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Abstract
Colorectal cancer is the second most common malignancy in the Western World. The overall 5-year
survival is still only 50–60%. Thus, better prognostic markers are needed to improve survival of the
disease.

Most colorectal cancers develop from pre-existing adenomas including conventional, flat and
serrated adenomas. The most important prognostic factors include tumour stage, histologic subtype
and poor differentiation. The prognosis of colorectal cancer depends mainly on tumour stage. The
growth of colorectal cancer is determined by cell proliferation, differentation and apoptosis. The
progression of colorectal cancer is associated with the growth pattern of colorectal cancer and its
invasive margin. Cancer cell budding means the presence of cells scattered in the stroma at the
invasive margin, and is associated with β-catenin, an adhesion protein involved in the nuclear Wnt/
β-catenin pathway. Hormones may be directly involved in the growth of a cancer, for example sex
hormones play an important role in the development of most gynaecological cancers. The knowledge
about the dependency of cancers on other hormones, such as thyroid hormones, is limited. This thesis
focuses on factors affecting growth and prognosis in colorectal cancer.

Antibodies for Ki-67, caspase cleavage site for keratin 18, β-catenin and TRβ1 were used to
determine their possible associations with colorectal cancer growth patterns and the characteristics of
the invasive margin. Apoptosis and proliferation were decreased at the invasive margin, particularly
in serrated adenocarcinomas. The invasive margin showed a presence of budding cell clusters in
24.0% of the cases and this predicted a very poor 5-year-survival (15.4%, P < 0.00001), but nuclear
β-catenin accumulation did not predict budding. Thyroid hormone receptor TRβ1 was associated
with polypoid growth, presence of KRAS mutations and also with a higher WHO histological grade
and advanced Dukes' stage, and in in vitro analysis, thyroid hormone T3 had a modulatory effect on
colorectal cancer cell protein synthesis and apoptosis.

In conclusion, the growth type of colorectal cancer, i.e.  conventional polypoid, flat or serrated,
has an association with the characteristics of the invasive margin. Budding margin is associated with
poor prognosis in colorectal cancer, and could be utilised in diagnostic pathology. Association of
TRβ1 expression with polypoid growth pattern and the presence of KRAS mutations suggest that
abnormalities in thyroid hormone signalling involving TRβ1 play a role in the development of some
types of colorectal adenocarcinomas.

Keywords: apoptosis; β-catenin, budding, Caco-2 cells, colorectal cancer, growth pattern,
prognosis, proliferation, thyroid hormones, thyroid hormone receptors





"Nothing Happens Unless First a Dream." 

- Carl Sandburg 
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AI  Apoptotic index 
AI:PI  Apoptosis:proliferation ratio 
AP  Adenomatous polyp 
APC  Adenomatous polyposis coli 
Bcl-2  B-cell lymphoma 2 
Caco-2  Colon carcinoma 2 cell line 
CD  Cluster of differentiation  
CEA  Carcinoembryonic antigen 
COX-1  Cyclooxygenase-1 
COX-2  Cyclooxygenase-2 
CRC  Colorectal cancer 
DAB  3,3’diaminobenzidine 
DCC  Deleted in colorectal cancer 
DISC  Death-inducing signaling complex 
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DNA  Deoxyribonucleic acid 
EGF  Epidermal growth factor 
FAP  Familial adenomatous polyposis coli 
FBS  Fetal bovine serum 
FU  Fluorouracile 
GH  Growth hormone 
HE  Hematoxylin-eosin 
HNPCC  Hereditary nonpolyposis colon cancer 
HP  Hyperplastic polyp  
HT-29  Colon cancer HT-29 cell line 
IAP  Intestinal alkaline phosphatase  
ICAD  inhibitor of the caspase-activated DNase 
ICAM-1  Intercellular adhesion molecule 1 
IGF-1  Insulin-like growth factor 1 
ILK  integrin-linked kinase 
ITS  Insulin-transferrin-selenous acid 
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MYC  Myc proto oncogene protein 
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PI  Proliferation index 
P53  Transformation-related protein 53 
RT  Room temperature 
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SAC  Serrated adenocarcinoma 
TNM  Tumour node metastasis 
T3  3,3´,5- Triiodo-L-thyronine 
T4  Thyroxine 
TCF  T-cell factor 
Tg  Thyroglobulin 
TNM  Tumour-node-metastasis 
TP  Thymidine phosporylase 
TR  Thyroid hormone receptor 
TRE  Thyroid response element   
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1 Introduction 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in the world, with 
a cumulative cancer risk of 9.4% in 2003 (Steward & Kleihues 2003). In Finland, over 
2,300 new CRC cases are diagnosed annually, resulting in over 1,100 cancer deaths per 
year (The Finnish Cancer Registry 2003). 

The sequence of genetic alterations in CRC development is well documented 
(Vogelstein et al. 1988). Certain mutations are required for the development of a 
malignant neoplasm, but during the development and progression of a malignancy, the 
tumour is also capable of using a host to its benefit. Cancer tissue can utilize the normal 
structures or tissues of a host during invasion; cancer tissue can send signals which 
evoke the host to provide support for growth, as in angiogenesis, or it can utilize growth 
stimulating factors, such as hormones, to promote its growth. Genetic defects in cancer 
cells may also result in disordered growth and an imbalance between proliferation and 
apoptosis. 

Thyroid hormone T3 has diverse functions in many human organs; it regulates 
growth, development, differentiation and metabolic processes (Oppenheimer et al. 
1983). Its actions are mediated by thyroid hormone nuclear receptors (TRs), which 
regulate the expression of T3-targeted genes. The final effect of T3 also depends on the 
type and sequence of so-called thyroid hormone response elements (TRE) (Yen et al. 
1994, Rastinjead et al. 1995), and several modulatory factors such as co-repressors, co-
activators and tumour suppressors are involved (Chen & Evans 1995, Horlein et al. 
1995, Onate et al. 1995, Yap et al. 1996, Takeshita et al. 1998).  

T3 and its receptors regulate many important processes such as cell proliferation, 
differentiation and apoptosis in malignant tumour cells as well (Lin et al. 1991, Bartunek 
& Zenke 1998, Bauer et al. 1998, Llanos et al. 1998, Toms et al. 1998, Mihara et al. 
1999). In cancer cells, these processes are disturbed. Increasing evidence has suggested 
that aberrant expression and mutations in TR genes could be linked to cancer progression 
(Bronnegard et al. 1994, Lin et al. 1999, Williams 2000, Puzianowska-Kuwniska et al. 
2002). The effects of thyroid hormone T3 on colorectal carcinomas have not been 
investigated, and therefore it is not known whether T3 and its receptors have any 
influence on CRC development. 

Thyroid hormone T3 is an important regulator of gut mucosal growth, differentiation 
and barrier function, but its mechanism of action in the gastrointestinal tract is largely 
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unknown. Cell cultures represent an interesting alternative for these kinds of studies. 
There are several cell lines that have been used to determine the role of T3 in cell 
proliferation and differentiation. Caco-2 cells have been identified as being the most 
relevant in vitro model for the study of differentiation and regulation of intestinal 
functions (Rousset 1986). Serum-free conditions are thought to present a reliable method 
for cell culture to determine the effect of various hormones on cell growth. Numerous 
studies have been designed to establish serum-free conditions for the culture of a variety 
of mammalian cell lines (Chandler 1990, Barnes and Sato 1980). In 1991, Jumarie et al. 
showed that when added to a serum-free medium supplemented with insulin, transferrin 
and selenous acid (ITS), T3 can stimulate Caco-2 cell differentiation. 

Thyroid hormones are known to be trophic hormones, and abnormalities and 
mutations of their receptors have been detected in many cancers. However, thyroid 
hormone receptor expression in CRC has not been studied. Thus, the expression of these 
receptors in both normal colorectal mucosa and CRCs and the possible effects of thyroid 
hormones on their receptors and the growth of CRC cells were investigated. The aim of 
this study was to find out whether there are differences in growth circumstances between 
the tumour centre and the invasive part of CRCs. Possible differences in growth and 
progression between different tumour types were also investigated in this study. 



2 Review of literature 

2.1  Colorectal cancer 

CRC is one of the leading causes of cancer mortality in the industrialized world. The 
highest incidence rates of CRC are seen in North America, Australia and Europe, and the 
lowest rates in Africa and Asia (Parkin et al. 1999). Nearly 945,000 new CRC cases are 
diagnosed worldwide every year. Differences in the death rates relate to differences in 
socioeconomic factors, diet, population life span, genetic factors, and to the quality of 
medical care available (Steward & Kleihues 2003). 

2.1.1  Prevalence and aetiology 

 Most CRCs arise within pre-existing polypoid adenomas, which are common lesions. It 
has been estimated that adenoma prevalence is about 35% in Europe and U.S. and 10-
15% in Asia and Africa. Approximately 5% of untreated adenomatous polyps are 
estimated to undergo malignant change, and this process will take approximately 10 
years (Boyle & Langman 2000). 

Accumulating genetic events in ageing tissues are thought to explain the age-related 
exponential increase in CRC incidence (Depinho 2000). Early-onset CRCs (i.e., those 
diagnosed in patients younger than 45 yr) are relatively rare, accounting for 2-8% of all 
large bowel cancers (Parramore et al. 1998, Turkiewicz et al. 2001). Exogenous factors, 
such as consumption of red meat and alcohol, obesity and smoking are risk factors for 
CRC and may thus increase the risk of developing CRC (Boyle & Langman 2000). 
Others, such as NSAIDs (non-steroidal anti-inflammatory drugs), high consumption of 
dietary fibre and vegetables and hormone replacement therapy seem to be protective, 
especially when combined with physical exercise (Potter 1999). Patients with ulcerative 
colitis (a form of inflammatory bowel disease) have a 2- to 8.2-fold increased risk of 
developing a colorectal malignancy, accounting for 1-2% of all cases (Boyle & Langman 
2000). Individuals with a first-degree relative with the disease have about twice the 
average risk (Boyle & Langman 2000). 
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Sporadic CRC is estimated to account for 95% of all CRCs, hereditary forms accounting 
for the remaining 5% (Hardy et al. 2000). Of hereditary CRCs, familial adenomatous 
polyposis (FAP) accounts for 1% of all CRC, and hereditary nonpolyposis colon cancer 
(HNPCC) for about 4% (Steward & Kleihues 2003). 

2.1.2  Precursor lesions 

Most CRCs develop from pre-existing polypoid adenomas (figure 1) (Lieberman & 
Smith 1991), but so-called flat adenomas and serrated adenomas have also been shown 
to be precursors of CRCs (Wolber & Owen 1991; Mäkinen et al. 2001, Figure 2). Hence, 
there are at least three main categories of morphologically different precursor lesions of 
CRCs. 

Histologically, adenomas are classified as tubular, tubulovillous, or villous. Villous 
change is associated with a higher malignant potential, as are large and high-grade 
epithelial dysplasia. Frequent genetic changes associated with polypoid growth type 
include activating mutations for KRAS and inactivating mutations for APC, DCC and 
p53 (Kurahashi et al. 2002, Lynch & Hoops 2002). 

Flat and depressed neoplasms of the colon are defined endoscopically as non-
exophytic, flat and/or depressed mucosal lesions with a height less than half the diameter 
of the lesion. The height of a tumour and the presence of the residual adenoma tissue can 
also be used in the classification of polypoid and flat tumours (George et al. 2000). Flat 
adenomas and carcinomas are considered to be more aggressive than polypoid tumours 
because despite their small size, they have been shown to have severe dysplasia and a 
tendency for early invasion and lymph node metastases (Leong et al. 1998, Fujii et al. 
2002). Approximately 40% of flat adenomas are found to contain high-grade dysplasia 
(Muto et al. 1985, Wolber & Owen 1991). Flat type carcinomas have been reported to 
arise de novo in cases where there is no evident benign precursor. Compared to polypoid 
cancers, flat CRCs are smaller (Ross & Waxman 2006), more often proximally located, 
less frequently well differentiated, and adenomatous remnants are less frequently 
observed. KRAS mutations are less common in flat tumours than in polypoid tumours 
(Minamoto et al. 1994, Olschwang et al. 1998). Lower rates of p53 mutations and 17p 
LOH have been detected for polypoid tumours (Mueller et al. 1998).  

Serrated polyps are defined as polyps that demonstrate a serrated or “saw-toothed” 
appearance on light microscopy due to infolding of the crypt epithelium. The serrated 
polyp encompasses a morphological spectrum, including hyperplastic polyps (HP), 
sessile serrated polyps/adenomas, admixed polyps (mixed hyperplastic/adenomatous 
polyps), and serrated adenomas. HPs have been considered to be innocuous lesions, but 
their pathogenesis and propensity for malignant progression has nowadays become 
controversial (Jass 2005). Therefore, it has become more popular to group hyperplastic 
polyps and serrated adenomas as ‘serrated polyps’ (Jass 2005). The term serrated 
adenoma (SA) has been used for polyps with serrated morphology (as seen in ordinary 
HPs) that show epithelial dysplasia throughout the lesion. Admixed polyps show focal 
hyperplastic and focal adenomatous components (Longacre & Fenoglio-Preiser 1990, 
Jass 2001). Evolution of serrated adenomas into invasive carcinomas has been reported 
(Jass et al. 1997, Yao et al. 2000, Mäkinen et al. 2001, Tanaka et al. 2001), and ‘serrated 
adenocarcinomas’ account for about 7.5% of all CRCs (Tuppurainen et al. 2005). 
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Polypoid adenoma      Villous adenoma         Flat adenoma     Polypoid serrated adenoma 

Fig. 2. Schematic representation of the gross morphology of colonic neoplastic polyps. 

2.1.3  Subtypes of colorectal cancer 

Up to 95 % of all CRCs are gland-forming adenocarcinomas derived from the crypt 
epithelium (Parkin 2001). Most colorectal adenocarcinomas arise from benign adenomas 
(Toribara & Sleisenger 1995). In a recent series, 7.5% of adenocarcinomas were serrated 
adenocarcinomas (Tuppurainen et al. 2005), and experience from Japanese studies is that 
up to 6% of CRCs originate from flat lesions (Kudo et al. 2002). 

