologic element of colorectal cancer is seen in 
genetic changes of the epithelial cells in the colonic mucosa. Vogelstein et al. 
correlated the morphologic changes from normal colonic mucosa and 
adenomatous polyps to cancer with the accumulation of genetic aberrations 
[14]. Hereby, subsequent mutations or inactivations of APC, KRAS, and p53 
characterize the progression from aberrant crypts to early and late adenomas 
and to carcinomas (Figure 1). 
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The normal endometrium is a hormonally responsive tissue. Estrogenic 
stimulation produces cellular growth and glandular proliferation, which is 
cyclically balanced by the maturational effects of progesterone [15]. The best 
recognized risk factors for the development of endometrial cancer can be 
related to estrogen exposure. Because menarche and menopause are 
commonly associated with absent or irregular ovulation, women who 
experience early onset or late cessation of ovarian function are more likely to 
have additional estrogenic exposure [16]. Hypertension and diabetes are also 
considered risk factors for endometrial cancer [17]. As most of a woman’s 
estrogen is produced by her ovaries and fat tissue can change other hormones 
into estrogen, the estrogen levels of an obese woman are increased. 
Additionally, it has been demonstrated that, like in the colon, endometrial 
cancers could arise through a premalignant stage [18]. At least two 
pathological mechanisms are known. First, excessive estrogen produces 
continued stimulation of the endometrium which can proceed to atypical 
hyperplasia with a good prognosis. The second type, not related to estrogen 
exposure, arises from an atrophic endometrium and is usually a poorly 
differentiated endometrioid or a non-endometrioid tumor [19]. The second type 
includes the high-grade endometrioid cancer, the uterine papillary serous 
carcinoma, and the uterine clear cell carcinoma. 
 
 
1.2.2 Staging, grading and prognosis 

 
The diagnosis of colorectal cancer and endometrial cancer is based on 
histopathologic evaluation, most commonly from biopsy material. 
The staging system for colorectal cancer is based on the TNM [Primary tumor 
(T), Regional lymph nodes (N), Distant metastasis (M)] classification of the 
American Joint Committee on Cancer / Union Internationale Contre le Cancer 
(AJCC / UICC) (Table 1).  
 
 
 
 
 

Figure 1: Adenoma – Carcinoma – Sequence (Vogelstein model) 



 

4 

Table 1: TNM classification according to AJCC/UICC [20] 

TNM Definition 
TX Primary tumor cannot be assessed 
T0 No evidence of primary tumor 
Tis Carcinoma in situ 
T1 Tumor invades submucosa 
T2 Tumor invades muscularis propria 
T3 Tumor invades through the muscularis propria into pericolorectal 

tissues 
T4a Tumor penetrates to the surface of the visceral peritoneum 
T4b Tumor directly invades or is adherent to other organs or structures 
NX Regional lymph nodes cannot be assessed 
N0 No regional lymph nodes metastasis 
N1 Metastasis in 1-3 regional lymph nodes 
N1a Metastasis in one regional lymph node 
N1b Metastasis in 2-3 regional lymph nodes 
N1c Tumor desposit(s) in the subserosa, mesentry, or nonperitonealized 

pericolic or perirectal tissues without regional nodal metastasis 
N2 Metastasis in 4 or more regional lymph nodes 
N2a Metastasis in 4-6 regional lymph nodes 
N2b Metastasis in 7 or more regional lymph nodes 
M0 No distant metastasis 
M1 Distant metastasis 
M1a Metastasis confined to one organ or site 
M1b Metastasis in more than one organ, site or peritoneum 
 
 
Once a person’s T, N, and M categories have been determined, this 
information is combined to UICC stages I – IV in order to provide a higher 
prognostic accuracy (Table 2). The previous Dukes staging system for 
colorectal cancer is given for comparison. While the 5-year survival for early 
stage tumors (UICC I) exceeds 70%, UICC IV tumors show a reduced survival 
of 6%.  
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Table 2: AJCC/UICC stage grouping of the colorectal carcinoma [20, 21] 

AJCC/UICC 
stage T N M Dukes 

stage 
5-year survival 

rate [%]* 
0 Tis N0 M0 - - 
I T1 N0 M0 A 74 T2 N0 M0 A 

IIA T3 N0 M0 B 67 
IIB T4a N0 M0 B 59 
IIC T4b N0 M0 B 37 
IIIA T1-T2 N1/N1c M0 C 73 T1 N2a M0 C 
IIIB T3-T4a N1/N1c M0 C 

46 T2-T3 N2a M0 C 
T1-T2 N2b M0 C 

IIIC T4a N2a M0 C 
28 T3-T4a N2b M0 C 

T4b N1-N2 M0 C 
IVA Any T Any N M1a - 6 IVB Any T Any N M1b - 

* according to www.cancer.org [21] 
 

The Endometrial cancer is staged according to FIGO (Table 3) (Fédération 
Internationale de Gynécologie et d'Obstétrique). 70 to 75% of the endometrial 
cancers are diagnosed at stage I presenting a 5-year survival of 89% (ranging 
from approximately 90% if there is no invasion or if there is invasion less than 
half of the myometrium to 88% if invasion exceeds half of the myometrium). 
The survival drops gradually with higher stages.  
 
Table 3: FIGO staging of the endometrial carcinoma [21] 

FIGO stage 
(2010) 

Definition 5-year survival 
rate [%]* 

IA Tumor is confined to the uterus and invades less 
than half of the myometrium 

90 

IB Tumor is confined to the uterus and invades 
more than half of the myometrium 

88 

II Cervical stroma invasion, but not beyond the 
uterus 

69 

IIIA Tumor invades serosa and adnexa 58 
IIIB Vaginal and / or parametrial involvement of the 

tumor 
50 

IIIC1 Pelvic lymph node involvement of the tumor 
47 IIIC2 Para-aortic lymph node with or without pelvic 

node involvement of the tumor 
IVA Tumor invasion into the bladder and / or bowel 

mucosa 
17 

IVB Distant metastasis including abdominal 
metastasis and / or inguinal lymph nodes 

15 

* according to www.cancer.org [21] 
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Besides staging of colorectal and endometrial cancer, the completeness of 
surgical resection (R stage) and the differentiation of a tumor (G) act as 
prognostic factors. The residual tumor stage indicates if a tumor has been 
completely resected either with histopathologically negative margins (R0) or 
with histologically positive margins (R1). Tumors with incomplete gross 
resection fall into stage R2. The histological grade has been divided into well 
differentiated (G1), moderately (G2), poorly differentiated (G3), or 
undifferentiated (G4). Generally, low grade (G0 and G1) tumors seem to have 
a better prognosis than poorly and undifferentiated (G3 and G4) tumors. As the 
time of cancer detection directly impacts on survival rates, new tools and 
methodologies to detect cancer as early as possible are of high clinical 
importance. 
 
 
1.2.3 Histopathology 

 
More than 90% of colorectal cancers are adenocarcinomas that arise from 
adenomatous polyps. Polyps are common benign tumors that develop from 
normal colonic mucosa. Only a small subset of colorectal cancers imposes as 
carcinoid tumors, epidermoid carcinomas, or sarcomas [22]. Special forms of 
adenocarcinomas are the signet-ring carcinomas. The cells are discohesive, 
secrete mucus and push the nucleus to the periphery. This histologic subtype 
presents with an adverse prognosis [23].  
 
The histopathology of endometrial cancers is highly diverse. The most common 
finding is a well-differentiated endometrioid adenocarcinoma, which is 
composed of numerous small, crowded glands with varying degrees of nuclear 
atypia and mitotic activity. Normally, it has its seeds in an endometrial 
hyperplasia. However, other subtypes of endometrial cancer exist and show a 
less favorable prognosis such as the uterine papillary serous carcinoma and 
the clear cell carcinoma [24]. 
 
 
1.3 GENOMIC (IN)STABILITY 

 
Genetic fidelity in human cells is achieved by the coordinated activity of genes 
and proteins involved e.g. in the cell cycle checkpoint, growth control, DNA 
replication, DNA repair, chromosome segregation during cell division, and 
epigenetic alterations. The sequential process of the accumulation of genetic 
and epigenetic alterations is widely believed to drive the tumor development by 
affecting and regulating the hallmark characteristics of cancer [2]. Although 
genomic stability and instability refers to a broad topic with different definitions, 
this thesis focuses upon the areas of chromosomal instability, gene 
amplifications and deletions, as well as diploidy and aneuploidy. Thereby, the 
DNA content measured by DNA image cytometry characterizes genomic stable 
(diploid) and genomic unstable (aneuploid) cell populations. 
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Normal human cells contain an invariable complement of 46 chromosomes. 
However, about 80% of the sporadic colorectal carcinoma and 20-30% of the 
endometrial cancers are characterized by nuclear gross aneuploidy. This 
aneuploidy can reflect numerical chromosomal aberrations (often between 60 
and 90 chromosomes) and termed chromosomal instability (CIN) which seems 
to be of high impact for tumor development [25-27]. Numerical CIN referred as 
whole CIN (W-CIN) is characterized by the gain or loss of whole chromosomes, 
whereas structural CIN (S-CIN) contains structural abnormalities like 
inversions, deletions, and translocations. Defects of the mitotic spindle 
checkpoint as well as chromosome segregation and transmission control have 
been discussed as mechanisms to cause CIN [28-30]. In colorectal cancer, for 
example, it could be shown that the loss of APC, considered as one gate-
keeper for mitotic progression and sister-chromatid segregation, may also 
drive diploid cells into an aneuploid state [31]. In contrast, in an unselected 
series of 310 colorectal carcinomas stratified according to MSI and DNA 
ploidy, it has been demonstrated that aneuploid specimens contained 
mutations in the p53 gene, whereas tumors with APC mutations revealed no 
associations to ploidy [32]. Other checkpoint components of the APC inhibitory 
complex are BUB1, BUBR1, and MAD1/2. Mutated BUB1, reduction of murine 
BUBR1 expression [33-35], and MAD1/2 overexpression [36, 37] confer CIN in 
diploid cells.  
In contrast to aneuploidy, 15% of colorectal cancers and 70-80% of 
endometrial cancers are diploid. Most of these cell populations are 
characterized by mismatch repair (MMR) deficiency that have resulted in DNA 
replication errors, known as microsatellite instability (MSI). MSI was first 
demonstrated in patients with hereditary nonpolyposis colorectal cancer 
(HNPCC; also known as Lynch syndrome), an inherited cancer syndrome that 
also predisposes for endometrial cancer. The pathway is mainly activated by 
mutation or inactivation of MLH1 and MSH2 genes, but other genes like MSH6, 
PMS1, and PSM2 have been reported to be affected as well [38-40]. If a 
mismatch repair gene becomes mutated, mismatched bases either would not 
be repaired or would be repaired less efficiently.  
 