In addition to the aetiological classification, CRCs have been classified into special 
histological subtypes. Mucinous carcinomas represent 10-15% of CRCs (Table 1). CRC 
is defined as mucinous if >50% of the lesion is composed of extracellular mucin. 
Mucinous carcinomas originate more often from villous adenomas than from tubular 
ones (Lanza et al. 1995); in addition, many high-level micro-satellite unstable (MSI-H) 
carcinomas are of this histopathological type (Lanza et al. 1995). 

Signet-ring cell carcinoma is another histological subtype, and it is defined by the 
presence of >50% of tumour cells with prominent intracytoplasmic mucin (Sasaki et al. 
1998). Typically, a signet-ring cell has a large mucin vacuole that fills the cytoplasm and 
displaces the nucleus.  

Other, rare subtypes are represented in Table 1. Adenosquamous carcinoma shows 
features of both squamous and adenocarcinoma, either as separate areas within the 
tumour or admixed. Pure squamous cell carcinoma is very rare in the large bowel. 
Medullary carcinoma is a very rare type of CRC. It is characterized by sheets of 
malignant cells with vesicular nuclei, prominent nucleoli and abundant pink cytoplasm 
exhibiting prominent infiltration by intraepithelial lymphocytes (Jessurun et al. 1999). In 
an undifferentiated carcinoma, tumours lack morphological evidence of differentiation 
beyond that of an epithelial tumour and have variable histological features (Tortola et al. 
1999). 

Up to 5% of colorectal malignant neoplasms are not adenocarcinomas. These tumours 
include tumours arising from colorectal neuroendocrine cells (carcinoids and small cell 
carcinomas), stromal tumours and malignant lymphomas.  



 21

Table 1. Classification of CRC according to precursor lesions and histological types.  

Carcinoma type %  References 
Classification according to 
precursor lesion 

  

Polypoid cancers 94% Yukawa et al. 1994, Yamagata et al. 1994 
Flat cancers 6% Yukawa et al. 1994, Yamagata et al. 1994 
Serrated cancers 7.5% Tuppurainen et al. 2005 

Histopathological subtypes   
Serrated carcinomas 7.5% Tuppurainen et al. 2005 
Mucinous carcinomas  5-15% Symonds & Vickery 1976, Nozoe et al. 2000  
Signet ring cell carcinoma 1% Ogino et al. 2006 
(Adeno)Squamous carcinomas 0-0.2% Kubota et al. 1980, Juturi et al. 1999 
Carcinoid/small cell tumours < 1% Juturi et al. 1999 

2.1.4  Colorectal cancer invasion and metastasis 

A malignant tumour that grows into surrounding tissues is called "invasive" (figure 3). 
The invasive tumour margin is thought to represent the area with the highest metastatic 
potential. In CRC, the events of invasive margins have been shown to have prognostic 
significance (Cianchi et al. 1997, Palmqvist et al. 1999). 

Proteolytic enzymes and their receptors are necessary for invasion and are activated 
either by adjacent stromal cells and/or invading tumour cells. Many studies have shown 
that these molecules are often over-expressed at the invasive front compared to other 
tumour areas (Sato et al. 1994, Brooks et al. 1996). Similarly, alterations in the cell-
matrix and cell-cell adhesion molecules are associated with tumour progression. 
Changes in the biosynthesis of adhesion-related molecules such as cadherins, integrins, 
CD44, laminins, and certain oligosaccharides at the invasive front have been described 
(Fox et al. 1995, Glukhova et al. 1995). 

Molecular signalling for initiating angiogenesis, cellular growth and migration occurs 
at the invasive zone. Finally, potentially important interactions between tumour cells and 
host immune cells take place at the invasive front as well (Nanda & Sercarz 1995, 
Mukherji & Chakraborty 1995). Endothelial adhesion molecules (E-selectin, P-selectin 
and ICAM-1), important for the homing of leukocytes to inflammatory sites, are up-
regulated in vessels at the invasive front compared to vessels within the tumour. 
Similarly, immunoreactivity for the angiogenic molecule platelet-derived endothelial cell 
growth factor was most prominent at the invasive front of breast cancers (Fox et al. 
1996). 

2.1.4.1  Tumour Budding  

Tumour budding (sprouting) is defined as the presence of isolated single cells or small 
cell clusters (up to five) that are scattered in the stroma at the invasive margin of the 
tumour (Ueno et al. 2002) and are easily identified with haematoxylin-eosin (HE) 
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staining (Morodomi et al. 1989). The buds appear to “drip” from the main mass of a 
more differentiated tumour. The loss of both glandular differentiation and cell cohesion 
that gives rise to these dissociated elements is probably a crucial event in the 
development of highly invasive and metastatic properties (Gabbert et al. 1985) 

Tumour budding foci are thought to arise through the processes of cellular 
dissociation or discohesion and/or active invasion into the surrounding stroma (Shinto et 
al. 2005). When dissociation is the principal factor, tumour budding foci may comprise 
relatively inert cell clusters. Attempts at grading the aggressiveness of tumour budding 
have been limited to counting the number of budding clusters within a high-power field. 
Prominent budding has been shown to associate with vascular invasion, diffuse 
infiltration and expression of LN-5γ2 by tumour cells (Shinto et al. 2005). 

Fig. 3. Tumour pushing border margin (left) versus infiltrating border margin (right). 
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Fig. 4. A graphic presentation of the development of CRC. 

2.1.5  Prognostic factors 

Numerous schemes have been developed to stage CRC. Local extent, lymph node 
metastases and distant metastases have a high impact on the prognosis of a cancer 
patient. These parameters are used in various staging systems of CRC (Table 2, Figure 
5). The basis for therapeutic decisions is the TNM system of the International Union 
Against Cancer (Sobin & Wittekind 2002). The TNM classification applies to both 
clinical and pathological staging. Dukes’ classification scheme has generally been the 
standard classification system in CRC classification (Williams & Johnson 1983). The 
evaluation of tumour invasion into blood or lymphatic vessels is included in TNM 
classification. Dukes’ classification and its many modifications (Dukes et al. 1932) are 
widely used in the prognostic evaluation of patients operated on for CRC, because of 
their simplicity and pertinent relationship with survival. The theme common to all 
staging system is the depth of invasion into the bowel wall and the presence or absence 
of lymph node involvement. Accurate staging of CRC can help in predicting overall 
prognosis and in selecting appropriate treatment options. Evaluation of the overall results 
is also critical. 

Histological grading is routine practice in the pathologic reporting of large bowel 
cancer, and histologic grade is used as a prognostic indicator. Histological grading is 
mainly gauged on architectural features of a tumour (Halvorsen & Seim 1988). Adeno-
carcinomas are graded predominantly on the basis of the extent of glandular appearances 
and are divided into well, moderately and poorly differentiated (Figure 6). Grading is 
based on the least differentiated component, not including the leading front of invasion.  

Poor prognosis has been associated with both large and small tumour size, with 
sessile and ulcerated configuration as in flat cancers, with extensive involvement of the 
bowel circumference, with the presence of complete bowel obstruction, and with 
perforation. 

Normal colorectal
mucosa

Adenoma Carcinoma Metastasis

2-3 years
5-10 years

1-2 years
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Histopathological features related to poor prognosis include deep tumour infiltration 
into the layers of the wall, extensive involvement of deeper layers, an infiltrative pattern 
of the invasive edge of the tumour (figure 3), and poor differentiation (Tortola et al. 
1999, Cagir et al. 1999, Cerottini et al. 1999). Other prognostic factors are tumour 
location, tumour margin, venous invasion, nature of invasive margin, tumour 
angiogenesis, tumour cell proliferation, and some molecular alterations (Table 3). 

Since occult disseminated tumour cells are thought to be the basis for distant tumour 
recurrence after curative resection, detection of these cells is a logical approach to 
identify patients at higher oncological risk. The prognostic significance and optimal 
detection of these cells is, however, still under critical debate. (Kienle & Koch 2001, 
Feezor et al. 2002, Bustin & Mueller 2006, Doekhie et al. 2006). 

Table 2. Staging for CRC. 

TNM Main tumour Regional 
lymph nodes 

Distant 
metastases 

Dukes’ 

Stage 0 Tis Carcinoma in situ N0 M0 - 
T1 Invasion of submucosa N0 M0 A Stage 1 
T2 Invasion into muscularis propria N0 M0 - 
T3 Invasion into subserosa or perirectal fat N0 M0 B Stage II 
T4 Direct invasion of other organs or 

structures 
N0 M0 - 

Any T  N1 M0 C Stage III 
Any T  N2 M0 - 

Stage IV Any T  Any N M1 D 
M0=No distant metastases. M1=distant metastases 

 T1 T2  T3  T4  N1* N2** 
 
 
 
 

 
Fig. 5. The level of CRC invasion according to TNM and Dukes’ (Turnbull modification) 
classification. 

Dukes A                         Dukes B                 Dukes C  Dukes D   

*N1=0-3 lymph node metastases 
**N2=4 or more lymph node 
metastases 
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Table 3. Genetic changes in CRC. Modified from Cawkwell & Quirke 1996). 

Genetic 
modification 

Chromosome Consequences of 
alterations 

Frequency of 
alterations in 
sporadic 
carcinomas 

Phase of disease Heredity 

Oncogenes     
KRAS 12p12.1 Abnormal cell 

signalling, increased 
cell proliferation 

40%   

c-MYC 8q24.12-24.13 Increased cell 
proliferation 

Low Not known  

CEA 19q13.2 Decreased cell 
adhesion 

97% Late adenoma to 
carcinoma 

 

Tumour 
suppressor 
genes 

     

APC 5q21-22 Loss of adhesion, 
growth advantage 

>60% Early adenoma 
formation 

FAP 

β-catenin 3p22-p21.3 Abnormal cell 
signalling 

12-48% Late, adenoma 
to carcinoma 

 

MCC  5q21-q22 Not known 60% Late, adenoma  
P53 17p13.1 Abnormal apoptosis 

and cell cycle 
regulation 

75% Late, adenoma 
to carcinoma 

 

DCC  18q21.3 Loss of cell adhesion 29-80% Late, adenoma  
Mismatch 
repair genes 

     

hMSH2 2p22-p21 MSI rare Early phase HNPCC 
hMLH1 3p21.3 MSI rare Early phase HNPCC 
hPMS1 2q31-q33 MSI rare Early phase HNPCC 
hPMS2 7p22.2 MSI 4% Early phase HNPCC 
hMSH6 2p16 MSI 8% Early phase HNPCC 

Hypo-
methylation 

 Disordered gene 
expression 

~15% Early, adenoma 
formation 

 

NM23 17q21.3 Not known Low Very late, 
metastasis 

 

2.1.6  Treatment  

Partially due to more effective screening programmes and the introduction of new 
chemotherapeutic agents such as irinotecan and oxaliplatin, the mortality of CRCs has 
decreased during the last 10 years. Surgical radical resection at an early stage is still the 
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best chance for cure in patients with CRC. For many decades, fluorouracil (FU) 
remained the only effective first-line treatment for metastatic CRC. Coadministration of 
FU with leucovorin (LV) increased response rates and time to progression with stage III 
colon cancer, but overall survival was only marginally improved (Thirion et al. 2004). In 
the 21st century, combinations of irinotecan and oxaliplatin with FU in the first-line 
setting have improved survival. The first of these recent arrivals was the topoisomerase-I 
inhibitor, irinotecan. (Walker & Quirke 2002). Microsatellite unstable sporadic or 
HNPCC-associated CRCs do not seem to differ from microsatellite stable cancers in 
respect to response to FU therapy (Storojeva et al. 2005 de Vos tot Nederveen Cappel et 
al. 2004). 

The aim of adjuvant chemotherapy in colon cancer is to prevent local recurrence or 
distant metastases and to prolong survival. Today, adjuvant chemotherapy is generally 
used in stage III and IV colon cancer, but not in stage I or II colon cancer (Benson et al. 
2004, Figueredo et al. 2004). Local recurrences after radical surgical resection are a 
major problem in rectal cancer. Thus, both adjuvant radiotherapy and radiochemotherapy 
are used in rectal cancer treatment. Adjuvant radiotherapy is not recommended in colon 
cancer (Sargent et al. 2001). 

2.1.7  Prevention 

There is a general consensus that screening can reduce mortality from CRC among 
persons in their 50s and 60s (US preventive services 2002). It has been shown that the 
incidence of CRC could be dramatically reduced by colonoscopy and detection of 
mutations in faecal DNA (Sidransky et al. 1992, Traverso et al. 2002). The faecal occult 
blood test is an inexpensive investigation, causing little discomfort for the patient. The 
most commonly used test is the Haemoccult test. Several studies show that faecal blood 
test reduces the mortality of CRC (Mandel et al. 1999). However, the sensitivity of the 
test has been shown to be at most 81% (Ahlquist & Shuber 2002). 

2.2  Mechanisms of colorectal cancer development 

2.2.1  Cellular turnover in colorectal mucosa 

Cell proliferation and cell death are essential, yet opposing cellular processes of tissue 
homeostasis. Crosstalk between these processes promotes balance between proliferation 
and death, and it limits the growth and survival of cells with oncogenic mutations. 
Coordination and balance between cell proliferation and apoptosis is crucial for normal 
development and tissue-size homeostasis in adults (Guo & Hay 1999, Wong et al. 2000, 
Michael-Robinson et al. 2001). Signalling occurs between the proliferation and cell 
death machinery: these include the observation that mutations that promote inappropriate 
entry into the cell cycle often also promote apoptosis, and that over-expression of anti-
apoptotic members of the bcl-2 family of proteins can suppress proliferation and 
promote entry into G0 (Gross et al. 1999). It has also been demonstrated that apoptosis 
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in CRCs is linked to proliferative activity assessed by Ki-67 immunostaining (Takano et 
al. 1996). Thus, cancer results when clones of mutated cells survive and proliferate 
inappropriately, disrupting this balance.  

The proliferative zone at the base of the crypts is composed of epithelial precursor 
cells that retain the ability to divide (Levine & Haggit 1989). These cells arise from stem 
cells that are located at the base of the crypt and migrate to the luminal surface of the 
crypt where they are shed (Potten & Loeffler 1990). Stem cells divide asymmetrically, 
with newly synthesized DNA donated to daughter cells that migrate up the crypt 
ultimately to be shed, while “old” DNA is retained in the stem cell population (Potten et 
al. 2002). As cells migrate along the crypt axis toward the surface epithelium, they 
continue to differentiate and become mature absorptive cells and goblet cells until they 
undergo apoptosis, which is recognized by shedding at the luminal surface or 
intraepithelial cell death (Levine & Haggitt 1989, Potten & Loeffler 1990). The 
epithelial cells of the crypt also undergo apoptosis after they leave the proliferative zone; 
in situ labelling of apoptotic DNA fragments in normal colonic mucosa reveals apoptotic 
cells along the entire length of the crypt with the most intense staining in the upper third 
(Bedi et al. 1995, Strater et al. 1995). 



 29

Fig. 7. Cell cycle. G1 (GAP 1) phase includes cell growth and preparation of the 
chromosomes for replication. G0 is a cell cycle stage, when cells cease division and remain in 
quiescent state. In S (synthesis) phase, synthesis of DNA and centrosomes take place. G2 
(GAP 2) phase prepares the cell for mitosis, which is the M phase (mitosis). Cyclins (A, B, D, 
E) are a family of proteins involved in the progression of cells through the cell cycle. A cyclin 
forms a complex with the cyclin-dependent kinase (Cdk 1,2,4), which activates the cdk 
function. The activities of kinases is tightly regulated by cyclin-dependent kinase inhibitor 
(p16, p21). PRb is a tumor suppressor protein and its normal function is to prevent the cell 
from dividing or progressing through the cell cycle. E2F protein is a part of transcription 
factor. In the absence of pRb, E2F targets genes encode proteins involved in DNA 
replication. p53 is a transcription factor that regulates the cell cycle and hence functions as a 
tumor suppressor. 

2.2.1.1  Proliferation 

Increased cell proliferation in the colonic crypt represents one of the earliest 
recognizable signs of CRC development (Hilska et al. 2005). Assessment of tumour cell 
proliferation has been shown to predict tumour behaviour (Van diest et al. 1998), and it 
has been documented in studies of patients with lymphoma, breast carcinoma, gastric 
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carcinoma and sarcoma, among others (Muller et al. 1996, Pujol et al.1996, Ramires et 
al. 1997, Jansen et al. 1998, Hoos et al. 2001). 

Proteins that will allow the cell cycle to proceed, such as cyclins, are frequently 
overexpressed in primary tumours, and proteins that restrain cell proliferation, including 
p16 and Rb, are inactivated. The cell cycle control pathway governed by D-type cyclins 
is the one that is most commonly mutated in tumour cells (Lukas et al. 1995). Disruption 
of normal cell cycle controls might also underlie the genetic instability that drives the 
evolution of increasingly malignant tumour phenotypes. Normal cells use cell cycle 
‘checkpoints’ as fail-safe mechanisms to avoid the accumulation of genomic errors 
during cell division (Hartwell & Weinert 1989, Van diest et al. 1998). Basic studies of 
cancer in vivo and in vitro have shown that increased cell proliferation as a manifestation 
of cell cycle dysregulation can be accompanied by several other changes in cell 
signalling that directly control tumour progression. Genes with a role in the regulation of 
the cell cycle also have functions in the regulation of several other cellular pathways 
(Chen 1997, Handa et al. 1999). Thus, increased proliferation is considered a continuous 
phenomenon in the process of oncogenesis and tumour progression.  

The methods used to assess cellular proliferation can broadly be divided into dynamic 
techniques which reflect proliferation rate (and include cell cycle phase transit time) and 
static techniques that reflect the percentage of a proliferation-associated population at 
any given time (Wilson et al. 1996). Dynamic measurements are more biologically 
relevant, but their assessment requires either systemic administration of radioactive 
agents, or in vitro incubation of tissue. The former is not ethically applicable in human 
studies, and the latter suffers from artefacts introduced by the removal of tissue to the 
laboratory. Static measurements thus prevail and include S phase fraction analysis from 
DNA profiles using flow cytometry, incorporation of tritiated thymidine or 
bromodeoxyuridine into tumour fragments in vitro, or measurements of intrinsic proteins 
associated with the cell cycle by immunohistochemistry. (Wilson et al. 1996). 

Immunohistochemical assessment of the tumour cell growth fraction has replaced 
traditional mitotic counting in many institutions (Dixon et al. 1988, Melville et al. 1989). 
The most common proliferation marker used in immunohistochemistry is Ki-67 (MIB-1) 
(Riddel et al. 1983, Dixon et al. 1988, Melville et al. 1989, Wong et al. 2000). MIB-1 is 
believed to express in proliferating, but not in resting cells (Brown & Gatter 2002). 
However, contradictory findings have been reported (Hermanek et al. 1995). 

2.2.1.2  Apoptosis 

Apoptosis is a process whereby cells die in a controlled manner in response to specific 
stimuli and apparently according to an intrinsic and specific program (Kerr et al. 1972). 
Apoptosis is defined as a morphologic change culminating in cell death by a process 
clearly distinct from necrosis (Kerr et al. 1972). The regulation of apoptosis is central to 
morphogenesis during foetal development and to the maintenance of tissue homeostasis 
during adulthood, and seems to be of importance for neoplastic transformation in some 
organs (Chandler et al. 1994, Stewart 1994). 

The morphologic changes of apoptosis occur in three phases (Wyllie et al. 1982). The 
first phase involves condensation of chromatin into crescentic caps at the nuclear 
periphery, nuclear disintegration, and a reduction occurs in the size of the nucleus. In the 
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second phase, the budding and separation of both the nucleus and the cytoplasm into 
multiple, small, membrane-bound apoptotic bodies can be seen. These apoptotic bodies 
may be shed from the epithelial surfaces or phagocytosed by neighbouring cells or 
macrophages. In the third and final phase, progressive degeneration of residual nuclear 
and cytoplasmic structures occurs.  

In colonic crypts, spontaneous apoptosis is frequent and occurs in a less topologically 
restricted manner. Only a few apoptotic cells are observed at the base of colonic crypts, 
the topographic site of the stem cells. This naturally occurring or spontaneous apoptosis, 
which is p53-independent, has been interpreted as part of the stem cell homeostatic 
mechanism (Merritt et al. 1997).  

One of the commonly used apoptosis markers for epithelial cells is a monoclonal 
antibody, M30. It recognizes an epitope of cytokeratin 18 after an early caspase cleavage 
during apoptosis, and is considered a specific and early detector of apoptotic epithelial 
cells (Leers et al. 1999). Caspase3 is an enzyme involved in apoptosis which, when 
activated, cleaves various cellular substrates causing cell death. Activated caspases 
disrupt the cytoskeleton by cleavage of cytoskeletal and nuclear matrix proteins.  

The process of apoptosis is under strict control (programmed) and can be activated by 
a variety of death-triggering signals (Williams & Smith 1993). A failure of programmed 
cell death can cause reduced rates of cell turnover and lead to pathologic accumulations 
of cells, resulting in the development of hyperplasia and neoplasia (Williams & Smith 
1993, Thompson 1995). It is expected that the increased proliferative activity might, in 
turn, activate the program of cell death (apoptosis) due to lack of nutrients, competition 
for growth factors, or oxygen starvation resulting from the deregulated proliferation, 
provided that the underlying mechanisms for apoptosis have not been compromised. 
This may also explain why the growth of early adenomas takes several years despite the 
high proliferative activity indicated in most reports (Bedi et al. 1995, Kinzler & 
Vogelstein 1996, Sinicrope et al. 1996). 
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Fig. 8. Schematic representation of apoptosis associated pathways. Fas ligand, a 
representative of death factors, binds to Fas receptor. The trimerized death domain in the 
Fas cytoplasmic region recruits pro-caspase 8. The pro-caspase 8 is autoactivated at DISC 
(death-inducing signaling complex). Caspase 8 activates caspase 3 in two alternatively routes. 
In one route, caspase 8 directly processes pro-caspase 3 in the downstream, and caspase 3 
cleaves various cellular proteins including ICAD (inhibitor of CAD). CAD (caspase-activated 
Dnase) is released from ICAD, and degrades chromosomal DNA. In another route, caspase 8 
cleaves Bid, a pro-apoptotic member of Bcl-2, which translocates to mitochondria to release 
cytochrome C into the cytosol. The cytochrome C then activates caspase 9 which activates 
caspase 3. In the apoptosis induced by factor-deprivation, if there is no ligand in growth 
factor receptor, non-phosphorylated Bad is released, and translocates to mitochondria to 
release cytochrome C to activate caspase 9. 
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2.2.2  Oncogenes and colorectal cancer 

A proto-oncogene is a normal gene that can become an oncogene, either after an 
activating mutation or increased expression for example due to gene amplification. They 
code for proteins that help to regulate cell growth and differentiation. Proto-oncogenes 
are often involved in signal transduction and execution of mitogenic signals, usually 
through their protein product. Upon activation, a proto-oncogene (or its product) 
becomes a tumour-inducing agent, an oncogene. An oncogene is a modified gene that 
increases the malignancy of a tumour cell. Some oncogenes, usually involved in the 
early stages of cancer development, increase the possibility of a normal cell developing 
into a tumour cell, possibly resulting in cancer (Weinberg 1982). 

2.2.2.1  KRAS  

Ras proto-oncogene function in normal cell growth and differentiation via their role as G 
proteins, participating in signal transduction from growth factor receptors on the cell 
membranes. One of the best characterized is KRAS. KRAS encodes a 21kD protein that 
mediates oncogenic RAS/GTP signalling (Adjei et al. 2001). KRAS has been shown to 
be a powerful biomarker in molecular diagnosis and risk assessment in colorectal, 
pancreatic and lung cancer (Minamoto T et al. 2000). Mutation activation of KRAS is 
frequently and effectively documented in colorectal (40-50%), pancreatic (70-90%) and 
lung (25-50%) cancer (Kiaris et al. 1995, Adjei et al. 2001). Ras has influence on cell 
cycle progression, changes in cytoskeletal organization, cell adhesion and cell 
proliferation. Mutations in codons 12, 13, or 61 convert ras protooncogenes to 
oncogenes and result in autonomous cell growth and proliferation.  

Ras mutations occur during the intermediate stages of adenoma growth (Vogelstein et 
al. 1988, Shibata et al. 1993). They are infrequent in small adenomas, but more frequent 
in larger, more dysplastic adenomas (Vogelstein et al. 1988). The incidence of KRAS 
mutations in adenomas and primary CRCs ranges from 12% to 75% and from 21% to 
65%, respectively (Forrester et al. 1987, Burmer & Loeb 1989, Halter et al. 1992, Ronai 
1992, Suchy et al. 1992, Rochlitz et al. 1993, Ohmura & Hattori 1995, Vogelstein et al. 
1988). Ras mutations do not play a major role in the genesis of flat adenomas and 
carcinomas (Minamoto et al. 1994, Yamagata et al. 1995). 

2.2.3  Tumour suppressor genes and colorectal cancer 

Tumour suppressor genes reduce the probability that a cell in a multicellular organism 
will turn into a tumour cell. An inactivating mutation or deletion of such a gene increases 
the probability of the formation of a tumour. Tumour suppressor genes generally follow 
the ‘two-hit’ hypothesis, which implies that both alleles that code for a particular gene 
must be affected before an effect is manifested. This is due to the fact that if only one 
allele for the gene is damaged, the second can still produce the correct protein. However, 
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there are cases where mutations in only one allele will cause an effect. A notable 
example is the gene that codes for p53 (Sherr 2004). 

2.2.3.1  β-catenin  

β-catenin is a multifunctional protein which plays a dual role in the cell (Ben-Ze’ev 
1999). It was first identified as a protein associated with E-cadherin in maintaining cell-
to-cell interactions, thus belonging to the cell membrane-bound adherens complex 
(Kemler & Ozawa 1989). Comparative studies of signalling pathways in Xenopus and 
Drosophila subsequently led to the discovery of a second role for β-catenin in human 
cells; this cell-signalling role involves translocation of the protein from the cytoplasm 
into the nucleus (Morin 1999, Kikuchi 2000). Through its apparently independent role in 
the Wnt signal transduction pathway, β-catenin acts as a transcription factor (Morin 
1999). β-catenin deregulation is thought to be a frequent event in a wide variety of 
tumours, including CRC, melanoma, liver cancer, prostate cancer, ovarian cancer, uterine 
endometrial cancer, medulloblastoma, pilomatricoma and anaplastic thyroid cancer 
(Morin 1999). 

β-catenin exists in three different subcellular forms: membrane-bound (as part of the 
adherens complex), cytosolic, and nuclear (Morin 1999, Kikuchi 2000). Binding of the 
protein to other members of the adherens complex, i.e. E-cadherin and α-catenin, is 
thought to be regulated by tyrosine phosphorylation (Muller et al. 1999). Tyrosine 
phosphorylation of β-catenin leads to its dissociation from the adherens complex (Muller 
et al. 1999) and probable transfer of the protein to the cytosol where it exists in a 
soluble, monomeric state (Morin 1999, Kikuchi 2000). Cytosolic β-catenin may 
subsequently be degraded or translocated into the nucleus. β-catenin pathways are 
thought to play an important role in maintaining endothelial cell survival as required for 
angiogenesis (Carmeliet et al. 1999). Nuclear β-catenin signalling has recently been 
shown, in fibroplasts, to increase the production of fibronectin (Gradl et al. 1999) and 
extracellular compound to which CRC cells adhere during invasion (Ebert 1996).  

β-catenin has been shown to have an influence in almost all stages of colorectal 
carcinogenesis via the adenoma-carcinoma sequence. Nuclear β-catenin accumulation is 
seen in aberrant crypt foci and adenomas, and may explain, for example, the up-
regulation of cyclin D1 and gastrin expression seen at this early stage of colorectal 
carcinogenesis (Arber et al. 1996, Smith & Watson 2000). It is shown that the key to the 
oncogenic effects is related to the translocation of β-catenin into the nucleus and its 
interaction with DNA.  