A third class of epigenetic alterations [CpG island methylator phenotype 
(CIMP)] has been shown to be of importance for the development of genomic 
instability and cancer [41]. The methylation status of a gene is usually inversely 
correlated with gene expression: hypermethylation of gene promoters usually 
results in gene inactivation, whereas hypomethylation activates or reactivates 
gene expression [42, 43]. CIMP-high, CIMP-low and CIMP-negative states can 
be correlated with CIN and MSI values, resulting in a total of five molecular 
colorectal cancer groups [44], but have been not a part of this study. 
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2 AIMS OF THIS THESIS 
 
The aim of this study was to elucidate causes and consequences of genomic 
(in)stability and their association with chromosomal alterations. The correlation 
of protein fingerprints in combination with mass spectrometry and pathway 
analysis might allow gaining new insights into tumorigenesis. This may also 
reveal clinically relevant targets for improved diagnostics and therapeutics by 
the finding of novel relationships with underlying genomic alterations.  
 
 
2.1 SPECIFIC AIMS 

 
• Paper I: Providing a comparative overview of proteomic techniques, 

their advantages and drawbacks for the comprehensive analysis of 
proteins, including both identifications and functional characterizations.  

 
• Paper II: To identify aneuploidy-associated protein expression changes 

and pathways in colorectal cell lines, and to determine whether or not 
differential expression of certain markers could be validated on clinical 
samples. 

 
• Paper III: To evaluate ploidy-associated protein expressions and 

pathways in endometrial cancer tissues of different prognostic 
subgroups. 

 
• Paper IV: To explore the correlation of chromosomal aberration to 

differential gene and protein expression in endometrial cancer. 
 

• Paper V: To elucidate how genomic imbalances affect chromosome-
specific protein expression patterns in particular, and how chromosomal 
aneuploidy dysregulates the proteomic equilibrium of cells in general. 

 
• Paper VI: To identify specific protein signatures of genomic (in)stability 

in clinical tissues of primary colorectal carcinomas using an increased 
protein separation approach. 
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3 MATERIALS AND METHODS 
 
3.1 CLINICAL MATERIAL 

All clinical material was collected either at the Karolinska Hospital, Stockholm 
(Sweden) or at University Hospital Schleswig-Holstein, Lübeck (Germany). 
Samples were acquired in adherence with protocols approved by the local 
Institutional Ethical Review Boards. 
 
3.1.1 Paper II 

For clinical validation of differentially expressed proteins, colorectal carcinomas 
and adjacent normal mucosa of 78 patients were randomly selected from 260 
patients that were part of a cohort of 1,840 patients undergoing surgery for 
colorectal malignancy at the Department of Surgery, University Clinic 
Schleswig-Holstein, Lübeck, Germany, between 1994 and 2007. For the 260 
patients, ploidy measurements were available as published by Gerling et al. [3]. 
Of those, 78 patients were randomly selected for tissue microarray validation. 
This subgroup reflected the same prognostic means as the cohort of the 260 
CRC patients. Subsequent to operation, patients were seen on a regular basis 
in the clinic for post-operative surveillance (overall mean time of surveillance 
was m = 4.74 years; mean surveillance for patients included in survival analysis 
was m = 4.08 years). Patients who underwent neoadjuvant radiotherapy for 
tumors were excluded. Patients matching the Amsterdam II-criteria for the 
hereditary-nonpolyposis-colorectal-cancer (HNPCC) syndrome were also 
excluded [45]. For survival analysis, patients with palliative treatment (R1 
resection) and a survival of <30 days after surgery were excluded. 
 
3.1.2 Paper III 

Endometrial tumor material (n=14) and normal endometrium (n=5) were 
collected after hysterectomies for endometrial cancer or benign affections. 
Collection was performed between 1997 and 2003 after patient consent and 
according to ethical review board approvals at the Karolinska Hospital, 
Stockholm, Sweden. Immediately after resection, tumor cells were harvested 
from the surface of the tumor and normal epithelium by scalpel scraping of 
normal, adjacent endometrium [46]. Briefly, scraped cells were transferred into 
2-5 mL ice-cold RPMI-1640 medium containing 5% fetal calf serum and 0.2 
mM phenylmethylsulfonyl-fluoride / 0.83 mM benzamidine. This was followed 
by aspiration and squirting steps with a syringe and a 29-gauge needle to 
preferentially release the tumor cells, which are less attached to each other 
than the connective-tissue cells. A two-phase nylon filter (pore sizes of 250 and 
100 µm) was used to catch remaining stromal components and to allow the 
passage of the tumor cells. These enriched cell suspensions, underlaid with 2 
mL ice-cold Percoll (54.7% in PBS), were centrifuged at 1000 rpm for 10 min at 
4°C. Cells at the interface were collected and washed twice with PBS. This 
technique supplied a high percentage of representative cells for analysis.  
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After preparation, each sample was quality checked by comparison of Giemsa-
stained smears with histological slides. Only samples consisting of more than 
95% tumor cells were used. Histopathological characterization was carried out 
using hematoxylin-eosin-stained sections of formalin-fixed and paraffin-
embedded specimens. 
 
3.1.3 Paper IV 

Fresh tumor material was collected from women who underwent hysterectomy 
for endometrial cancer at the unit of Gynecology, Karolinska University 
Hospital, Stockholm, Sweden, between 1997 and 2003. Carcinomas were 
diagnosed on hematoxylin-eosin stained tissue sections and graded according 
to the FIGO classification [47]. Patients treated with neoadjuvant radiotherapy 
were excluded. A total of 25 endometrioid carcinomas and eight papillary 
serous carcinomas (UPSCs) were randomly selected for ploidy assessment as 
well as genomic and transcriptomic characterization. After surgery, clinical 
tissues were first used for touch preparation slides for ploidy assessment and 
then snap frozen until further processing. In addition, paraffin-embedded 
specimens of the same tumors were used for histopathology and 
immunohistochemistry. 
 
3.1.4 Paper VI 

For 2-DE experiments, diploid colorectal carcinomas (n=6), aneuploid 
colorectal carcinomas (n=8) and adjacent normal mucosa (n=7) were selected 
from patients undergoing surgery for colorectal malignancy at the University 
Clinic Schleswig-Holstein, Campus Lübeck, Germany, between 1994 and 
2010. Patients with neoadjuvant radiotherapy for colorectal tumors, with 
palliative treatment (R1 resection) and a survival of less than 30 days after 
surgery were excluded. Clinical material was collected from surgically removed 
tissue adhering to guidelines of the local ethical review board. Prior to storage 
in nitrogen, imprints of carcinoma tissue were obtained and used for 
subsequent nuclear DNA content measurements by image cytometry. In 
addition, paraffin-embedded specimens of all samples were used for 
hematoxylin-eosin stained sections in routine histopathology. To ensure a 
tumor cell representativeness of >70%, hematoxylin-eosin stained 5µm 
sections of the front and back end of the tumor sample was reviewed by a 
pathologist. We developed a modified extraction method based on the AllPrep-
mini kit (Qiagen, USA) in order to simultaneously extract also DNA and RNA 
with the proteins out of the same cells. The extracted proteins were dissolved 
in lysis buffer and were stored at -80°C. 
 
3.2 CELL LINES 
3.2.1 Paper II 

The human colorectal cancer cell lines DLD-1, HCT116, LoVo, COLO 201, HT-
29, T84, and Caco-2 were purchased from ATCC-Promochem®

 and cultured 
according to the manufacturers’ recommendations (http://www.lgcstandards-
atcc.org/) to a confluency of 80%.  
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All mediums were supplemented with 1% (v/v) antibiotics (penicillin and 
streptomycin (PAA Laboratories GmbH, Austria)) and 5 – 20% (v/v) unheated 
fetal bovine serum (PAA Laboratories GmbH, Austria). Culture conditions for all 
cell lines were 37°C with 5% CO2, except for DLD-1, LoVo, and COLO 201 that 
required no CO2. 
For protein expression analysis cell cultures were prepared in lysis buffer [5 
mM sodium diphosphate (Na4P2O7), 100 µM sodium orthovanadate (Na3VO4), 
5 mM sodium fluoride (NaF), 830 µM benzamidine, 1 µg/ml aprotinin, 1 µg/mL 
leupeptin, and 1.74 µg/mL phenylmethylsulfonyl-fluoride (PMSF)]. Briefly, after 
washing the cells twice with pre-chilled 1x PBS (4°C), the cells were scraped 
off into 2.5 mL of ice-cold lysis buffer per T-175 flask. The cell solution was 
transferred to a preweighted Eppendorf tube and was centrifuged at 2,000 rpm 
for 3 min at 4°C. The pellet was dissolved in 1 mL of lysis buffer and re-
centrifuged at 5,700 rpm for 5 min at 4°C. After discarding the supernatant, the 
wet weight (WW) of the pellet was determined and each pellet was thawed on 
ice and resuspended in 1.89 µl Milli-Q water per mg WW (1.89 x WW µL). The 
suspension was frozen and thawed four times. A volume of 0.089 x WW µl 
10% SDS, including 33.3% mercaptoethanol, was mixed with the sample and 
incubated 5 min on ice with 0.329 x WW µL of a solution of DNase I (0.144 
mg/ml 20 mM Tris-HCl with 2 mM CaCl2 x 2 H2O, pH 8.8) and RNase A 
(0.0718 mg/ml Tris-HCl). The sample was frozen and lyophilized. Sample 
buffer including 9 M urea, 0.15 mM PMSF, 0.5% Nonidet P-40, 0.36 mM 2,6-di-
butyl-4-methylphenol (BHT), 25 mM 3-(3-chloramidopropyl)-dimethylammonio-
1-propanesulfonate (CHAPS), 1 M EDTA, 0.5 mM benzamidine and 65 mM 
dithiothreitol (DTT) was added carefully, stirred for 3 h, and centrifuged for 15 
min at 10,000 rpm to remove insoluble material. Samples were stored at -80°C 
prior to protein determination. 
 