2.2.3.2  β-catenin and Wnt -pathway 

The Wnt pathway persists as a key regulator of homeostasis in adult self-renewing 
tissue. In these tissues, mutational deregulation of the Wnt cascade is closely associated 
with malignant transformation. Genetic and biochemical data taken from Drosophila and 
metazoan models have, to date, identified >50 proteins directly involved in transducing 
Wnt signals (Wodarz & Nusse 1998). Wnt genes, of which there are 19 in man and mice, 
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encode for cystein-rich glycoproteins. Production of biologically active Wnts depends on 
palmitoylation of a conserved cysteine residue (Willert et al. 2003). 

The gene expression regulatory effects of β-catenin are mediated by the TCF-family 
of transcriptional factors. Mutations in β-catenin that increase the stability of the protein 
have been associated with CRC. T-cell factor (TCF) is a family of transcription factors 
controlling gene expression in the embryonic intestine. Wnts activate responding cells by 
interacting with the seven-span transmembrane protein Frizzled (Fz) and the single-span 
transmembrane protein leukocyte common antigen-related phosphatase LRP (Bhanot et 
al. 1996 Pinson et al. 2000 Tamai et al. 2000; Wehrli et al. 2000). Two functional 
complexes involving these proteins have been described. Wnts may bind simultaneously 
to Fz and LRP. This represents the initial step in the so-called canonical pathway, which 
leads to the formation of nuclear TCF/β-catenin complexes.  

APC is a member of the Wnt signalling pathway, a nuclear shuttling protein, and a 
participant in chromosome segregation (Fearnhead et al. 2001). In addition to its role as 
a component of the Wnt pathway, the normal function of the APC protein is to bind the 
key effector molecule β-catenin. When APC is inactivated, β-catenin translocates from 
the lateral cell membrane to the nucleus, where it drives the transcription of multiple 
genes implicated in tumour growth and invasion (Korinek et al. 1997). Rosin-Arbesfeld 
et al. (2003) indicated that the rate of nuclear export of APC, rather than its nuclear 
import or steady-state levels, determines the transcriptional activity of β-catenin. APC 
promotes the destabilization of β-catenin, a key Wnt signalling effector, by binding to 
the cytoplasmic Axn complex, which also contains glycogen synthase kinase -3β and 
casein kinase 1 (Polakis 2000, Bienz 2002). APC mutant cells show high levels of 
cytoplasmic and nuclear β-catenin: the latter binds to T-cell factor (TCF) and activates 
transcription of TCF target genes, which appears to promote tumourigenesis (van der 
Wetering et al. 2002). Mutations at critical sites of the β-catenin degradation domain of 
APC gene can convey a selective advantage to the colonic neoplastic clones by altering 
the apoptotic surveillance rather than enhancing the β-catenin-TCF-4 transcription of 
growth-promoting genes (Venesio et al. 2003). 
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Fig. 9. Wnt signalling pathway. The Wnt ligand binds a frizzled/ low density lipoprotein 
receptor related protein (LRP) complex, activating the cytoplasmic protein dishevelled 
(Dsh). Dsh then inhibits the activity of the multiprotein complex  
(β-catenin/Axin/adenomatous polyposis coli (APC)/glycogen synthase kinase (GSK)-3β), 
which targets β-catenin by phosphorylation for degradation by the proteasome. Dsh is 
suggested to bind casein kinase 1 (CK1) and thereby inhibiting priming of β-catenin and 
indirectly preventing GSK-3β phosphorylation of β-catenin. The overall result is 
accumulation of cytosolic β-catenin. Stabilized β-catenin will then translocate into the 
nucleus and bind to members of the T-cell factor (TCF)/Lymphoid enhancing factor (LEF) 
family of DNA binding proteins leading to transcription of Wnt target genes. (Modified from 
Wehrli et al. 2000). 

2.3  Hormones and cancer 

Hormones regulate many biological events including behaviour, reproduction, 
development, cell differentiation and apoptosis. Hormones also play an essential role in 
many pathological conditions, such as endocrinological diseases and cancer. Studies of 
the impact of hormones on tumour pathology have long been in the focus of cancer 
research. Both epidemiological and animal studies show that many hormones influence 
cancer development and behaviour. Hormones, such as oestrogen, are involved in cell 
balance between cell proliferation and cell death. Hormones also interact with other 
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hormones, growth factors and cytokines to regulate these processes (Prall et al. 1998). 
Thus, hormones have essential roles in regulating growth of both normal and malignant 
tissues.  

Growth hormone (GH) has been shown to affect regulation of cellular growth of 
normal tissue and its association with carcinogenesis has largely been investigated. It has 
been shown that GH via its mediator IGF-1 has an influence on cellular proliferation, 
apoptosis, angiogenesis and metastasis (Laban et al. 2003, Bustin & Jenkins 2001). In 
animal studies, GH has been shown to increase the incidence of breast tumour 
development (Tornell et al. 1992, Bates et al. 1995). In epidemiological studies, high 
GH-IGF-1 concentrations have been shown to have a two-fold increased risk of CRC 
(Baxter et al. 2000, Gill et al. 1997). Acromegaly is associated with an increased risk of 
CRC with a proposed link to elevated GH-IGF1-complex levels.  

Oestrogens in the process of carcinogenesis were first suggested in the 1930s 
(Lacassagne 1932). Oestrogens may act as carcinogens, cocarcinogens and tumour 
promoters. In CRC, sex steroid hormones have been shown to affect normal renewal of 
colonic mucosa (Singh et al. 1994, Fiorelli et al. 2002). Epidemiological and in vitro 
studies with colon cancer cells have also implicated oestrogens in the development and 
progression of colon cancer (Potter & McMichael 1983, Di Domenico et al. 1996). The 
presence of oestrogen receptors ERα and ERβ in normal and malignant colonic tissues 
and cell lines has also been documented (Issa et al. 1994, Arai et al. 2000, Foley et 
al.2000, Campbell-Thompson et al. 2001, Qiu et al. 2002). 

2.3.1  Hormone-responsive cancers 

In some tissues, such as endocrine organs, prostate, endometrium, ovary or breast, the 
growth and differentiation of the cells is dependent on hormones. When a malignancy 
arises in these tissues, it is usually hormone-responsive. Other primaries and histological 
types may also be hormone-responsive, such as melanoma and renal cell cancer (Course 
Development & Web Services (2006). Overtly, about 30% of all malignancies are 
estimated to be hormone-sensitive (English et al. 2001), i.e., the presence of a particular 
hormone or hormones will stimulate the growth of these cancer cells. Breast cancer, 
ovarian cancer and prostate cancer are archetypes of hormone-dependent cancers. Some 
hormones, e.g. steroid hormones, can be used to alter the growth of cancer. Cancer 
therapy which achieves its anti-tumour effect through changes in hormonal balance is 
also called endocrine therapy. Endocrine intervention of sex steroid-responsive cancers 
by anti-oestrogenic or anti-androgenic compounds has made a substantial contribution to 
cancer therapy of these cancers.  

2.3.2  Thyroid hormones and their receptors 

Thyroid hormones (TH) play critical roles in differentiation, growth and metabolism. 
Thyroid hormones are required for the normal function of nearly all tissues, with major 
effects on oxygen consumption and metabolic rate (Oppenheimer et al. 1987). Thyroxine 
as a factor inducing precocious maturation of the intestinal epithelium has been well 
documented (Moog 1981). In addition to regulation of overall metabolism, thyroid 
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hormones are important regulators of gut mucosal development and differentiation, 
inducing intestinal alkaline phosphatase (IAP). T3 has at least two major influences upon 
the adult small intestine; it is trophic for crypt cells and it alters the pattern of brush-
border enzyme expression in the villus enterocytes (Malo et al. 2004). 

The THs, T4 and the more potent T3 (Figure 10), are synthesized in the thyroid gland. 
Iodine is actively transported and concentrated into the thyroid by Na/I symporter 
(Smanik et al. 1996). The trapped iodine is oxidized by thyroid peroxidase in the 
presence of hydrogen peroxidase and incorporated into the tyrosine residues of a 660-
kDa glycoprotein, Tg. This iodination of specific tyrosines located on Tg yields 
monoiodinated and diiodinated residues (MIT; monoiodo-tyrosines; DIT, diiodo-
tyrosines) that are enzymatically coupled to form T4 and T3. The major pathway for the 
production of T3 is via 5´deiodination of the outer ring of T4 by deiodinases and 
accounts for the majority of the circulating T3 (Braverman et al. 1970, Kohrle 2000). 
Although THs exert their effects on a number of intracellular loci, their primary effect is 
on the transcriptional regulation of target genes. Similarly to steroid hormones that also 
bind to nuclear receptors, TH enters the cell and proceeds to the nucleus. 

Fig. 10. Structures of thyroid hormones.  

Thyroid hormone action is generally mediated through its nuclear receptors (TR) (Lazar 
1993, Zhang & Lazar 2000). Oppenheimer et al. (1972) and Samuels and Tsai (1973) 
used radiolabelled TH to demonstrate specific nuclear binding sites in different T3-
sensitive tissues, thus providing the first evidence for thyroid hormone receptors (TRs). 
T3 binding was observed in almost all tissues (Oppenheimer et al. 1974). 

TRs have been shown to belong to a large superfamily of nuclear hormone receptors 
that include steroid, vitamin D, various steroid androgen, oestrogen, glucocorticoid etc., 
and retinoic acid receptors as well as “orphan” receptors for which there is no known 
ligand or function (Beato et al. 1995, Lazar 1999). TRs share a similar domain 
organization with other family members, as they have a central DNA-binding domain 
containing two ”zinc fingers” and a ligand binding domain (LBD). The TRα gene on 
human chromosome 17 generates TRα1 and TRα2 transcripts, which are the splice 
variants of a major transcript and produce 410 and 490 amino acid proteins, respectively 
(Lazar 1993). In addition, other truncated TRα proteins appear to exist and may be 
important in modulating T3 action (Plateroti et al. 2001). The human TRβ gene on 
chromosome 3 produces 461 and 476 amino acid proteins TRβ 1 and TRβ2, respectively, 
from two splice variants of a single transcript (Lazar 1993). 
Thyroid hormones bind to TRs, which may already be prebound to TREs located in 
promoter regions of target genes. (Figure 11). The formation of ligand-bound TR 
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complexes that are also bound to TREs is the critical first step in the positive or negative 
regulation of target genes and the subsequent regulation of protein synthesis. Given their 
abilities to bind both ligand and DNA as well as their ability to regulate transcription, 
TRs can be regarded as ligand-regulatable transcription factors. 

Fig. 11. General model for thyroid hormone action. Thyroid hormone receptors can bind to 
a T3 response element (TRE) DNA as homodimers or as heterodimers with the retinoid X 
receptor (RXR) and regardless of whether they are occupied by T3. In general, binding of 
thyroid hormone receptor alone to DNA leads to repression of transcription, whereas 
binding of the thyroid hormone-receptor complex activates transcription. Modified from 
Yen 2003. 

Thyroid hormones have synergistic effects on other hormones and their receptors. 
Crosstalk with other nuclear hormone receptors has been described in literature (Glass 
1994, Schrader et al. 1994). The influence of insulin (Menard & Malo 1982, Moog and 
Goellner 1982) and epidermal growth factor (Malo and Menard 1982) has been 
demonstrated, and synergy between insulin and thyroxine has been reported (Malo and 
Menard 1983). Together with EGF and transferrin, T3 as well as insulin induced limited 
cell growth and the early phase of differentiation (Rognoni et al. 1998). 

2.3.3  Thyroid hormones and their receptors in the 
pathogenesis of malignancy 

Many studies in vitro and in vivo have linked thyroid hormones and human cancer since 
Beatson (1896) described the use of thyroid extracts for breast cancer treatment more 
than a century ago. There is a substantial amount of information to indicate that thyroid 
hormone levels and thyroid diseases have an effect on tumour formation, growth and 
metastasis in experimental animals and humans (Guernsey & Fisher 1990, Smyth 1997). 
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A few studies exist to show the influence of thyroid hormone on cancer progression. 
T3 binding capacities have been compared between non-tumour and tumour tissues. 
Non-tumorous tissues have been found to have significantly lower T3 binding capacity 
in some studies (Lemaire & Baugnet-Mahieu 1986). The presence of high affinity T3-
binding sites in human tumour nuclei showed that the thyroid hormones may play a role, 
at the cellular level, on the development of certain human cancers (Lemaire & Baugnet-
Mahieu 1986). In colon cancer, it has previously been found that long-term use of L-
thyroxin, the principal hormone secreted by the thyroid gland, reduces the risk of CRC 
by 50% (Rennert et al. 2005). Furthermore, studies have shown that right-sided colon 
cancer is associated with an increased risk of thyroid cancer, and a predisposition to 
thyroid cancer is a well-described feature of FAP and Cowden’s disease (Rohaizak et al. 
2003). Hypothyroidism is known to impair colonic motility and transit time, findings 
which have been suggested to be related to the risk of colon cancer development 
(Rennert et al. 2005). 

In 1986, TRα1 was found to be the cellular counterpart of the v-erbA oncogene that 
contributes to the appearance of erythroleukaemia and sarcomas in birds (Weinberger et 
al. 1986). V-erbA encodes a highly mutated chicken TRα1 protein that does not bind T3 
and acts as a constitutive repressor of T3-regulated genes. In recent years, there has been 
increasing evidence that aberrant expression and mutations in THR genes could be 
associated with carcinogenesis in humans (Weinberger et al. 1986). 
TRα knockout mice display marked hypoplasia in both the crypts and villi, and they also 
have decreased levels of various digestive enzymes (lactase, sucrase, aminopeptidase) 
and gut transcription factors (Cdx-1 and Cdx-2) (Forrest et al. 1996, Forrest et al. 1996, 
Fraichard et al. 1997, Gauthier et al. 1999, Plateroti et al. 1999, Plateroti et al. 2001). 
Instead, TRβ knockout mice appear to have no obvious intestinal abnormalities.  
TR location in cells has been studied. In normal breast duct and acinar epithelium, TRα 
has been detected in the nuclei, while in any pathological type of this receptor was 
located in the cytoplasm (Conde et al. 2006). In infiltrative carcinomas an inverse 
correlation between the proliferation index and the TRα expression was encountered 
(Conde et al. 2006). In the study of Lin et al. (1997), TRβ presented a nuclear location in 
benign proliferative diseases and carcinomas in situ and a cytoplasmic location in normal 
breast and infiltrative carcinomas. Mutations of the TR gene have been found in 
hepatocellular carcinoma, thyroid cancer (Puzianowska-Kuznicka et al. 2002), renal cell 
carcinoma (Kamiya et al. 2002) and non-functioning pituitary tumours (McCabe et al. 
1999). 

Tumour development by thyroid hormone receptors has elicited many hypotheses. 
Possibly, TR may have a property as a tumour suppressor by inhibiting the functions of 
cyclin D1. On the other hand, point mutations are found in β-catenin, APC and Axin, 
resulting in resistance of β-catenin against proteolysis in human cancers such as colon 
carcinomas (Morin 1999). In these tumours, cyclin D1-expression is increased by 
accumulated β-catenin/TCF complex. In the study by Natsume, using SW480 cells, 
cyclin D1 promoter activity was dramatically suppressed by T3/TR, whereas it was not 
affected by T3 treatment without TR. There is a possibility that T3 may express anti-
tumour activity by abrogating the Wnt pathway against TR-positive tumours (Natsume et 
al. 2003). 
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2.4  Colon carcinoma cell models 

Cell cultures represent an alternative for studying differentiation and proliferation in 
cancer cells. Cell cultures permit more precise investigation of the actions of different 
factors on the expression of characteristic brush border membrane functions, which is a 
good description of cell differentiation (Pinto et al. 1983, Rousset et al. 1985, Blais et al. 
1987, Jumarie et al. 1991). 

Caco-2 is one in vitro model for the study of differentiation and regulation of 
intestinal functions (Rousset 1986, Jumarie et al. 1991). This cell line, established from a 
moderately well-defined human colon adenocarcinoma (Fogh et al. 1977), exhibits 
spontaneous enterocytic differentiation at confluency, and it is widely used in studies of 
intestinal function in vitro (Rousset 1986).  

2.4.1  Caco-2 cell line model for the evaluation of thyroid 
hormone effects 

Only a few studies exist on T3 influence on its receptor expression or growth of cultured 
cells. In Caco-2 cells, T3 has been shown to induce cell differentiation, but not cell 
proliferation (Jumarie et al. 1996). Several different cell culture models have been 
developed in serum-free medium to achieve enterocyte differentiation in long-term 
studies (Jumarie et al. 1991, Henderson & Kirkland 1996). In HT29-D4 cells, T3 has 
been shown to promote limited cell growth and differentiation (Rognoni et al. 1998). 
Furthermore, T3 injections into cultured cells stimulated precocious sucrase activity, thus 
inducing differentiation (Bustamante et al. 1982, Jumarie et al. 1996). 

RT-PCR and Western blotting showed that thyroid hormone receptors TRα1 and 
TRβ1 are expressed in Caco-2-cells (Malo et al. 2004). However, TRβ1 receptors in 
another colon carcinoma cell line, HT-29, are not functional (Hodin et al. 1996). The 
effect of T3 on thyroid hormone receptors has not been studied so far. 



3 Aims of the research 

This research was focused on factors affecting growth and differentiation of CRC. The 
specific aims were: 

1. To assess whether the serrated pathway differs from the non-serrated pathway in the 
rate and location of proliferation and apoptosis in both early and advanced phases.  
To find out whether proliferation and apoptosis indexes have any prognostic influence 
on survival in patients with serrated or conventional adenocarcinoma.  

2. To investigate the possible association of tumour budding and β-catenin alterations as 
shown by immunohistochemistry, and to find out their prognostic significance and 
possible usability of β-catenin for assessing malignant potential. 

3. To seek possible relationships of thyroid hormone receptor TRβ1 expression in 
colorectal mucosa and in CRC and to find any association between TRβ1 and clinical 
factors, such as growth characteristics and KRAS mutations. 

4. To find out the role of T3 on growth, apoptosis, β-catenin and its receptors in Caco-2 
cells. 



4 Materials and methods 

4.1  Case material (I-III) 

Colorectal adenoma cases (I) were derived from a series of 239 patients from whom 
polypoid lesions were sampled in endoscopies during the years 1978-1982.  

CRC cases comprise a series of a total of 466 patients who underwent radical surgical 
operation for CRC between the years 1986-1996. Of these, 386 cases could be included 
in the assessment of survival statistics. The patients were followed up for 60 months or 
until their death (mean 41 months). The presence of adenomas was evaluated in a subset 
of 156 cases, of which 41 had adenomas. Medical histories and clinical details were 
reviewed from the case records and the outcome of the patients from the cancer registry 
files (The Finnish Cancer Registry). All the studies were performed in accordance with 
the ethical standards of the Ethical Committee of Oulu University Hospital. For β-
catenin (II) and TRβ1 immunohistochemical analyses (III), a subset of 118 cases was 
included. From these cases, 74 cases had been analysed for KRAS mutations (George et 
al. 2000). For determination of proliferation index (PI) and apoptotic index (AI) in 
sporadic serrated and non-serrated CRCs, 27 serrated adenocarcinomas and 27 control 
non-serrated carcinomas matched for stage, location and age, were selected for the study. 
In a few cases, there was inadequate material left of the samples, which is why they had 
to be excluded from the study. The final number of cases for study I was 26 serrated 
adenocarcinomas, 25 non-serrated carcinomas, 12 HP, 9 SA and 12 adenomas; 108 
CRCs for β-catenin immunohistochemistry and 114 CRC cases for TRβ1 
immunohistochemistry. 
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Table 4.  Clinical characteristics of patients included in this thesis (I-III). 

Clinical variables Study I Study II Study III 
Number of patients 84 466 114 

Sex    
Male 40 220 54 
Female 44 246 60 

Dukes’ class    
A 14 98 27 
B 20 188 46 
C 10 109 24 
D 7 71 17 

Grade    
1 17 106 32 
2 24 276 57 
3 10 84 25 

Age 61.0 67.5 68.0 
Polyp/adenoma type    

Hyperplastic polyp 12 - - 
Adenomatous polyp 12 53 53 
Flat adenoma - 24 24 
Serrated adenoma 9 27 27 

Carcinoma type    
Conventional 25 431 77 
Serrated 26 35 27 

During the classification and selection of the series of samples, the investigators were 
blinded for any prognostic data and other clinical information. The polypoid lesions were 
classified by using criteria described by Lazarus et al. (2005). Carcinomas were assessed 
as described previously (George et al. 2000, Mäkinen et al. 2001). 

4.2  Histopathological characteristics (I-III) 

Carcinomas were staged according to Dukes’ stage and graded as well, moderately and 
poorly differentiated according to WHO criteria by two pathologists (Jernvall et al. 
1997). Tumours were further classified into polypoid and flat growth type by criteria 
described previously (George et al. 2000). 

A lesion was considered polypoid if it was elevated above the level of normal 
mucosa, and flat if the lesion was at the level of normal mucosa or below. Serrated 
adenocarcinomas were classified by criteria described previously, and they only included 
cases where adjacent adenoma was a typical serrated adenoma (Mäkinen et al. 2001). 
The distribution of cases according to these features is presented in Table 4. 

Adenomatous component adjacent to CRC was sought for all cancer cases in study I, 
and in immunostained specimen in studies II and III. In study I, an adenomatous 
component was present in seven serrated adenocarcinomas and nine conventional 
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adenocarcinomas in Ki-67 proliferation analysis and in 14 serrated adenocarcinomas and 
17 conventional adenocarcinomas in M30 apoptosis analysis. Adenomas and adenomas 
growing adjacent to cancer were combined for statistical analyses.  

In study III, an adjacent adenomatous component was present in 46 cases, while in 28 
cases, lymph node metastases were found.  

4.2.1  Budding (II) 

Budding was considered to be present when narrow strands or clusters of cancer cells of 
two or three cells in width were observed extending beyond the tumour margin and 
where this finding appeared to be unrelated to glandular disruption associated with 
inflammatory cell infiltration. In an unselected subset of 53 cases out of 108 cases 
evaluated for β-catenin, the presence of cancer cell clusters was assessed separately 
using pan-cytokeratin antibody MNF116. In each case, all slides containing cancer tissue 
were evaluated for the presence or absence of budding margin.  

4.3  Immunohistochemistry (I-IV) 

Five-μm thick sections were cut from the paraffin-embedded tissue blocks and hydrated 
overnight at 37°C. Sections were deparaffinized in xylene and rehydrated in graded 
alcohol series and rinsed with phosphate-buffered saline (PBS). Blocking solution was 
used to block endogenous activity. After a 10 minutes rinse in PBS, the slides were 
incubated in a primary antibody (Table 5). Sections were then rinsed with PBS for ten 
minutes and incubated with a secondary antibody for thirty minutes at room temperature. 
Slides were then rinsed in PBS and the solutions were changed at five-minute intervals. 
Concentrated diaminobenzidine (DAB) chromogen solution and a substrate buffer 
(1:200) were used for ten minutes to observe the localization of immunoreaction. 
Sections were then washed in PBS for ten minutes, counterstained with haematoxylin. 
Sections were dehydrated in graded alcohol series. Finally, the specimens were 
embedded in xylol and covered. 

Cultured cells were fixed in - 20°C for 10 minutes with methanol (cryostat), after 
which media were removed. Cells were then washed once with 1xHBSS-solution of 
37°C and once with 1XPBS of +4 degrees. The cells were thereafter fixed in methanol, 
after which they were rinsed on ice making sure that they did not dry out. 
Dako Envision-kit was used for immunohistochemistry. Cells were washed four times in 
0.05 Tween PBS, after which they were incubated in endogenous peroxidase solution for 
five minutes to block endogenous activity. After that, the cells were again washed four 
times in 0.05 Tween PBS. Primary antibodies were incubated for one hour. The cells 
were then washed as stated above. The secondary antibody was incubated for 30 minutes 
and the cells were washed again as above. DAB was then incubated from 2 to 10 
minutes following the reaction. The samples were then washed with distilled water, 
covered in Haematoxylin, rinsed with water and covered with Immunomount. 
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Table 5. Reagents used in immunohistochemical stainings. 

Antigen Study Antibody Dilution Source of antibody 
Ki67 I, IV Primary mouse monoclonal antibody 1:300 Lab Vision Corporation, 

Freemont, Calif., USA 
M30 I, IV Primary mouse monoclonal antibody 1:1200 Roche Applied Science, 

Mannheim, Germany 
TRα1 IV Primary rabbit monoclonal antibody 1:200 Affinity Bioreagens, USA 
TRβ1 III, IV Primary mouse monoclonal antibody 1:50 Santa Cruz Biotechnology 

Inc, CA 
β-catenin II, IV Primary mouse monoclonal IgG antibody 1:2000 Transduction Laboratories, 

Lexington, KY, USA 

4.3.1  Quantitation of immunohistochemistry (I-III) 

All evaluations were assessed blinded for clinical data or pathological classification.  
The proliferation index (PI) was defined as the percentage of Ki67 staining cells. 

Cells were considered positive for Ki67 if diffuse or punctuate brown nuclear staining 
existed. For apoptotic index (AI), the proportion cells expressing caspase cleavage site 
for keratin 18 was counted similarly. In normal mucosa (if present in a specimen), the 
cells were counted from the basal zone (basal third of the crypts), middle zone (middle 
third of the crypts) and top zone (upper third of the crypts and superficial epithelium). In 
polyps, positive cells were counted similarly from the three zones. For practical 
purposes, however, we used the mean of middle and top zones as comparison; this mean 
is referred to in the text as upper zone. In adenocarcinomas, pre-existing adenomatous 
component was analysed as in benign polyps. In cancerous tissue, counting was carried 
out in areas with the highest proliferative or apoptotic activity. However, in carcinomas 
the surface was ulcerated in 42 cases (82%). To eliminate the possible biasing effect of 
ulceration, the surface area of carcinomas was not counted. The two measured parts of 
carcinomas were the central zone (middle region of cancer) and invasive margin 
(invasive outer margin of cancer).  

The TRα1 expression was evaluated by assessing the nuclear expression. The 
evaluation was done for normal mucosa and for cancerous area. The central part and 
invasive front were analysed separately. 

In the TRβ1-analysis, in all cases, normal epithelium, adenoma component, 
carcinoma component and lymph node metastases were separately assessed, if present. 
Crypt basis and surface epithelium were assessed separately in normal mucosa as well as 
the central part and the invasive margin in cancer. Nuclear staining was recorded as 
present or absent. Cytoplasmic TRβ1 expression was evaluated by using a four-point 
scale: negative (-), weak (+), moderate (++), and strong expression (+++). For further 
statistical analyses, cytoplasmic TRβ1 expression was divided into two grades: negative 
(-) or positive (+ to +++) staining. Cases were defined as negative if only focal TRβ1 
positivity could be found in a specimen.  

In β-catenin analysis, the intensity of membranous, cytoplasmic and nuclear staining 
was graded semi-quantitatively into four categories: negative (0), weakly positive (1), 
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moderately positive (2) and strongly positive (3). Nuclear staining of positive cells was 
defined as intense brown colour in the nucleus. Normal epithelium and adenoma 
component were analysed separately from cancer, if they were present in a specimen. 
For normal and adenomatous epithelium, β-catenin positivity was analysed separately 
from basal zone (basal half of the crypts and basal part of an adenoma) and top zone 
(upper half of the crypts and superficial epithelium or superficial part of an adenoma). In 
cancer, the central part and invasive margin were analysed separately, and budding cells 
were analysed separately if present.  