3.2.2 Paper V 

For microcell-mediated chromosome transfer (MMCT), a diploid colorectal 
cancer cell line, DLD-1, was purchased from ATCC-Promochem® and cultured 
in the recommended medium. The recipient cell line was first tested for the 
optimal concentration of G418 (Geneticin; Invitrogen, USA) as published by 
Upender et al. [48]. Protein extraction was carried out as described above 
(Paper II). 
 
3.3 METHODS 
 
3.3.1 DNA image cytometry 

Genomic instability was assessed by nuclear DNA ploidy measurements by 
means of image cytometry using Feulgen stained cytospins (cell lines) and 
imprints (clinical specimens). The staining procedure, internal standardization, 
and cell selection criteria were based on methods described [49]. At least 500 
nuclei per cell line and clinical sample were selected interactively and the DNA 
content was measured quantitatively using the ACAS imaging system (Ahrens 
ACAS, Germany).  
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All DNA values were expressed in relation to the corresponding staining 
controls (lymphocytes), which were given the value 2c, denoting the normal 
diploid DNA content. The DNA profiles were classified according to Auer 
(Figure 2). Histograms characterized by a single peak in the diploid or near-
diploid region (1.5–2.5c) were classified as type I. The total number of cells 
with DNA values exceeding the diploid region (>2.5c) was <10%. Type II 
histograms showed a single peak in the tetraploid region (3.5–4.5c) 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 (>4.5c) 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 
region. Only a few cells (<5%) showed more than 4.5c. 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 (>4.5c) reflecting aneuploid populations of colon mucosa 
nuclei with decreased genomic stability. All DNA histograms were evaluated by 
three independent investigators who were unaware of the clinical and 
histopathological data of the patients. 
 

 
3.3.2 Comparative genomic hybridization 

Comparative genomic hybridization (CGH) is based on a quantitative two-color 
fluorescence in situ hybridization [50, 51]. It allows the identification and 
mapping of DNA copy number changes in tumor genomes. Karyograms 
visualize gains and losses of specific DNA as a result of the CGH analysis.  
 
 

Figure 2: DNA histogram types according to the Auer classification. While DNA histograms of types I, II, and III
characterize euploid cell populations, type IV histograms reflect aneuploid populations with decreased genomic stability.
Displayed are number of cells (y-axis) and DNA content (x-axis).
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Reference or control DNA isolated from an individual with a normal karyotype 
and test DNA e.g. from a diploid or aneuploid tumor are differentially labeled 
with reporter molecules (usually green for the tumor genome and red for the 
reference genome), hybridized to reference human metaphase spreads and 
subsequently visualized with different fluorochromes. Using quantitative image 
analysis, regional differences in the fluorescence ratio of gains/losses versus 
control DNA can be detected and used for identification of abnormal regions in 
the genome: A gain of a certain chromosome in the tumor would be reflected 
by an intense green staining on the respective chromosome, a loss by an 
intense red staining. 
The CGH experiments for the presented studies were conducted as follows. 
DNA was extracted from fresh frozen tissue using TRIzol reagent (Invitrogen, 
USA) according to the manufacturers’ protocol. The extracted DNA was 
labeled by nick-translation using biotin-11-dUTP (Boehringer Mannheim, USA). 
Genomic DNA from cytogenetically normal individuals was labeled with 
digoxigenin-12-dUTP (Boehringer Mannheim, USA) as a control. Hybridzation 
was performed on karyotypically normal metaphase chromosomes using an 
excess of Cot1-DNA (GIBCO BRL, USA). The biotin labeled sequences were 
visualized with avidin-fluorescein isothiocyanate (Vector Laboratories, USA) 
and the digoxigenin-labeled sequences were detected with a mouse-derived 
antibody against digoxigenin (Sigma-Aldrich, USA). Detailed protocols can be 
retrieved from http://www.riedlab.nci.nih.gov. Fluorescence intensity ratio plots 
were generated using Leica CW4000 Karyo V1.0 software (Leica Imaging 
Systems, UK). Interpretation of changes at 1pter, 16, 19, and 22 required 
careful examination because these loci are prone to artifacts due to the high 
proportion of repetitive sequences. CGH profiles of individual cases as well as 
the summary display of all cases can be found at 
http://www.ncbi.nlm.nih.gov/sky/skyweb.cgi.  
 
3.3.3 Gene expression micro-arrays 

 
A DNA microarray is a collection of microscopic DNA spots attached to a solid 
surface. DNA microarrays are utilized to measure the expression levels of large 
numbers of genes simultaneously or to genotype multiple regions of a genome. 
The technique is based on a quantitative two-color fluorescence in situ 
hybridization and has been successfully used to identify differentially expressed 
genes in clinical research [52, 53].  
Total RNA was extracted using TRIzol (Invitrogen, USA) followed by Qiagen 
RNeasy column purification (Qiagen, USA). All samples were hybridized 
against the universal human reference RNA (Stratagene, USA) using a slightly 
modified protocol from Hedge and colleagues [54]. Extraction and hybridization 
protocols used can be viewed in detail at http://www.riedlab.nci.nih.gov. 
In brief, 20 μg of total RNA was reverse-transcribed using random primers and 
converted into cDNA using reverse transcriptase. After incorporation of 
aminoallyl-conjugated nucleotides, the RNA was indirectly labeled with Cy3 
(tumor RNA) and Cy5 (reference RNA, Amersham, USA).  
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Each sample was hybridized against the reference RNA in a humid chamber 
(ArrayltTM Hybridization Cassette, TeleChem Intl., USA) for 16 hs at 42ºC, 
washed, and scanned by the Axon GenePix 4000B Scanner (Axon 
Instruments, USA). 
The amount of labeled cDNA that hybridizes with its target cDNA clone on the 
array is proportional to its abundance in the original sample. Thus, the signal of 
each spot is proportional to the concentration of the corresponding mRNA in 
the sample: if a gene is equally expressed in both the reference and the tumor 
genome, the observed fluorescence is a blend of an equal contribution of red 
and green fluorescence. A higher gene expression in the tumor is thus 
reflected by a more intense green staining. Signal intensities are normalized 
and expression levels calculated in comparison to the reference RNA.  
We used customized arrays obtained from the National Cancer Institute’s 
microarray core facility. Arrays were used from one print batch and composed 
of 9,128 cDNAs denatured and immobilized on a poly-L-lysine-coated glass 
surface. The gene annotation file used (Hs-UniGEM2-v2px-32Bx18Cx18R.gal) 
can be found at the facilities website http://nciarray.nci.nih.gov. GenePix 
software version 4.0.1.17 was used to apply the GAL file through an interactive 
gridding process. All images of the scanned microarray slides were 
meticulously inspected for artifacts. Empty spots, aberrant spots and slide 
regions were flagged for exclusion from analyses [55]. 
 
3.3.4 Two-dimensional gel electrophoresis 

 
Two-dimensional gel electrophoresis (2-DE) is commonly used to analyze and 
separate complex mixtures of intact proteins [10]. 2-DE couples isoelectric 
focusing (IEF) in the first dimension with SDS-polyacrylamide gel 
electrophoresis (PAGE) in the second dimension and enables the separation of 
proteins according to their individual charge (isoelectric point, pI) and mass. 
Depending on the gel size and pH gradient used, 2-DE can resolve up 10.000 
proteins simultaneously, and can detect <1 ng protein per spot. Furthermore, it 
delivers a map of intact proteins which reflects changes in protein expression 
level, isoforms or post-translational modifications. Proteins of interest can be 
extracted from the gel and subsequently identified by mass spectrometry 
(Figure 3).  
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Protein concentrations of all sample extracts were determined in 
quadruplicates using 96-well microplates by addition of 25 µL concentrated 
Bio-Rad assay (Bio-Rad, USA) to 1 µL solubilized sample diluted in 100 µL 
Milli-Q water [56]. A standard curve was constructed using different 
concentrations of bovine serum albumin. Plate reading was performed with a 
Multiscan reader (Labsystems, USA). After protein quantification, 2-DE was 
performed for all samples as described [57, 58]. Briefly, samples were diluted 
with rehydration buffer containing 7 M urea, 2 M thiourea, 1% CHAPS, 0.5% 
immobilized pH gradient (IPG) buffer, 0.3% DTT and a trace of bromophenol 
blue. For Paper II – V, 75 µg of each sample was diluted in 300 µL 
rehydration buffer and applied to precast immobilized pH gradient strips 
(IPG), IPG 4–7 linear, 17 cm (Bio-Rad, USA). For Paper VI, 150 µg of protein 
extract were applied on 24cm IPG strips. The isoelectric focusing (IEF) was 
performed in a Protean IEF cell (Bio-Rad, CA, USA) at 20°C, reaching 
approximately 55,000 Vhs. After isoelectric focusing, the strips were 
equilibrated for 2 x 15 min with 50 mM Tris-HCl, pH 8.8, in 6 M urea, 30% 
glycerol and 2% SDS. DTT (2%) was included in the first and iodoacetamide 
(2.5%) in the second equilibration step to reduce S–S bonds and alkylate-free 
thiols. Vertical (Paper II – V) and horizontal (Paper VI) systems were used for 
second-dimension gel electrophoresis. The gels were either run overnight at 
constant 100 V to reach 2,000 Vhs in the vertical system (Paper II – V) or at 
constant 40 mA per gel to reach 3,300 Vhs in the horizontal approach (Paper 
VI). For image analysis, gels were stained with silver nitrate, imaged using a 
flatbed densitometer, and were further analyzed by the PDQuest 2-DE 
analysis software (Bio-Rad, USA) or Progenesis SameSpots software 
(Nonlinear Dynamics, USA, Paper VI). The analysis included protein spot 
detection, background subtraction, and quantification. 

Figure 3: Typical workflow of the two-dimensional gel electrophoresis (2-DE). 



 

18 

 
3.3.5 Matrix-assisted laser desorption ionization mass spectrometry 

 
Matrix-assisted laser desorption/ionization (MALDI) is an ionization technique, 
allowing the analysis of e.g. proteins and peptides. The ionization is triggered 
by a laser beam that acts as an intermediary for the co-desorption and 
ionization of sample and matrix. The ions are accelerated in an electrical field 
and enter a field-free drift tube. The mass-related time of flight is detected and 
the analogue signal converted and digitalized. The experimentally generated 
masses are compared to a set of mass profiles in a protein database. 
Protein spots of interest were excised manually from silver stained gels, de-
stained, whereupon trypsin was added [80 ng in an appropriate volume of 50 
mM ammonium bicarbonate / 10% acetonitrile (ACN)] and incubation was 
carried out at 30°C overnight. Digestion was stopped by acidification with 
trifluoroacetic acid (TFA) and resulting peptides were diluted with 20 µL 0.1% 
TFA. For matrix-assisted laser desorption/ionization (MALDI), the peptide 
extracts were concentrated and desalted with µC18 ZipTips (Millipore, MA, 
USA) by siphoning about ten times and washing twice with 15 µL 0.1% TFA. 
The tryptic fragments were eluted to the MALDI target with 75% ACN/0.1% 
TFA, containing half-saturated alpha-cyano-4-hydroxy cinnamic acid as matrix 
and analyzed by matrix-assisted laser desorption/ionization time of flight mass 
spectrometry (MALDI-ToF–MS) in an Ultraflex III TOF/TOF instrument (Bruker 
Daltonics, Germany). MALDI-ToF mass spectrometry-produced peptide mass 
fingerprints were analyzed using the flexAnalysis v2.4 software (Bruker 
Daltonics, Germany). Database searches were carried out with the software 
package ProFound (http://prowl.rockefeller.edu) in the non-redundant protein 
database of the National Center for Biotechnology Information (NCBInr). 
‘‘Mammalia’’ was chosen for the taxonomic category. All peptide masses were 
assumed to be monoisotopic and [M + H]+ (protonated molecular ions). The 
search parameters included carbamidomethylation of cysteine as fixed 
modification, and oxidation of methionine as variable modification. One missed 
trypsin cleavage was allowed. Internal calibration was achieved by analysis of 
autolytic trypsin cleavage products resulting in an accuracy of ±0.04 Da. 
Judgment of significance was based on the expectation value, number of 
matching peptide masses, and agreement between experimental and 
theoretical physical properties of the proteins. 
 
3.3.6 Liquid chromatography tandem electrospray ionization mass 

spectrometry 

 
Liquid chromatography (LC) can be regarded as the separation of components 
of a mixture based upon the rates at which they elute from a stationary phase 
typically over a mobile phase gradient. Different affinities of the mixture 
components for the stationary and mobile phases lead to their separation. We 
have coupled LC with electrospray ionization (ESI).  
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In an electrospray interface, the ions are formed from the liquid phase by 
ejection from shrinking charged droplets. The multiply charged ions enter the 
analyzer to be separated by their individual mass-to-charge ratio.  
For electrospray ionization mass spectrometry, picked protein spots were 
processed and digested with trypsin using a robotic protein handling system 
(MassPREP, Waters, USA). Peptides were extracted with 30 µL 5% formic acid 
/ 2% acetonitrile, followed by extraction with 24 µL 2.5% formic acid / 50% 
acetonitrile. Tryptic fragments were analyzed using a quadrupole time-of-flight 
mass spectrometer (Q-TOF Premier API, Waters, USA) with a standard Z-
spray source coupled to a Waters nanoAcquity system. The eluate from the 
CapLC system was electrosprayed using a PicoTip EMITTER (SilicaTip, New 
Objective Inc., USA). Samples were desalted with a Waters Symmetry C18 
column using 100% water / 0.1% formic acid with a flow rate of 15 µL/min. 
Peptides were then separated on the analytical column (BEH C18, Waters, 
USA) with a solvent system of 100% water / 0.1% formic acid (solvent 1) and 
100% acetonitrile / 0.1% formic acid (solvent 2). Finally, the columns were 
washed for 30 min with a linear gradient of 3-60% solvent 2 at a flow rate of 
300 nL/min. The capillary voltage was 2.3 kV, the cone and the extraction cone 
energy voltage was 40 and 2.5 V, respectively. The collision gas was argon. 
Multiply charged ions were selected for collision-induced dissociation using 
automated switching between MS and MS/MS modes. DDA (Data Dependent 
Acquisition) was used over a mass range of 300-2,000 m/z with a scan time of 
1 min. The collision energy was automatically alternated between 25 to 45 eV 
depending on the mass and charge states for MS/MS. Data analysis was 
performed using PLGS 2.3 (ProteinLynx Global SERVER 2.3, Waters, USA) 
software and MassLynx peptide sequence software (version 4.0, Waters, 
USA). 
 
3.3.7 Ingenuity pathway analysis 

 
We used Ingenuity Pathways Analysis (IPA) software (www.ingenuity.com) to 
assess the involvement of differentially expressed proteins in pathways and 
networks. IPA is a widely utilized comprehensive database and software based 
on the Ingenuity Pathways Knowledge Base (IPKB) [59, 60]. The term 
‘‘pathway’’ is used to refer to canonical pathways that annotate genes or 
proteins of interest to known metabolic or signaling cascades as described in 
the Kyoto Encyclopedia of Genes and Genomes (KEGG, 
www.genome.jp/kegg). Networks, however, are dynamically generated by IPA 
as groups of proteins that interact with a defined protein of interest, i.e., in our 
analysis differentially expressed proteins and genes. IPA networks can include 
several genes or proteins and can also allow identification of indirect 
interactions between targets of interest. Thus, the uploaded proteins and genes 
of interest are used to map molecular networks that indicate how these may 
influence each other above and beyond already known interaction maps as 
derived from, e.g., KEGG pathways. The IPA generated networks are ranked 
using a score that is calculated as the negative logarithm of the P value.  
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This P value indicates the likelihood of the proteins of interest being found 
together in a common network due to random chance. A score greater than or 
equal to “5” was considered to reflect a significant network. Proteins that were 
identified from at least two protein spots and showed a non-homogenous up- or 
down-regulation between groups because of possible post-translational 
modifications were excluded from pathway analysis. 
 
3.3.8 Western blotting 

 
The Western blot (WB) is a widely used analytical technique used to detect 
specific proteins in a given sample. It uses gel electrophoresis to separate 
denatured proteins by the length of the polypeptide. The proteins are then 
transferred to a membrane (typically nitrocellulose or PVDF), where they are 
probed using antibodies specific to the target protein. 
Selected proteins based on the experiments were analyzed further using 
commercially available antibodies. A total of 15 µg of cell lysate was resolved 
by electrophoresis on a 7.5% or 16% SDS polyacrylamide gel (150 V) in a 
running gel buffer containing 25 mM Tris base, 192 mM glycine, and 0.1% 
SDS. The samples were transferred to PVDF membranes for 80 min, at 
150 mA. In order to control the protein transfer, each membrane was reversibly 
stained by Ponceau red. The membranes were then blocked for 60 min in 5% 
dry milk and were incubated overnight with primary antibodies (1 µg/mL). Beta-
actin monoclonal antibody (Mouse monoclonal, Abnova, Taiwan) was used as 
a loading control. After incubation of membranes with secondary antibody final 
visualization was carried out with the ECL kit (Bio-Rad, USA). Densitometric 
analysis was performed using QuantityOne software version 4.5.2 (Bio-Rad, 
USA). 
 
3.3.9 Tissue microarray based immunohistochemistry 

 
Tissue microarrays (TMA) are produced by a method of re-locating tissues 
from conventional histologic paraffin blocks. This is done by using a needle to 
biopsy a standard histologic paraffin block and placing the core into an array on 
a recipient paraffin block. Using this method, an entire cohort of cases can be 
analyzed by staining just one or two master array slides, instead of hundreds of 
conventional slides harboring just one single patient specimen. Thus, TMAs 
provide a rapid, cost- and time-efficient method of improved inter-case 
immunohistochemistry comparability.  
Based on ploidy status assessment of 260 colorectal cancer specimens 
described earlier [3], tissues of 31 diploid and 47 aneuploid colorectal 
carcinomas were selected as well as 19 adjacent normal mucosa specimens. 
In this cohort, aneuploid colorectal cancers are presented with an inferior 
survival (p = 0.004, Figure 4). 
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All tissues were implemented into a tissue microarray as described [61, 62]. 
The TMA was constructed using a semi-automated arrayer (TMArrayer, 
Pathology Devices, USA). For an overview of the TMA set-up, see (Figure 5). 
 