4.4  Immunofluorescence (IV) 

Cells were fixed as described above, rinsed twice in PBS at 4˚ C, and treated with 10% 
FBS/PBS-glycine for 30 minutes. Cells were then incubated with primary antibody 
dilution (30 µl/coverglass) for 30 minutes at RT by using antibodies against TRα1 
(dilution 1:200; Affinity Bioreagents, USA), TRβ1 (1:50; Santa Cruz Biotechnology Inc, 
CA, USA), and β-catenin (1:2000; Transduction Laboratories, Lexington, KY, USA. 
After washing with PBS-glycine for three times at room temperature the cells were 
incubated with secondary antibody labeled with a fluorescent marker at 1:100 for 30 
minutes at room temperature. The fluorescent marker used for TRα1 was Texas Red 
(Transduction Laboratories, Lexington, KY, USA), and for TRβ1 and β-catenin, Alexa 
Fluor 488 dye (Invitrogen Corp, Carlsbad, California, USA). Samples were then washed 
in PBS, rinsed in distilled water and were finally covered with Immumount (Shandon, 
Thermo Electron Co, Pitsburg, USA). Samples were analyzed with Nikon Microphot-SA 
microscope equipped with epifluorescence equipment, and photomicrographs were taken 
on high-speed Kodak Ektachrome 1600 film. 

4.5  Immunoblotting (III, IV) 

The amount of TRα1, TRβ1 and β-catenin in cytosolic and nuclear fraction of cultured 
cells was determined by Western blot analysis. Cells were cultured in 6-well plates in 
media with FBS. After the second day of culture (day 3), media was replaced by ITS 
(insulin, transferrine, selenous acid) with or without T3. After 1h, 4h, 24h and 48h 
culture in ITS, cells in one well were taken for analysis. Cells were first washed with a 
cold PBS and scraped with a rubber policeman. Cell suspension (1ml) was transferred 
into centrifuge tube and centrifuged at 12500 rpm at + 4°C for 15 sec. Supernatant was 
discarded and cells were resuspended in Buffer A (10mM HEPES pH 7.9, 10mM KCl, 
0.1mM EDTA pH 8, 0.1mM EGTA pH 8, 20 µg/ml Leupeptin, 20 µg/ml Aprotinin, 0.5 
mM PMSF, 1mM DTT) and incubated on ice for 15 minutes. Cells were lysed with 0.6% 
NP-40 and centrifuged at 12500 rpm at + 4°C for 30 sec. Supernatant (cytoplasmic 
fraction) was immediately transferred to a fresh tube, and in 100 µl aliquots stored at -70 
°C until analyzed. The nuclear pellet was resuspended in a 50µl of Buffer C (20mM 
HEPES pH 7.9, 0.4mM NaCl, 1mM EDTA pH 8, 1mM EGTA pH 8, 20 µg/ml 
Leupeptin, 20 µg/ml Aprotinin, 0.5 mM PMSF, 1mM DTT) and gently rocked on a 
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shaker at + 4 °C for 10 minutes and after that centrifuged at 12500 rpm at + 4 °C for 5 
min. Supernatant (nuclear fraction) was transferred to a fresh tube and stored at - 70 °C.  
The protein concentration of each fraction was determined by the Bradford’s method 
(Bradford 1976). Denatured protein extracts (50µg) were resolved on 10% SDS-PAGE. 
After electrophoresis proteins were transferred on to a nitrocellulose membrane. The 
membrane was gently shaken in 5% nonfat milk in Tris-buffered saline with 0.05% 
Tween-20 (TBS-T; 25mM Tris, pH 7.4, 150 mM NaCl and 0.05% Tween-20) for an hour 
and washed after incubation three times with TBS-T. Then the membrane was incubated 
with primary antibody for TRβ1 (1:500) and TRα1 (1:350) overnight at +4 °C and was 
washed again three times with TBS-T. After that, 1.5 h incubation with affinity purified 
goat anti-mouse/rabbit IgG immunoglobulin for TRα1 and TRβ1 conjugated with 
horseradish peroxidase was performed. Visualization was performed by 
chemiluminescence. The membrane was developed with luminol-coumaric acid 
detection solution (875 µM luminol, 135 mM p-coumaric acid and 0.01 % H2O2 in 0.1 
M Tris-HCl pH 8.5) for 2 minutes and the membrane was exposed by the Fujifilm 
Luminescent Image Analyzer LAS-3000. The bands were quantified with Quantity One 
software (Bio-Rad Laboratories, Hercules, CA). Western blot results for TRα1 are the 
mean measurements of four different cell passages. Results for TRβ1 are not shown 
because mean measurements could be analyzed only from two different cell passages.  

4.6  Caco-2 cell culture (IV) 

Caco-2 cells obtained from the American Type Culture Collection (ATCC, Parkland 
Drive, Rockville, Maryland) were seeded at 4 X 104 cells/cm2 in petri dishes 50mm in 
diameter containing Dulbecco’s Eagle’s medium (D-MEM, Gibco Laboratories, NY) at 
25mM glucose concentration, supplemented with 15% FBS (Gibco Laboratories, NY), 
0.1mM non-essential amino acids, 1% Penicillin-Streptomycin (10000 units/ml 
penicillin G sodium and 10000 ug/ml streptomycin sulfate, Gibco Laboratories, NY) 
maintained at 37°C in a 10% CO2 90% air atmosphere (Jumarie et al. 1991). After two 
days of culture, FBS serum was replaced by ITS (BD Biosciences USA) with or without 
T3. We had three different lines: ITS without hormone, ITS with 50nM T3 and ITS with 
100 nM T3. Cells were grown in petri dishes for up to 14 days. On days 5, 7, 10, 12 and 
14, media were changed, and one petri dish with 11 cover glasses was taken from each 
line for immunohistochemistry and immunofluorescence analysis. 

4.7  Thyroid hormone T3 administration (IV) 

Triiodothyronine T3 administration (Sigma Aldrich Company) was carried out by 
removing FBS after two days of culture. After that, ITS without T3 was added into line I, 
ITS with 50nM T3 was added into line II and ITS 100nM T3 into line III on days 5, 7, 
10, 12 and 14. The effect of T3 administration on proliferation, apoptosis, TRα1, TRβ1 
and β-catenin amounts and cell location was evaluated. Comparison of three different 
media on the stated variables was done by using leucine incorporation, 
immunohistochemistry, immunofluorescence and Western blotting methods. 
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4.8  Protein synthesis (IV) 

[3H] Leucine incorporation analysis was performed as described previously (Berk 1989). 
In brief, cells were cultured in in media with FBS. After two days, media with FBS was 
replaced with ITS premix with (50 nM or 100 nM) or without T3. [3H]Leucine 
(5µCi/ml) was added for media at the same time when media was changed. Leucine 
pulse measurements were carried out in time points 3+1h (four hour incubation with ITS 
and with or without T3) and 23+1h (23 hour with ITS and with or without T3; last hour 
containing leucine). Cells were then lysed and processed for measurement of 
incorporated [3H] Leucine by liquid scintillation counter. In all incubation times 
duplicate samples were used, and mean values were used for comparisons. 

4.9  KRAS mutation analysis (III) 

KRAS mutation data presented in our previous study (George et al. 2001) was used. The 
analyses for exon 1 region were based on fresh tumour samples in an unselected subset 
of 74 CRC cases out of 466 cases (15.9 %). 

4.10  Statistical analyses (I-IV) 

Computer-assisted statistical analysis software was used (SPSS, version 12.0, SPSS, IL, 
USA) for statistical analysis. For categorical data, cross-tabs with Pearson’s χ2or Fisher’s 
exact test were used depending on the number of cases. Student’s t-test, McNemar test 
and ANOVA variance analysis were used in comparing the values of different groups 
when variables were normally distributed. For not normally distributed or discontinous 
variables Mann-Whitney U test for bivariate analyses and Kruskal-Wallis test for 
multivariate analyses were used. Wilcoxon two-related samples test was used when 
comparing two dependent variables, if these variables were not normally distributed. 
Spearman’s rank correlation test was used for analysis of significance of correlations 
between variables. Kaplan-Meier univariate and Cox multivariate regression models 
were used for survival analyses. A p-value of less than 0.05 was considered statistically 
significant.  



5 Results 

5.1  Apoptosis and proliferation 

PI, AI and ratio of AI and PI were evaluated from normal mucosa, polyps, adenoma 
adjacent to carcinoma and from carcinomas (Figure 12). These variables were compared 
in relation to different histological locations of lesions. In addition, we examined 
whether proliferation or apoptosis correlates to clinicopathological variables. 

 

         
               HP               SA                      AP                         CA                    SAC 
 

Fig. 12. Schematic description of different lesions in the colorectum. SAC=serrated 
adenocarcinoma. 

5.1.1  Proliferation 

In normal epithelium, the highest PI was seen in the basal zone of the crypts; the top 
zone showed lower PI, and the expression was in most cases negative (Table 6). 

When comparing adenomas, PI was higher in the basal zone than in the top zone in 
HP (P=0.005, Wilcoxon), but higher in the top zone in SA and conventional adenomas 
(P=0.011 and P<0.0005, Wilcoxon). The mean PI and PI of the upper zone was lower in 
HP than in SA (P=0.008 and P=0.001, Mann-Whitney) or adenomatous polyps (AP) 
(P=0.006 and P=0.001, Mann-Whitney), whereas PI did not differ between SA and AP.  

Top zone 
 

Basal zone 

   Centre                  Centre 
 
 

           Invasive area 
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PI was higher in conventional adenocarcinomas than adenomas (P=0.033, Mann-
Whitney). A similar trend was seen between serrated adenomas and serrated 
adenocarcinomas (P=0.085, Mann-Whitney). 

PI was higher in the central part than at the invasive front in both conventional 
adenocarcinomas and serrated adenocarcinomas (P<0.001 and P< 0.0005, Wilcoxon two 
related samples). PI in the central part (P=0.190, Mann-Whitney) or at the invasive front 
(P=0.178, Mann-Whitney) did not differ between serrated adenocarcinomas and 
conventional adenocarcinomas.  

Table 6. Proliferation indexes in normal mucosa and lesions. 

Overall Upper zone /  
Central part 

Basal zone /  
Invasive margin 

Lesion 

N % 

 

N % 

 

N % 
Normal epithelium 21 9.7  21 7.1  21 15.0 
Hyperplastic polyp 12 21.8  12 18.1  12 29.1 
Serrated adenoma 15 37.1  15 41.0  15 32.2 
Adenoma 23 33.7  23 37.4  23 27.3 
Cancer      

Serrated adenocarcinoma 18 43.9  18 53.9  18 33.9 
Adenocarcinoma 16 42.0  16 50.2  16 34.4 

5.1.2  Apoptosis 

In normal mucosa, AI was slightly higher in the basal zone than in the top zone, but the 
difference was not significant (Table 7). 

In polyps, HP had significantly lower AI than conventional adenomas or SA. AI, AI in 
the basal zone and AI in the top zone were higher in SA than in HP (P=0.008, P=0.013 
and P=0.011, Mann-Whitney). Mean AI, AI in the basal zone and AI in the top zone in 
AP were higher than in HP (P=0.006, P=0.001 and P=0.009, Mann-Whitney). AI 
between SA and AP was similar. 

AI in serrated adenocarcinomas and traditional adenocarcinomas was similar. At the 
invasive front, AI was lower than AI in the central part of lesion (P=0.010, Wilcoxon two 
related samples). The same tendency was seen in conventional adenocarcinomas 
(P=0.093, Wilcoxon two related samples, Table 8). No statistically significant 
correlations were seen in AI and clinicopathological variables. 
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Table 7. Apoptosis indexes in normal epithelium and lesions. 

Overall Upper zone /  
Central part 

Basal zone /  
Invasive margin 

Lesion 

N % 

 

N % 

 

N % 
Normal epithelium 24 0.13  24 0.11  24 0.17 
Hyperplastic polyp 10 0.19  10 0.21  10 0.17 
Serrated adenoma 26 1.61  26 1.71  26 1.39 
Adenoma 32 2.09  32 2.14  32 2.10 
Cancer      

Serrated adenocarcinoma 21 4.34  21 5.52  21 3.16 
Adenocarcinoma 19 3.9  19 4.44  19 3.37 

5.1.3  Apoptosis, proliferation and survival 

The influence of PI and AI and the AI:PI ratio on 5-year survival was tested. We found 
that in conventional adenocarcinomas, PI in the central part of conventional 
adenocarcinomas showed an inverse correlation with 5-year survival (Spearman’s rho = 
-0.587, P=0.022), whereas AI did not have such an influence (Spearman’s rho =-0.290, 
P=0.244 and -0.404). A similar correlation was not found in serrated adenocarcinomas. 

5.2  Tumour budding, β-catenin and prognosis 

5.2.1  Budding margin and Dukes’ stage 

The contour of the invasive margin of the cancer in the bowel wall was more frequently 
sharply infiltrative in the more advanced cancers. This was observed in 35.7% (35/98) of 
Dukes’ A cancers, 70.7% (133/188) of Dukes’ B cancers, 76.1%; (83/109) of Dukes’ C 
cancers and 90.1% (64/71) of Dukes’ D cancers (P<0.0001, χ2). The occurrence of 
budding also increased with the Dukes’ stage, but was less prevalent. In Dukes’ stage A, 
budding was observed in 9.2% (N=9/98) of the cases. In Dukes’ stages B, C and D, 
budding was observed in 19.1% (N=36/188), 30.3% (N=33/109) and 47.9% (N=34/71) 
of the cases, respectively (P<0.0001). 

5.2.2  β-catenin expression 

In the normal mucosa, β-catenin expression was localized to the cell membranes, and 
nuclear expression was absent in most cases. In tumours, membranous, cytoplasmic and 
nuclear expression of β-catenin was present in the majority of cells (Table 8). In the 
central parts of cancers, membranous staining was observed in all cases, and nuclear 
staining in most of the cases. In the invasive margin, cytoplasmic expression of β-catenin 
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was found in all cases, and nuclear β-catenin was frequent. The intensity of the nuclear 
β-catenin immunoreactivity increased from the central area towards the invasive margin 
(P<0.001; Wilcoxon signed rank test). 

Table 8. β-catenin expression in normal epithelium and tumours. 