 
 

Figure 4: Kaplan-Meyer 5-year survival curves of diploid (blue) and aneuploid (red) colorectal carcinoma
patients included on the TMA 

Figure 5: (a) Example of a diploid and aneuploid DNA histogram type according to Auer (b) TMA set-up of
clinical colorectal carcinomas and adjacent normal mucosa samples for immunohistochemistry evaluation.
Blue or red “N” highlights normal adjacent tissue of diploid (blue) and aneuploid (red) tissue. X denotes unrepresentative
tissue samples not used for statistical analysis.
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After construction of the array block, a hematoxylin-eosin stained 5µm section 
was reviewed by a pathologist. For immunohistochemical analysis, 5µm thick 
sections were cut, heated to 60°C, deparaffinized and rehydrated. The sections 
were blocked with peroxidase twice for 10 min with peroxidase blocking 
reagent (DAKO, Denmark). Sections were incubated with primary antibodies 
against HDAC2 (monoclonal, GeneTex Inc., USA, diluted 1:150), CAPZA1 
(polyclonal, ProteinTech Group Inc., USA, diluted 1:20), and TXNL1 
(monoclonal, Abnova corporation, USA, diluted 1:125) overnight at 4°C. 
Staining was performed using the Strpt-ABComplex/HRP kit (DAKO, Denmark) 
and the peroxidase-specific substrate 3-amino-9-ethylcarbazole (DAKO, 
Denmark) according to manufacturer instructions. Immunopositivity of epithelial 
cells for each marker protein was assessed semi-quantitatively as follows: 0, 
negative (no cells stained); 1, weakly positive (< 20% of cells stained); 2, 
moderately positive (20–50% of cells stained); or 3, strongly positive (> 50% 
cells stained). For CAPZA1 cytoplasmic staining was analyzed, for TXNL1 and 
HDAC2 nuclear staining. All stains were scored by three independent 
observers (T.G., T.B., J.K.H.) being unaware of sample assignments to ploidy 
group and clinical data. Inter-observer variability was measured using Kappa 
statistics. 
 
3.4 STATISTICAL ANALYSIS 

 
3.4.1 Paper II 

 
2-DE protein expression data were pre-processed by log transformation and 
replacement of missing values with the aid of two different approaches. On the 
one hand, a missing value was substituted by the mean value of both 
remaining technical replications. On the other hand, a missing value was 
replaced with the minimum of all observed expression values. In order to 
measure agreement between replications Bland-Altman plots were computed 
[63]. Based on the data pre-processing described above, two independent 
down-stream analyses were performed. First, an analysis of variance (ANOVA) 
with repeated measurements was calculated to determine the effect of ploidy, 
the replicate and their interaction on the observed expression value. Proteins 
with a p-value for ploidy < 0.05 and a p-value > 0.05 for the interaction term 
were selected for mass spectrometry. Second, a random forest approach was 
used to classify cell lines as diploid or aneuploid [64]. This machine learning 
method ranks the protein spots according to their importance for classification. 
Variable importance was calculated using two methods based on the Gini 
index and permutation, respectively. In order to select the most important 
proteins, an iterative variable selection procedure was applied [65]. At each 
iteration, half of the variables with low importance scores were discarded and a 
new forest was built followed by re-estimation of variable importance. Only the 
most important variables based on the final forest with 25 variables were used 
for MS. Fold change was calculated as a ratio of the exponentiated weighted 
mean of median expression values in aneuploid over diploid cell lines.  
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For analysis of Western Blot data, one-sided t-tests were calculated with 
alternative hypotheses based on observed expression differences in 2-DE gel 
data. 
Inter-individual observer agreement for TMA data was analyzed by overall 
agreement and kappa coefficients [66]. Inconclusive samples were excluded 
from further analyses. One-sided exact Fisher tests were used for comparison 
of aneuploid and diploid tumors. According to observed protein expression 
differences in 2-DE gels, hypotheses were defined for Western blot analysis. 
Cut-offs for grouping expression values into two categories were selected 
based on minimal p-values. Survival curves were estimated by Kaplan-Meier 
and a log-rank test was calculated to compare survival in patients with 
aneuploid and diploid tumors. Patients that died within 30 days or received a 
palliative treatment were excluded. For each test a significance-level of 5% was 
used. Because of the explorative study design, p-values were not adjusted for 
multiple comparisons. All statistical analyses were performed using the 
statistical software package R version 2.9.1. 
 
3.4.2 Paper III 

 
Only protein spots that showed expression in at least 50% of the samples 
within each ploidy group were used for statistical analyses by Welch t-tests for 
unequal variances to compare protein expression in four analytical sets, i.e. 
those of 1: normal endometrium versus diploid endometrioid cancer, 2: diploid 
versus aneuploid endometrioid cancer, 3: aneuploid endometrioid cancer 
versus aneuploid UPSC and 4: diploid endometrioid cancer versus aneuploid 
UPSC [67]. For the pairwise comparison the significance level was set to 0.001 
whereas 0.01 was used for the remaining tests due to low sample size. To 
detect proteins with increasing or decreasing expression from normal 
endometrial versus tumor tissues, an exact version of the Jonckheere-Terpstra 
test was applied at a significance level of 0.001. Fold change was calculated as 
logarithmized means of each group. Principal component analysis (PCA) was 
used to discriminate normal mucosa and carcinomas with the software 
package R version 2.10.1 for statistical analyses with R packages clinfun 
version 0.8.10 (Jonckheere-Terpstra test) and FactoMineR version 1.14 (PCA). 
 
3.4.3 Paper IV 

 
The degree of genomic instability status in the three groups (diploid 
endometrioid, aneuploid endometrioid, aneuploid UPSC) was compared with 
metric parameters [stemline, SSI, average number of chromosomal alterations 
(ANCA), average number of regional amplifications (ANRA)] using ANOVA 
test. The threshold of significance was set to p < 0.05. 
Microarray quality assessment and data analysis were carried out after 
discarding arrays that did not pass our visual quality filtering.  
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A total of 13 diploid endometrioid, nine aneuploid endometrioid, and seven 
UPSC malignancies could be processed for further analysis. All spot values 
that did not meet the following quality controls were deleted: 

1. Number of saturated pixels in signal (F) is greater than 20%. 
2. Diameter of a spot is less than 50 pixels. 
3. Spot is not detected. 
4. Number of pixels is less than 40. 
5. Both test and reference median intensities below 100. 
6. Percentage of the pixels not above background is below 40% for either 
channel. 

Intensity ratios of the remaining spots were calculated using the background 
corrected median intensities that were normalized with the locally weighted 
scatter plot smoother (LOWESS) algorithm for each print-tip group. The fraction 
of data points used in the local regression (f) was 0.2 and other parameters 
were adjusted as suggested by Cleveland [68]. The value of f was determined 
using self versus self experiment. All within-slide normalized ratios were log-
transformed (natural base). A total of 4,995 genes were identified that did not 
show any missing values across all samples. Out of those 4,995 genes, 
differentially expressed genes were identified with pair-wise analysis: diploid 
endometrioid- versus aneuploid endometrioid-cancer, aneuploid endometrioid-
cancer versus aneuploid UPSC and diploid endometrioid-cancer versus 
aneuploid UPSC. In order to produce a robust gene list, we used two methods 
and chose genes only when they appeared in both tests.  
First, we conducted the Wilcoxon rank-sum test with a permutation test so that 
if the p-value between the two groups was below 0.05, the values were 
randomly labeled into these two groups and the p-value was computed and 
repeated 10,000 times. All cases where the p-value using permuted labels was 
under 0.05 were summed and divided by the total number of permutations 
(10,000). This p-value denotes the probability that a gene had a smaller or 
equal significance by random permutation than the original significance as 
described earlier [69]. Genes having p-value below 0.05 were considered to be 
differentially expressed.  
Second, we utilized a step-wise gene selection procedure [70, 71]. The basic 
idea is to add genes one by one to a set of genes that discriminates two 
classes the best using Fisher’s linear discriminant. The step-wise procedure 
was stopped if the weight (that marks the separation of the ratios between two 
classes) was less than 0.001.  
Finally, we took an intersection of the genes that were statistically significant 
using Wilcoxon test and also identified with the step-wise gene selection 
procedure. 
 
3.4.4 Paper V 

 
Expression data were analyzed using the statistical software package R 
version 2.6.1. Initially, data were normalized by using the logarithm. Bland-
Altman plots were than considered for quality control [63].  
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In order to compare expression values of proteins between the modified cell 
lines and the reference line, student’s t-tests were calculated to determine the 
effect of the additional chromosome. In general, for testing of statistical 
hypotheses the type 1 error rate was set to 1%. Due to the explorative study 
design p-values were not adjusted for multiple comparisons. 
 
3.4.5 Paper VI 

 
Scanned TIFF images were compared using Progenesis SameSpots software 
(Nonlinear Dynamics, USA) for detection of significantly regulated spots. The 
software was programmed to select significant spots, ANOVA with p < 0.05 
and cutoff spots significantly equal to/or higher than 0.8 power. 
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4 RESULTS AND DISCUSSION 
 
4.1 PAPER I 

 
Current clinical practice in colorectal cancer screening comprises instrumental 
and clinical examination, the detection of fecal occult blood (FOBT) and 
colonoscopy. An intriguing possibility for early cancer detection would be 
possible if biomarkers would indicate malignancy properties already at early 
disease stage, preferentially in a minimally-invasive fashion. The high variability 
of protein expression, however, complicates the clinical application of 
“proteomics” which is understood as the comprehensive analysis of proteins 
including their identification and functional characterization. This comparative 
work provides an overview of SELDI-TOF mass spectrometry (MS), its 
advantages and drawbacks and shows advantages and disadvantages of other 
techniques used for expression analysis of proteins like two-dimensional gel 
electrophoresis (2-DE), matrix-assisted laser desorption ionization time-of-flight 
(MALDI-TOF) MS, and liquid-chromatography combined with tandem MS (LC-
MS/MS). A current literature overview of colorectal cancer based on serum 
biomarker detection is included as well. 
The PUBMED database search was carried out in order to identify relevant 
studies based on the terms “colorectal cancer”, “colon cancer”, “SELDI-TOF”, 
“serum”, and “biomarker”. For down-selection, additional requirements, e.g. 
examination of controls and cases, sample sizes of more than 40, and 
information about storing temperature, needed to be fulfilled. 
The majority of the studies presented show little or insufficient details on quality 
management of samples. Quality management of samples affords strict 
standard operation procedures (SOPs) regarding patient inclusion/exclusion 
criteria, ethical permission and informed consent, sample collection, sample 
processing, and sample storage until further use. In our experience and in light 
of other reports, sample preservation at temperatures of at least -80°C is 
recommended even though it has been well recognized that some biomarkers 
may continuously degrade during storage even at −80°C [72-76]. Thus, if 
stability of markers to be tested are not known or in case of screening studies 
for novel markers, sample storage in liquid/gaseous nitrogen (-196°C) should 
be a prerequisite for any downstream analyses in the future. In addition, short- 
and long-term storage temperature, freeze and thaw cycles and storage 
duration should be monitored and/or examined since expression and 
degradation level of the protein may change and thus compromise clinical 
applicability. Thus, the quality of the sample operating procedures will directly 
impact on the quality and validity of the biomarker’s result and its ultimate 
applicability to the patient. Additionally, in order to transfer the findings of new 
biomarker into the clinic, more emphasis should be given on the validation 
using clinically applicable techniques such as Enzyme-linked 
Immunoabsorbent Assay (ELISA) and Electrochemiluminescence 
Immunoassay (ECLIA) in independent and large sample cohorts.  
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4.2 PAPER II 

 
Colorectal carcinomas are the third most common malignancies in the Western 
World. Despite screening programs more than 50% of these tumors are 
detected at advanced stages. Late diagnosis results in a significant reduction of 
average survival times. About 80% of the sporadic colorectal carcinomas are 
characterized by gross aneuploidy which seems to be of high impact for 
colorectal cancer development. Against this background, the aim of the study 
was to detect aneuploidy-associated proteins with therapeutic and/or 
prognostic value for clinical application in colorectal cancer. 
DNA ploidy was assessed for seven colorectal cancer cell lines resulting in 
three diploid and four aneuploid ones in accordance with the Auer classification 
[49]. For constituting the tissue microarray for clinical validation of identified 
biomarkers, 31 diploid and 47 aneuploid samples from a larger cohort of 260 
colorectal cancers that were all assessed by image cytometry were selected. In 
total, comprehensive protein profiling by means of two-dimensional gel 
electrophoresis and subsequently PDQuest-based imaging of the gels detected 
between 978 and 1,432 spots within a single gel resulting in an average of 
1,200 protein spots per gel. A match-rate of 73% was achieved. Two 
independent statistical analyses (ANOVA, random forest) revealed 64 
differentially expressed protein spots between the diploid and aneuploid cell 
lines. All spots were subjected to mass spectrometry and of these, 26 proteins 
were identified by scanning the latest version of NCBI’s sequence database 
with the mass data obtained. In relation of the aneuploid to the diploid cell lines, 
eight proteins were higher and 18 lower expressed. 
Identified proteins were subjected to IPA. The majority of these proteins 
interacted in two overlapping high-ranked IPA networks: IPA network 1 (score 
32) was associated with Cellular Assembly and Organization, Cellular Function 
and Maintenance with an involvement of the differentially expressed protein 
HDAC2 in the canonical pathways of the cell cycle and NFκB signaling. The 
second network reached a score of 23 and showed functions of Infection 
Mechanism, Cell Cycle, and Cellular Growth and Proliferation. Network 
proteins showed cancer-associated functions of Cellular Assembly and 
Organization, Cell-To-Cell Signaling, and Cell Death (p < 0.00001 to p = 
0.0481) (Figure 6).  
Based on IPA analysis, fold changes, molecular functions, and availability of 
antibodies, six proteins were selected for downstream analysis by Western 
blotting. Differential expression for three out of six proteins, namely thioredoxin-
like 1 (TXNL1), capping protein muscle Z-line alpha 1 (CAPZA1), and histone 
deacetylase 2 (HDAC2) could be confirmed.  
While the first two proteins were more highly expressed in the diploid than in 
the aneuploid group, the expression pattern for HDAC2 was reversed. To 
prove the clinical relevance of the three proteins, we choose the tissue 
microarray (TMA) approach. Immunoreactivity was scored with “0” showing no 
positivity, “1” presenting up 20% immunopositive cells, “2” up to 50%, and “3” 
above 50% stained cells.  
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Three independent investigators being unaware of sample assignments to 
ploidy group and clinical data showed a good overall agreement according to 
Kappa statistics (κ = 0.63 – 0.83). TXNL1 and HDAC2 were not only 
significantly validated by Western blotting, but showed expression differences 
also in clinical samples discerning aneuploid from diploid carcinomas (p < 0.05) 
(Figure 7). CAPZA1 did not reached significance in clinical material but 
showed the same trend as observed in the 2-DE and WB experiments. 
TXNL1 is involved in the cellular response to sugar starvation stress and 
regulates the redox equilibrium in higher eukaryotes [77, 78]. TXNL1 binds to 
the transcription factor B-Myb, predisposes G0/G1 arrest and it seems to be 
overexpressed in different tumor entities [79, 80]. In line, we detected a strong 
immunopositivity in carcinoma specimens (39.2%) as compared to adjacent 
normal mucosa (10.5%). It also seems that overexpression of TXNL1 in diploid 
(24%) as compared to aneuploid (6.4%) carcinomas might help to maintain 
genomic stability. 
In contrast to TXNL1, we revealed HDAC2 to be expressed at high levels in the 
aneuploid colorectal cancer cell lines based on 2-DE, WB and TMA analysis. 
Interestingly, it seems that HDAC2 is overexpressed in colorectal cancer [81] 
and associated with reduced survival of patients with colorectal cancer [82]. 
Thus, our results of a more frequent immunopositivity in aneuploid carcinomas 
(91.3%) reflecting a poor prognosis is in close correlation. Furthermore, 
HDAC2 overexpression could be induced by a loss of the anaphase promoting 
complex (APC) and therefore favoring the development of genomic instability 
through the CIN pathway [83]. Our finding that HDAC2 overexpression 
characterizes patients with aneuploid carcinomas, also suggests that particular 
patients with aneuploid tumors could benefit from current Phase I treatments 
with HDAC inhibitors. 
In conclusion, distinct protein expression patterns and pathways, affecting 
TXNL1 and HDAC2, were detected and distinguish aneuploid with poor 
prognosis from diploid colorectal cancers. 
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Figure 7: (a) HDAC2, CAPZA1, and TXNL1 immunohistochemical detection on the TMA. Image examples 
are given at a 800-fold magnification (800x). (b) TMA-based immunohistochemical evaluation comparing 
diploid versus aneuploid CRC specimens. Barplots of the analysis confirmed HDAC2 and TXNL1 as 
significantly (asterisk) differentially expressed proteins.

Figure 6: IPA network 1 of 13 proteins differentially expressed between diploid and aneuploid
colorectal cancer cell lines. Red highlighted proteins are higher expressed in the aneuploid group and green 
ones are lower expressed in the aneuploid group. This network overlaps with network 2 (MP) (blue) with ten
differentially expressed proteins. Proteins accompanied by red and green ovals were prone to Western-blot
evaluation with the red ones reaching significance. 
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4.3 PAPER III 

Endometrial Cancer is a common malignancy and accounts for about six 
percent of all female malignancies in the Western world. Earlier studies 
indicated that roughly 80% of endometrial carcinomas exhibit a high degree of 
genomic stability (diploid) whereas 20% are genomically highly unstable 
(aneuploid). This is the reverse distribution of genomic instability as observed 
in colorectal malignancies (Paper II). Next to DNA ploidy, tumor stage and 
tumor grade, it has been shown that the histopathology subtype of uterine 
papillary serous cancer (UPSC) has an inferior prognosis compared to that of 
endometrioid carcinomas [13, 84, 85].  
In order to examine the protein expression in normal endometrium (n=5) and 
endometrial carcinoma with diploid (n=8) and aneuploid (n=7) features 2-DE 
was performed. DNA ploidy was assessed by image cytometry. All diploid and 
four aneuploid specimens were endometrioid and the remaining five aneuploid 
specimens were UPSCs. After 2-DE and subsequent PDQuest software 
evaluation, two samples (CP27: aneuploid UPSC and CP35: diploid 
endometrioid) showed aberrant locations in the PCA plot and were therefore 
excluded from further analysis, resulting in a perfect separation of all three 
groups (Figure 8).  
 

 
Statistical analysis by means of the Welch t-test showed that 42 protein spots 
were differentially expressed between normal endometrium and diploid 
endometrioid carcinomas, 37 between diploid and aneuploid endometrioid 
carcinomas, and 41 between diploid endometrioid and aneuploid UPSC. 
Interestingly, just one protein spot was detected that distinguishs aneuploid 
endometrioid cancer from aneuploid UPSC, suggesting that aneuploidy could 
be of greater impact regarding poor prognosis than the histological subtype 
because of more significant spots between samples of the same 
histopathology but different ploidy status (Figure 9).  