In Dukes’ stage A cancers, β-catenin nuclear expression in the central part of the tumour 
was slightly weaker than at the invasive margin (P=0.056, Wilcoxon), and it was clearly 
higher in Dukes’ stage B cancers (P=0.0001; Wilcoxon). The trend was similar for stages 
C and D (P=0.058 and P=0.005, respectively). A subset of randomly selected Dukes’ 
stage B cases (subset N=21) was used to find out whether the difference between Dukes’ 
stages A (N=21) and B (N=45) was due to the smaller numbers of Dukes’ A cases. The 
increase of nuclear β-catenin at the tumour margin was also clearly evident in a subset of 
Dukes’ stage B cases (P=0.002, Wilcoxon). 

5.2.3  Relationship between β-catenin expression and the 
budding margin  

There were no significant differences in the presence or intensity of β-catenin 
cytoplasmic or nuclear expression with the occurrence of budding. Negative β-catenin 
nuclear staining at the invasive margin was seen in only six cases. Budding was mainly 
seen in cases where nuclear β-catenin was moderately or strongly positive (Table 9).  

Table 9.  β-catenin nuclear expression intensity in relation to the budding margin. 

Central area of cancer Invasive margin of cancer 
Negative Mild Moderate Strong Negative Mild Moderate Strong 

β-cat 
expression 

 

N % 
 

N % N % N % N % N % N % 
 

N % 
Membranous 108 - -  10 9.3 42 38.9 56 51.9 - - 3 2.8 22 20.4  83 76.9
Cytoplasmic 108 3 2.8  78 72.2 25 23.1 2 1.9 - - 27 25.0 72 66.7  9 8.3 
Nuclear 108 19 17.6  9 8.3 53 49.1 27 25.0 6 5.6 7 6.5 39 36.1  56 51.9

No budding margin Budding margin Total Nuclear β-catenin 
N % 

 
N % 

 
N 

Negative 5 6.6  2 6.3  7 
Weakly positive 3 3.9  4 12.5  7 
Moderately positive 26 34.2  13 40.6  39 
Strongly positive 42 55.3  13 40.6  55 
Total 76 100.0  32 100.0  108 
P=0.301         
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5.2.4  Budding margin and pan-cytokeratin staining 

The presence of a budding margin was also analysed with pan-cytokeratin MNF116 
staining in 53 cases. Budding was seen in H&E stained slides in 15 cases (29.4%), and 
budding cells were observed in 45.1% of the cases by MNF116. A clear association 
could be seen with the findings of H&E stained slides and pan-cytokeratin 
immunohistochemistry. Of the cases with a budding margin, 86.1% (13/15) had an 
irregular budding contour on MNF-116 staining, and in 72.2% of the cases with a non-
budding margin, the margin in MNF-116 staining had a pushing border contour and was 
non-budding (P=0.039, McNemar). In 18.9% (10/53) of the cases, some budding cells 
were observed with MNF-116 staining but not in H&E stained slides, but MNF-116 
staining did not improve survival statistics (not shown). 

5.2.5  β-catenin, budding, recurrences and survival 

In this study, we analysed the relationships between cumulative 5-year survival statistics 
and the degree of budding and nuclear β-catenin expression levels at the central part of 
the tumour and the tumour invasive margin. To make this analysis more simple, we 
grouped together negative and weak positive reactions for β-catenin (low β-catenin 
nuclear expression), and moderate and strong positive reactions (high β-catenin nuclear 
expression). β-catenin expression at the tumour margin had no association with 5-year 
survival. 

Tumour budding was clearly associated with poor prognosis. In the presence of 
tumour budding, 5-year survival was only 15.4%, whereas 63.5% of the patients without 
budding survived regardless of the stage (P<0.00001, Fig 13). This finding was similar 
in both colon cancer (15.0% vs. 70.3%; P<0.00001; Log-rank) and rectal cancer (16.2 
vs. 54.1%; P<0.00005; Log-rank). In localized disease, recurrences were more 
frequently seen in the presence of budding (Dukes’ stage A: 66.7% vs. 15.6%; P=0.002, 
Fisher’s exact test; Dukes’ stage B: 55.2% vs. 23.6%, P=0.001, Fisher’s exact test). In 
Dukes’ A cases, 5-year survival in the presence of tumour budding was only 29.2%, 
whereas 82.2% of the patients without budding survived (P=0.009, Log-rank). In Dukes’ 
B cases, 5-year survival in the presence of tumour budding was 29.7%, compared to 
72.3% in patients without budding (P< 0.00001, Log-rank). In Dukes’ C cases, we could 
not find a statistical difference (Dukes C: 17.6% vs. 41.7%; P=0.096, Log-rank), but 
with Dukes’ D cases, no patients with budding survived to 5 years, whereas 27.6% of 
cases without budding did survive (P=0.0002, Log-rank). The other indicator of worse 
survival was the sharply invasive contour of the tumour. In this type of invasive margin, 
5-year survival rate was 41.5%, whereas 73.1% of the patients with a pushing border 
contour survived regardless of the stage (P<0.00005, Log-rank). 

In Cox regression analysis, Dukes’ stage was the most significant factor in survival if 
Dukes stage D patients (i.e., those with palliative operation) were included (see Table 5 
in study II, P<0.0005, Cox-regression analysis). Tumour budding was also an 
independent prognostic factor (P<0.0005, Cox regression analysis). When Dukes’ stage 
D patients were removed from the analysis, tumour budding was a better predictor of 
poor prognosis than Dukes’ stage (see Table 6 in study II). WHO histological grade, size, 
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mucin production and the localization of the tumour (proximal colon/distal 
colon/rectum) did not show independent prognostic significance in either analysis. 

Fig. 13. The relationship between budding and 5-year-survival in colorectal cancer patients.  

5.2.6  Cox regression analysis in the colon and rectum 

When we evaluated colon and rectal cancers separately, tumour budding showed an 
independent prognostic significance, with a risk ratio of 3.7 (P<0.0005, 95% CI: 2.253-
5.980) for colon cancer, and 1.8 x risk ratio (P=0.031, 95% CI: 1.056-3.224) for rectal 
cancer. In spite of excluding Dukes’ stage D patients from the analysis, tumour budding 
was still an independent prognostic factor in both colon cancer (risk ratio 4.198, 
P<0.0005, 95% CI: 2.281- 7.726) and rectal cancer (risk ratio 2.098, P=0.016, 95% CI: 
1.149-3.831). 

5.2.7  Intra- and interobserver variation 

The presence of budding in the tumour margin was a well reproducible finding; when 
tested in 25 cases. The interobserver variation between all observers showed good 
agreement (mean κ=0.764; range 0.635-0.905; P<0.0001, t-test), and was equal to 
intraobserver (MJM) variation (κ=0.764, P=0.001). Calculated mean κ for all 
observations was κ=0.707 (P<0.00001, t-test), demonstrating good agreement between 
all observations. 



 56

5.3  TR β1 and association with clinical variables 

5.3.1  TRβ1 in normal mucosa, adenomas and carcinomas 

In normal mucosa, strong nuclear TRβ1 expression was seen in most of the cases (Table 
10). Cytoplasmic immunoreaction was also seen in most cases, being more prevalent in 
the surface epithelium than in the crypt bases.  

In adenomas and carcinomas, nuclear TRβ1 was more prevalent compared to normal 
epithelium (P=0.039 and P< 0.0001, respectively, McNemar). There was no difference in 
cytoplasmic TRβ1 staining of surface epithelium between adenomas (86.4%) and normal 
epithelium (90.7%, P=0.257), but the expression in the epithelium of the crypt bases was 
more intense in adenomas (21%, P< 0.0001;Wilcoxon). 

At the invasive margin of carcinomas, both nuclear (50%) and cytoplasmic (53%) 
TRβ1 expression was seen less often than in the central part of the tumour (67% and 
68%)(P<0.0001 and P<0.0001, respectively). A similar pattern was seen in the intensity 
of cytoplasmic staining (P<0.0001, Wilcoxon). 

Table 10. TRβ1 expression in normal epithelium and lesions. 

5.3.2  Western blotting 

Immunohistochemistry for TRB1 was confirmed by Western blot analysis. In all three 
cases selected (two positive polypoid cancers and one negative flat cancer), both the 
crude and the supernatant (containing all soluble proteins) samples from non-neoplastic 
mucosa and cancer showed positive 58 kDa bands (see Figure 3 in study III).  

TRβ1 nuclear staining TRβ1 cytoplasmic staining 
Positive Negative Positive Negative 

 

N % 
 

N % 

 

N % 
 

N % 

Total 

Normal mucosa             
Lower half 93 95.9  4 4.1  20 20.6  77 79.4 97 
Upper half 93 95.9  4 4.1  88 90.7  9 9.3 97 

Adenomas 37 84.1  7 17.4  38 86.4  6 13.6 44 
Conventional 23 85.2  4 14.8  24 88.9  3 11.1 27 
Serrated 9 90.0  1 10.0  14 82.4  3 17.6 10 
Flat 5 71.4  2 28.6  5 71.4  2 28.6 7 

Carcinomas 77 67.5  37 32.5  78 68.4  36 31.6 114 
Polypoid 40 75.5  13 24.5  42 79.2  11 20.8 53 
Flat 12 50.0  12 50.0  12 50.0  12 50.0 24 
Serrated 17 63,0  10 37.0  18 66.7  9 33.3 27 
Unclassified 8 80.0  2 20.0  6 60.0  4 40.0 10 
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5.3.3  Grade and stage 

Nuclear TRβ1 positivity was more often present in well and moderately differentiated 
carcinomas (64/89, 72%) than in poorly differentiated carcinomas (13/25%), and this 
difference was almost statistically significant (P=0.064, χ2). A similar difference was 
seen in cytoplasmic staining: well and moderately differentiated carcinomas showed 
cytoplasmic TRβ1 expression more often (65/89; 73%) and with higher intensity 
(median 2, range 1-4) than poorly differentiated carcinomas (13/25;50%, median 2, 
range 1-4, P=0.048, x2 and P=0.049, Mann-Whitney). TRβ1 expression was similar in 
different Dukes’ classes.  

In lymph node metastases, nuclear TRβ1 expression was more prevalent comparing 
expression with the expression of the primary tumour (96% vs. 68%, P=0.020, 
Wilcoxon). Such a difference could not be seen in the frequency of cytoplasmic TRβ1 
expression (68% vs. 82%; P=0.096; Wilcoxon). 

5.3.4  Growth pattern 

Both in the central area (75.5% vs. 50%, P=0.037, Fisher’s exact test) and at the invasive 
margin (60.3% vs. 25.9%, P=0.006), nuclear TRβ1 positivity was more frequent in 
polypoid cancers than in flat cancers. There was no difference between serrated cancers 
and polypoid cancers in nuclear TRβ1 expression pattern in the central area and the 
invasive margin (not shown). Nuclear TRβ1 expression was slightly more frequent in 
serrated cancers than in flat cancers (63.0% vs. 50.0%, P=0.081, Fisher’s exact test), and 
nuclear TRβ1 was statistically more frequent in serrated cancers at the invasive margin 
(55.6% vs. 25.0%, P=0.045). Cytoplasmic TRβ1 expression was seen more often in 
polypoid than in flat cancers (79.2% vs. 50.0%, P=0.015). In polypoid cancers, TRβ1 
negative areas (negative area greater than 75% of the sample) were seen in 39.5% of 
cases, and in 69.0% of flat cancers (P=0.007). The same kind of significant difference 
was also observed in adenomas; the intensity of cytoplasmic TRβ1 expression was 
higher in polypoid adenomas than in adenomas adjacent to flat cancers (P=0.011, Mann-
Whitney). 

5.3.5  KRAS mutations 

KRAS mutations were less frequent in flat cancers (9.1%) than in other types of cancers 
(29.1%; P=0.027, Fisher’s exact test, Table 11). In this study, KRAS mutations were most 
common in serrated adenocarcinomas (50%; 6/12). KRAS mutations were more frequent 
in serrated cancers than in flat cancers (P=0.008, Fisher’s exact test) and tended to be 
more common in polypoid cancers (P=0.067). Nuclear TRβ1 expression was more 
common in the cases with KRAS mutation (17/20, 86%) than in cases without KRAS 
mutation (44/69, 64%) (P=0.101, Fisher’s exact test). A similar result was seen in the 
cytoplasmic TRβ1 expression (85% and 61%, respectively) but we could not find 
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statistical difference (P=0.060). In adenomas, such a trend was not observed (not 
shown). 

Table 11. TRβ1 expression, KRAS mutations and type of cancer. 

Polypoid cancer Flat cancer KRAS + KRAS -  
N % 

 
N % 

 
N % 

 
N % 

TRβ1 Nuclear             
Negative 4 16.0  25 29.4  5 36.2   3 15.0 
Positive 21 84  12 70.6  44 63.8  17 85.0 
Total 25 100.0  17 100.0  69 100.0  20 100.0 

TRβ1cytoplasmic             
Negative 4 16.0  8 47.1  27 39.1  3 15.0 
Positive  21 84.0  9 52.9  42 60.9  17 85.0 
Total 25 100.0  17 100.0  69 100.0  20 100.0 

P=0.446 for TRβ1 nuclear expression in relation to cancer type, Fisher’s exact test. P=0.101 for TRβ1 nuclear 
expression in relation to KRAS mutations, Fisher’s exact test. P=0.041for TRβ1 cytoplasmic expression in 
relation to cancer type, Fisher’s exact test. P=0.060 for TRβ1 cytoplasmic expression in relation to KRAS 
mutations, Fisher’s exact test. 