Figure 8: PCA map of the protein expression data. Included are 69 proteins that were able to group normal
endometrium (black), diploid- (red) and aneuploid (green) endometrioid carcinoma and aneuploid UPSC (blue). CP27 and
CP35 showed aberrant locations and were excluded from further analysis.
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Subsequent MALDI mass spectrometry identified 69 proteins, showing 41 
distinct polypeptides. Six proteins (ANXA4, ANXA5, HSP90AB1, KRT9, 
KRT10, and PDIA3) were identified from at least two protein spots that showed 
a non-homogenous up- or down-regulation between groups. These proteins 
were excluded from further analysis. 
 

 
Connected networks for each group comparison were determined by IPA and 
revealed functions concerning Cellular Assembly and Organization, Cancer, 
Cell Morphology, and Small Molecule Biochemistry, with NFκB, Vimentin (VIM), 
and β-actin (ACTB) as central nodes. 19 out of 28 (68%) proteins could be 
confirmed by a second mass spectrometry approach [liquid 
chromatography/tandem mass spectrometry (LC-MS/MS)]. Proteins for 
confirmation were selected based on their molecular function, 2-DE fold 
change and characteristics in the pathway analysis. 
Particular attention must be drawn to one LC-MS/MS confirmed protein, 
namely TXNL1, which belongs to the family of redox active proteins. In line, 
with the lower expression in aneuploid UPSC compared to diploid samples and 
normal mucosa in the endometrium, we have reported a down-regulation of 
TXNL1 in aneuploid colorectal cancer cell lines and aneuploid clinical samples 
in Paper II [86]. We therefore conclude that higher expression of TXNL1 is 
important of maintaining genomic stability. Additionally, networks associated 
with Cellular Assembly and Organization, as in Paper II, seem to be of high 
impact and emphasize particular protein networks of genomic stability. 
In conclusion, the data provide important insights regarding proteins of 
genomic stability in endometrial cancer. Using a proteomic approach, we were 
able to detect a complex pattern of intact proteins and certain molecular 
networks that reflect aneuploidy-associated expression of proteins. Although 
potential targets for improved diagnostic, prognostic and even therapeutics 
were found, validation on large patient cohorts for clinical use is warranted. 
 

Figure 9: Histopathological subtypes and ploidy groups. Numbers show differentially expressed protein spots in the 
statistical pairwise test. DNA histograms show DNA content on the x-axis and the total number of cell on the y-axis.
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4.4 PAPER IV 

 
The majority of endometrial cancers are detected at tumor stage I with an 
estimated five-year survival rate of 87%. However, despite early stage 
diagnosis, most recurrences and deaths occur at stage I [13]. Since aneuploidy 
seems to be an independent prognostic marker in endometrial cancer [87], we 
evaluated whether genomic instability correlates with chromosomal aberrations 
and impacts onto gene and protein expression in a clinical setting. Thus, we 
have mapped genomic imbalances and associated gene expression changes 
in a series of well-characterized surgical specimens from endometrial cancer 
patients. Further, chromosomal aberrations and differential gene expression 
patterns were correlated with protein expression changes from Paper III.  
DNA content was assessed for 33 endometrial specimens that profoundly 
differed in their degree of genomic instability and their histopathologic subtype 
[diploid endometrioid (EnD, n=16); aneuploid endometrioid (EnA, n=9); 
aneuploid UPSC (n=8)]. The mean value of the DNA stem line increased from 
2.23c in the EnD group to 2.98c in the EnA and 3.06c in the UPSC group 
(p = 0.004). 
Chromosomal copy number changes as measured by CGH revealed 
chromosomal gains of chromosome 1q (33%) and 16p (11%) for endometrioid 
diploid tumors. For aneuploid endometrioid tumors, gains of 10q, 20q (both 
33%), and 1q, 8q, 10p, 16p and 17q (all 22%) and losses of 9q, 16q, 17p, 19p, 
19q and 22q (all 22%) occurred. In aneuploid UPSC carcinomas chromosomal 
aberrations were even more pronounced with gains of 2q, 8q, 17q, 20p (all 
62%) and 20q (50%). The most frequent loss was observed on 15q (50%). In 
line with other studies, these results show that chromosomal imbalances 
observed in endometrial cancer cluster on the same chromosomes [39, 88, 89]. 
However, it becomes clear that diploid carcinomas have fewer genomic 
imbalances than aneuploid cancers. Further, our analysis of endometrial 
carcinomas revealed an increasing average number of DNA copy alterations 
(ANCA, calculated as the number of chromosomal copy number changes 
divided by the number of cases) and increasing regional amplifications (ANRA, 
calculated as the sum of all amplification and divided by the number of cases 
analyzed) from EnD, EnA to UPSC. Based on these findings, the 
consequences of genomic instability on gene and protein expression using 
cDNA expression arrays and 2-DE were analyzed. A total of 169 genes were 
differentially expressed between the three groups. In detail, 54 genes were 
differentially expressed between EnD and EnA samples; 39 genes were 
differentially expressed between aneuploid malignancies being either of 
endometrioid or UPSC histology. However, the vast majority – 76 genes – were 
differentially expressed between the groups of both, different histology and 
ploidy status (EnD versus UPSC). All genes were unique for their group 
comparison (Figure 10). 
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The differentially expressed genes are involved in various cellular pathway and 
networks such as Cell Death, Cellular Growth and Proliferation, and Cellular 
Assembly and Organization as identified with IPA. When mapping the 
differentially expressed genes to our protein expression data, presented 
separately by Gemoll et al. (2011) and Paper III, it became obvious that two 
proteins, aflatoxin B 1 aldehyde reductase member 2 (AKR7A2) and annexin 2 
(ANXA2), show a similar trend as observed for changes at the gene expression 
level. AKR7A2 is involved in the detoxification of aldehydes and ketones in a 
broad range of tissues [90, 91]. There is evidence that this protein plays a key 
role in tumor development [92], which is proofed by the fact that we found 
AKR7A2 to be up-regulated in aneuploid UPSC in both, gene and protein 
expression [93]. In contrast, ANXA2 facilitates the reorganization of the 
extracellular matrix in physiological and pathological processes such as tumor 
invasion [94]. Additionally, we detect ANXA2 to be up-regulated which is in line 
with the overexpression of this protein in gastric and colorectal carcinomas and 
its correlation with invasiveness and poor prognosis [95, 96]. Cumulatively, 
these properties might indicate a potential role of ANXA2 in the development of 
genomic instability. 
In conclusion, the grade of genomic instability correlates with recurrent pattern 
of chromosomal imbalances and dominates specific gene and protein 
expression changes irrespective of the histopathological subtypes in 
endometrial cancers.  

Figure 10: Examples of ploidy types and number of differential expressed genes (DEGs) and proteins (DEPs).
DNA histograms show DNA content on the x-axis and the total number of cells on the y-axis. 
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Although further validation is warranted, the identified genes, proteins and 
pathways might be useful as molecular targets for improved diagnostic and 
therapeutic intervention. 
 
4.5 PAPER V 

 
Chromosomal aneuploidies are not only observed in colorectal and endometrial 
carcinoma but in essentially all sporadic epithelial carcinomas. Most of these 
aneuploidies result in tumor-specific patterns of genomic imbalances that are 
acquired early during tumor development [4, 97-101]. For instance, one of the 
earliest genetic alterations observed in the development of sporadic colorectal 
tumors is the trisomy of chromosome 7 [6]. Usually, these specific imbalances 
are maintained and complemented by additional chromosomal aberrations 
during colorectal carcinogenesis [102]. It is therefore reasonable to assume 
that continuous selective pressure for the maintenance of established genomic 
imbalances exists in cancer genomes. However, it is not known how genomic 
imbalances affect chromosome-specific protein expression patterns in 
particular and how chromosomal aneuploidy dysregulates the protein 
equilibrium of cells in general.  
To model specific chromosomal aneuploidies in cancer cells and dissect the 
immediate consequences of genomic imbalances on the proteome, we 
analyzed an experimental model system in which the only genetic alteration 
between parental and derived cell lines is an extra copy of a single 
chromosome. The production of the experimental model system was carried 
out by Upender et al. [48]. Briefly, three derivatives of the diploid yet 
mismatched repair-deficient colorectal cancer cell line (DLD1) were generated 
using microcell-mediated chromosome transfer to introduce extra copies of 
chromosomes 3, 7 and 13. Spectral karyotyping (SKY) was performed to 
determine whether the chromosome transfer process was successful [48]. 
Consequences on protein expression levels were analyzed using 2-DE, 
MALDI-MS, and IPA. Our results show that regardless of the chromosome, 
chromosomal trisomies resulted in a substantial change of the protein 
expression pattern. However, changes were predominantly detected for 
proteins not located on the trisomic chromosome, thus suggesting extensive 
regulative mechanisms at the mRNA and protein levels. Based on our results, 
important conclusions regarding the impact of chromosomal aneuploidy on the 
cellular protein level can be drawn:  
We detected one gene-protein-correlation between the artificially induced 
chromosome and identified genes and proteins located on that particular 
chromosome. Strikingly, global consequences on gene expression levels by 
means of cDNA arrays on the same samples revealed that only 5-20% of 
misregulated genes were related to the trisomic chromosome, while the 
remaing DEGs were located elsewhere. It is thus concluded that genomic 
imbalances cause a global transcriptional dysregulation [48]. Our analysis 
detected only one protein, proteasome subunit beta type 3 (PSMB3), that 
showed a significant down-regulation at both the gene and protein level in the 
DLD1+13 comparison.  
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However, the theoretical detectability of our 2-DE approach of proteins 
translated by the inserted chromosomes revealed a limited number of proteins.  
This supports our finding that trisomies affect protein expression rather globally 
than being restricted to genes located on the trisomic chromosome. This 
observation is consistent with the fact that genes of a certain pathway are 
distributed throughout the entire genome. 
Another important finding is that chromosomes not observed to be aneuploid in 
particular tumor types (i.e. chromosome 3 in colorectal tumors) have an 
increased activity regarding the translation into proteins. This finding is 
supported by the fact that aneuploidy due to the gain of a single chromosome 
can indeed result in the misregulation of 100-200 genes [48]. Interestingly, we 
find for chromosomes playing an important role during colorectal cancer 
development (i.e., chromosome 7 [6]) a particular pattern of molecular 
functions with more catalytic activity (Figure 11). 
One more finding is the identification of abnormally expressed proteins 
between diploid and trisomic colorectal cell lines. Statistical analysis of the 2-
DE results revealed overall 168 significant (p-value < 0.05) protein spots that 
were differentially expressed between the trisomic and parental cell lines. 79 
(47%) protein spots could be subsequently identified by mass spectrometry but 
particular attention should be drawn to two proteins, isocitrate dehydrogenase 
3 α (IDH3A) and PSMB3, now found to be significantly down-regulated in both, 
the DLD1+7 and DLD1+13 lines. Interestingly, these proteins are connected 
through an overlap of two networks in the DLD1+7 comparison.  
The IDH3A gene encodes an isocitrate dehydrogenase that generally catalyzes 
the oxidative decarboxylation of isocitrate to 2-oxoglutarate [103] and PSMB3 
encodes a member of the proteasome B-type family, also known as the T1B 
family, which is a 20S core beta subunit [104]. The two proteins now identified 
have not been reported in prior studies on genomic instability or cancer. 
 
In summary, we have detected 79 distinct polypeptides by 2-DE reflecting the 
global effect of genomic stability/instability on the protein expression level by 
insertion of extra chromosomes. The now identified proteins belong to distinct 
pathways and common cell functions. This strongly suggests that these 
proteins, i.e. PSMB3, should be submitted to extensive downstream 
assessment. 
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Figure 11: Molecular functions of identified proteins in the DLD1+3 (a), DLD1+7 (b), DLD1+13 (c) comparisons. 
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4.6 PAPER VI 

 
Against the background that distinct protein expression patterns correlate with 
genomic stability and instability in colorectal cancer (Paper II), we investigated 
if a malignancy specific protein pattern could be detected not only in colorectal 
cell lines but also in clinical tissues. We therefore conducted tissue protein 
profiling by means of horizontal 2-DE of seven normal mucosa, six diploid, and 
eight aneuploid colorectal carcinomas tissues. The first step of the analytical 
procedure focused on the DNA ploidy status determination based on DNA 
image cytometry. Differences in expression levels between normal tissue, 
diploid and aneuploid carcinoma were evaluated and proteins of interest were 
excised and identified by MALDI-MS. Our analysis revealed a total of 139 
differentially expressed protein spots between diploid and aneuploid colorectal 
carcinomas while 456 protein spots showed differential regulation between 
normal mucosa and colorectal tumors. PCA – cluster analysis based on these 
139 and 456 significant spots gave a distinct separation of diploid and 
aneuploid CRC samples and of normal mucosa and carcinoma. While all spots 
were subjected to MALDI-ToF-MS/MS, conclusive identities could be obtained 
for 275 spots and 39 showed an exclusive differential expression between 
diploid and aneuploid carcinomas. The pathway analysis predominately 
revealed three networks, Lipid Metabolism, Molecular Transport and Cellular / 
Tissue Development, with NFκB, Vinculin (VCL), and RhoA as central nodes: 
RhoA regulates cell proliferation and apoptosis, and may be involved in the 
carcinogenesis of multiple malignant tumors including lung, breast, colon, 
ovarian, and prostate cancer [105, 106], VCL concerns functions of structural 
activity and thus reflects different structural integrities between normal mucosa, 
diploid and aneuploid carcinomas [107, 108]. Using IPA, we found that VCL 
and RhoA stimulate the same signal transduction cascade by interaction with 
the extracellular matrix through integrins. Integrins play a mechanistic adhesive 
role during telophase [109]. In contrast, NFκB plays important roles in the 
establishment and maintenance of cellular phenotypes and regulates the 
epithelial-mesenchymal transition [110, 111].  
Particular attention should be drawn to two proteins, now found up-regulated in 
our aneuploid samples, heat shock 60kDa protein 1 (HSPD1) and actin gamma 
1 (ACTG1). Interestingly, both proteins were found to be up-regulated also in 
aneuploid primary endometrial cancer (Paper III) [93]. The release of HSPD1 is 
considered as a putative danger signal (i.e. temperature, cancer, infection) 
[112] and might have diverse effects in colorectal cancer development with 
respect to normal cells when up-regulated [113]. ACTG1 belongs to the group 
of highly conserved actins, mediates cell motility and has not been reported in 
previous studies regarding genomic instability or cancer in general. With 
HSPD1 and ACTG1 being up-regulated in aneuploid samples we therefore 
conclude an important contribution of both proteins in maintaining genomic 
stability.  
Our data underscore the potential of 2-DE protein profiling and reflect the 
molecular subtypes of colorectal cancer with different prognosis. 
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5 GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 
 
The studies presented in this thesis have increased our knowledge on genomic 
stability and instability in colorectal cancer and in endometrial cancer. The 
results point to distinct signaling pathways of high scientific impact and to 
central proteins that could serve as potential targets for individualized 
medicine. Many of the proteins now identified have not been reported in prior 
studies on genomic instability so far. Specifically, we are able to conclude the 
following news: 
 

1. TXNL1 and HDAC2 distinguish aneuploid with poor prognosis from 
diploid colorectal cancers in clinical samples, suggesting that both may 
be potential markers for risk stratification of patients. 

 
2. Down-regulation of TXNL1 in aneuploid samples is found in both 

colorectal cancer and endometrial cancer indicating that higher TXNL1 
expression is likely to maintain genomic stability. 

 
3. Our analysis reveals novel, endometrial-cancer associated transcripts 

with two corresponding genes, AKR7A2 and ANXA2, showing a similar 
trend in transcriptional expression as observed for translational 
changes. 

 
4. PSMB3 is the only gene/protein that is differentially expressed at both, 

the gene and protein level between the parental cell line DLD1 and the 
cell clone containing the extra chromosome 13. Additionally, PSMB3 
shows the same down-regulation in the parental cell line and the clone 
containing the artificial chromosome 7.  

 
5. We detect two proteins, HSPD1 and ACTG1, to be up-regulated in 

aneuploid colorectal and endometrial carcinoma tissues demonstrating 
common molecular markers for genomic instability. 

 
6. Along with the fact of more significant spots between samples of the 

same histopathology but different ploidy status in endometrial cancer we 
suggest that aneuploidy could be of greater impact regarding poor 
prognosis than the histological subtype. 

 
7. Protein expression patterns between a parental cell line and the cell 

clone containing an extra copy of a given chromosome reveal a large 
number of differentially expressed proteins. Therefore, genomic 
imbalances seem to cause a global rather than trisomy-specific protein 
dysregulation. 
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8. Our results show that chromosomes not observed to be aneuploid in 
particular tumor types (i.e., chromosome 3 in colorectal tumors) have an 
increased activity regarding the translation into proteins. Thus, the 
presence is not neutral with respect to the proteome. 

 
9. Based on protein 2-DE proteome profiling, we are able to distinguish 

between diploid and aneuploid colorectal tissues. Our previous findings 
of Paper II could be extended from colorectal cell lines to colorectal 
tissues. 

 
10. For most stages, networks associated with Cellular Assembly and 

Organization seem to be of high impact and point to associated proteins 
as potential targets, like NfκB, VCL, and RhoA, for improved 
diagnostics and prognostics.  

 

One aim of this thesis was to use the correlation of two-dimensional protein 
fingerprints in combination with mass spectrometry and pathway analysis in 
order to reveal new insights of cancer development in respect to genomic 
instability. 2-DE does not allow visualization of every single protein in a cancer 
cell. However, 2-DE is still one of the most widespread methods for the 
simultaneous separation of complex samples and will probably remain so in the 
foreseeable future. Alternative/complementary technologies, such as SILAC, 
ICAT, or protein arrays, have emerged recently, but there is up to now no 
technology that matches 2-DE in its ability for routine parallel expression 
profiling of large sets of complex protein mixtures, delivering a map of intact 
proteins that reflect changes in protein expression level, isoforms, and post-
translational modifications. It is also available in clinical testing and all 
differences found can be routinely tested. As an exploratory approach, we used 
IPA software to assess the involvement of differentially expressed proteins in 
pathways and networks. Many differentially expressed proteins now found are 
within common networks and reveal certain pathways necessary to maintain 
chromosomal instability. Our results indicate that the combination of protein-
profiling and subsequent pathway analysis is a valuable approach to detect 
aneuploidy-associated protein patterns and pathways of malignancies. A 
limitation in numerous proteomics studies has been the inability to verify the 
biological relevance of the findings, which may hamper the utility of the results. 
Hence, the similarity of the findings from the complementary genomics, 
proteomics and pathway approaches presented in this dissertation may serve 
as a confirmation of the biological relevance of our results. 
Taken together, these studies have identified new proteins and pathways 
potentially involved in the molecular mechanisms of genomic (in)stability. 
Although further validation is warranted, the combined evaluation of ploidy 
status, gene and protein expression patterns, and pathway interactions in 
clinical tissue samples should be utilized in prospective studies to support their 
value for improved diagnostics and therapeutics. Further, the detection of 
malignancy related proteins in human serum might provide a rapid, sensitive 
and specific screening method for tumors even at early disease stages. 
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