5.4  Effects of T3 in vitro  

5.4.1  Protein synthesis in Caco-2cell culture 

The effect of T3 on protein synthesis rate in Caco-2 cells in ITS media was studied with 
leucine incorporation analysis. Figures 1A and 1B illustrate the protein synthesis rate 
over a 24 hour period. Cumulative leucine incorporation rates in cells cultured with 50 
nM or 100 nM of T3 did not clearly differ from the rates of the control cells (Figure 
14A). However, one hour leucine pulse measurements showed a clear decrease in the 
protein synthesis rate at 3+1h and 23+1 h for 50nM and 100nM of T3. 50nM 
concentration of T3 limited the protein synthesis rate (Figure 14B). 
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Fig. 14. A and B. The effect of T3 on protein synthesis in Caco-2 cells. The line marked with 
spheres represents protein synthesis results of cells cultured without T3 hormone, the line 
with triangles cells grown with 50nM T3, and the line with squares cells grown with 100nM 
T3. In 14A, values are presented after 1, 4 and 24h incubation and in 14B in 3+1h and 23+1h 
time points. Results of 4 experiments performed in duplicate are expressed as mean and 
standard error of mean.  

5.4.2  Immunofluorescence staining pattern of TRα1, TRβ1  
and β-catenin 

In fluorescent microscopy, the cells cultured without T3, both TRα1 and TRβ1 were 
mainly distributed in the cytoplasm (Figure 15A,B), whereas the administration of 50 
nM or 100 nM of T3 resulted in nuclear translocation of both TRα1 and TRβ1 in hours 
(Figure 15C,D), and during the later in the course of 12 day experiment, the nuclear 
localization of TRα1 and TRβ1 gradually diminished. The administration of T3 had no 
effect on β-catenin localization (not shown), but simultaneous analysis of two proteins 
showed that the membranous immunoreaction was generally weaker at the areas, where 
nuclear translocation of TRα1 and TRβ1 was most evident (Figure 16). 
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Fig. 15. Immunofluorescense localization of TRα1 and TRβ1 in the absence (A,B) and 
presence of 50 nM of T3 (C,D) at 3 h time point. A,C TRα1, B,D TRβ1. 

Fig. 16. Immunofluoresescence localization of β-catenin in cells in the absence of T3 (A), and 
in the presence of 50nM T3 (B), at 3 h time point. 



 61

5.4.3  TRα1 and TRβ1 quantitative expression by Western blotting 

We found that both 50nM and 100nM T3 induced an increase in the nuclear fraction of 
TRα1 from 1h to 4h (P=0.156). Thereafter there was no difference in the expression 
levels of nuclear TRα1 expression. The cytoplasmic TRα1 level was higher from 1h to 
4h in the line without T3 administration (P=0.368) and after that, cytoplasmic TRα1 
level decreased was decreased in all three lines (17 A,B,C). It has been earlier found that 
T3 drives its receptor TRβ1 into nucleus. Our results confirm the previous finding both 
in part of TRα1 and TRβ1 (data not shown). 
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Fig. 17. A, B, C. TRα1 cytoplasmic and nuclear fractions in Caco-2 cells were measured over 
a 48 hour period by Western blot analysis. Figure 17A shows assessment of cells grown 
without T3, figure 17B, results of cells treated with 50nM T3, and figure 17C, results of cells 
treated with 100 nM T3. Spheres represents cytoplasmic expression and squares nuclear 
expression. Results of four experiments are expressed as mean and standard error of mean.  
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6 Discussion 

CRC is a malignancy affecting thousands of Finnish people every year. The goal in 
cancer treatment is to improve the quality of life and overall survival. A better 
understanding of cancer biology can open new insights into cancer treatment and thus 
improve the prognosis. Treatment is based on surgical removal of the tumour. Since 
understanding of chemotherapy in CRC has been improved, it is generally used as 
adjuvant treatment in patients with CRC of advanced stages. In Dukes’ C colon cancer, 
chemotherapy improves quality of life and increases survival by 6-12 months (Walker et 
al. 2002).  

There is a growing amount of genetic alterations that can be recognized in CRC. 
Mutations are present as inherited germline defects, or they arise in somatic cells 
secondary to environmental insult. A multistep model for the genetic events in the 
progression of sporadic CRC is generally accepted (Vogelstein et al. 1988). It has been 
speculated that a cell must accumulate a critical amount of defects, including mutational 
activation of oncogenes and inactivation of tumour-suppressor genes, to undergo full 
malignant transformation. A third mutator pathway, the MSI route, has also been 
described as having an important effect on cancer development (Peltomäki 2005). 

Increased proliferation has long been considered as the earliest event in the neoplastic 
process of CRC. Together, disturbed proliferation and deficient programmed cell death, 
apoptosis, help to achieve the growth speed of a tumour, and they are crucial events in 
carcinogenesis. Several oncogenes and tumour suppressor genes have influence on both 
apoptosis and proliferation. APC mutation is an early event in colorectal carcinogenesis 
and an important link in the β-catenin/Wnt pathway. Dysregulation of the Wnt pathway 
plays a pivotal role in the development and progression of CRC. APC mutations trigger 
the translocation of β-catenin from the cell membrane to the nucleus. where it binds with 
TCF and promotes the transcription of several transcription factors (Hlubek et al. 2001, 
Wong & Pignatelli 2002). The Wnt pathway is closely related to apoptosis and 
proliferation.  

The tumour invasive front is a complex area where cancer cells can migrate and 
invade from the main bulk of the tumour, spread via blood vessels and finally form a 
metastasis. Thus, the ability of cancer cells to invade the surrounding stroma is an 
essential step for the invasive and metastatic properties of cancer. The extent of budding 
has been shown to be an independent prognostic marker, also in addition to being 
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indicative of different mechanisms of tumour aggressiveness. β-catenin nuclear 
expression, decreased proliferation and lack of oxygen and nutrients have been proposed 
to be associated with invasive margin and budding margin.  

Thyroid hormones regulate growth, development, differentiation and metabolic 
processes in all tissues of human organs (Oppenheimer et al. 1987). The actions are 
mediated by thyroid hormone receptors. In normal tissues, but also in cancers, thyroid 
hormone receptors have been shown to regulate cell proliferation, differentiation and 
apoptosis (Lin et al. 1994, Bartunek & Zenke 1998, Plateroti et al. 1999). Abnormalities 
of TR isoform expression and mutation in thyroid hormone receptor genes have been 
detected e.g. in hepatocellular carcinomas, osteosarcoma cell lines and renal clear cell 
carcinomas (Lin et al. 1994, Williams et al. 1994, Puzianowska-Kuznicka et al. 2000). 
Furthermore, the effects of T3 on proliferation and differentiation have been described in 
some studies (Jumarie et al. 1991). 

In this thesis, the aim was to find out the significance of the differences in growth 
circumstances between tumour centre and invasive part of CRCs and to search for some 
possible mechanisms which could be related to the characteristics of the invasive margin. 
In addition, another purpose of this study was to clarify possible differences in growth 
and progression between different tumour types. It is known that many cancers are found 
to be hormone-dependent, i.e. oestrogen, progesterone and growth hormone have 
biological effects on cancer cells. Thyroid hormones are known to be hormones which 
stimulate the cellular functions, and hence we hypothesized that cancer cells might gain 
some growth benefit from circulating thyroid hormones via up-regulating of the thyroid 
hormone receptors. Abnormalities and mutations of thyroid hormone receptors have 
been detected in many cancers. The thyroid hormone receptor expression had not been 
studied in CRC. Thus, we wanted first to define the expression of these receptors in both 
normal colorectal mucosa and CRCs, and then to investigate the possible effects of 
thyroid hormones on its receptors and the growth of CRC cells.  

6.1  The events at the invasive margin  

Various molecular events of importance in tumour spread, like the gain and loss of 
adhesion molecules, secretion of proteolytic enzymes, decreased cell proliferation and 
the initiation of angiogenesis occur at the tumour-host interface. Depending on the 
distance to luminal factors, oxygen supply, and non-transformed stromal cells, invading 
tumour cells are affected by various stimulatory and inhibitory molecules, and the 
composition of signals probably varies (Palmqvist et al. 2000). 

Extracellular signals are believed to play an important role in tumour invasion (Fidler 
1991). Proteolytic enzymes and their receptors are necessary for cellular invasion and 
are activated by either adjacent stromal cells and/or invading tumour cells. Many studies 
have shown that these molecules often are over-expressed at the invasive front compared 
to other tumour areas (Sato et al. 1994, Brooks et al. 1996,). Several studies have shown 
changes in the biosynthesis of adhesion-related molecules like cadherins, integrins, 
CD44, laminins, and oligosaccharides at the invasive front (Fox et al. 1995, Glukhova et 
al. 1995). E-cadherin, when complexed with its intracellular partner β-catenin, is known 
to mediate contact inhibition and negatively control cell motility (Brabletz et al. 1998). 
Fox et al. (Fox et al. 1996) observed that immunoreactivity for the angiogenic molecule 
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platelet-derived endothelial cell growth factor was most prominent at the invasive front 
of breast cancers. 

Several interactions between the host and the cancer are considered crucial for tumour 
spread. When tumour cells invade, they confront a new microenvironment. A regulatory 
role for the tumour environment has already been demonstrated in many experimental 
systems (Bissell & Radisky 2001). Tumours act heterogeneously. In fact, an individual 
tumour shows distinct sub-areas of proliferation and cell-cycle arrest, epithelial 
differentiation, cell adhesion and dissemination. Generally, a stepwise accumulation of 
genetic alterations in oncogenes and tumour-suppressor genes is considered to be a 
driving force for malignancy. Unrestricted growth is a hallmark of malignant tumours 
and can be attributed to cancer stem cells (Pardal et al. 2003). The breakdown of 
epithelial-cell homeostasis leading to aggressive cancer progression is correlated with 
the loss of epithelial characteristics and the acquisition of a migratory phenotype. This 
phenomenon, referred to as the epithelial to mesenchymal transition, is considered to be 
a crucial event in malignancy (Thiery 2003). Strong diffuse β-catenin nuclear expression 
has been proposed as necessary for mesenchymal transition of tumour cells that 
expressed invasion behaviour, while weak nuclear β-catenin expression was only 
sufficient for epithelial transitions responsible for cell proliferation (Kirchner and 
Brabletz 2000). 

The linear model of tumour progression assumes that the mesenchyme-like 
capabilities necessary for metastasis formation, including dissociation, migration, and 
dissemination, are acquired by genetic alterations of the tumour cells as late steps in 
carcinogenesis (Liotta & Stetler-Stevenson 1991). Furthermore, an extended, integrated 
model that covers all aspects of human tumour progression has been described. In this 
model, the ‘migrating cancer stem cell’ concept has been suggested (Brabletz et al. 
2005). It has been proposed that once metastasis has occurred, tumour cells are able to 
regain the epithelial phenotype of their primary tumour (Brabletz et al. 2001). 
Dedifferentiation with the loss of epithelial phenotype and acquisition of mesenchyme-
like abilities during tumour cell dissemination is associated with a shutdown of 
proliferative activity.  

Hormones probably have an important role in the invasion process. For example, the 
steroid hormones oestrogen and progesterone regulate many biological events, including 
behaviour, reproduction, development, cell differentiation and apoptosis. Thyroid 
hormone receptors also play a major role in regulating cell growth and apoptosis. In our 
present study we found that both nuclear and cytoplasmic TRβ1 expression was higher 
in the central part than at the invasive margin of the tumours. This could be linked to the 
lower proliferation rate of the cells at the invasive margin  

The formation of new stroma at sites of active tumour cell invasion has been 
described to be a common event in human malignancy. Sivridis et al. (2004) proposed 
the term “stromatogenesis” to describe events during proliferation of peritumorous 
fibroblasts and the disruption of normal tissue continuity facilitating tumour cell 
invasion. Fromique et al. (2003) reported a cascade of modulated genes encoding 
proteins involved in growth, angiogenesis, and invasion in normal lung fibroblasts. This 
was found when normal lung fibroblasts were cocultured with tumour cells of primary 
non-small cell lung carcinomas. About 170 genes in fibroblasts associated with 
metastatic colon cancer have been found, including many oncogenes encoding growth 
factors and cell adhesion molecules (Nakagawa et al. 2004). In the same study, normal 
skin fibroblasts which did not confront tumour cells, remained inactive. 
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It is probable that important interactions occur at the edge of the tumour between 
cancer cells, endothelial cells, and the tumour supporting stroma (Giatromanolaki et al. 
2004). The peritumorous fibroblasts, apparently stimulated by the invading tumour cells, 
may assume a synergic role in tumour growth, producing factors stimulating cancer 
proliferation and invasion. At the same time, cancer cells induce fibroplastic and 
endothelial cell activation, leading to stromatogenesis and neovascularization (Schor & 
Schor 2001, Cunha et al. 2002, Mueller & Fusenig 2002, Ruiter et al. 2002, Almholt & 
Johnsen 2003, De Wever & Mareel 2003). Furthermore, at sites of tumour metastasis, 
newly formed stroma disrupts the continuity of normal structures, cleaving pathways for 
the invading tumour cells. It has been proposed that stromatogenesis is important for 
tumour growth and progression, with the new stroma sustaining the invading tumour 
cells and providing soil for angiogenesis. 

In the tumour host fibroblasts, increased MIB1 proliferative activity compared to low 
proliferativity of fibroblasts in normal colonic mucosa was found (Sivridis et al. 2005). 
This is associated with tumour-stroma interactions. Interestingly, Hauptmann et al. 2003 
demonstrated proliferative activity both in colonic fibroblasts and CRC cells. Sivridis et 
al. found that the highly activated status of the tumour confronting fibroblasts and the 
fibroblast confronting tumour cells assessed by MIB1 proliferation index along the 
invading tumour front was associated with deep transmural cancer cell invasion in the 
presence of thymidine phosporylase (TP) and increased angiogenesis.  

The significance of oxidative stress on breast cancer has been described (Karihtala et 
al. 2004). TP overexpression is an endogenous marker of oxidative stress, promoting 
thymidine catabolism to 2-deoxy-D-ribose-1-phosphate, a strongly reducing sugar that 
generates radical oxygen species during protein glycation (Brown et al. 2000, Sengupta 
et al. 2003). Under such stress conditions, tumour cells secrete the angiogenic factors 
VEGFand interleukin-8, together with matrix metalloproteinases (Brown et al. 2000). 
This would explain why TP expressing fibroblasts may promote angiogenesis, invasion 
and metastasis, as confirmed in several clinicopathological studies (Koukourakis et al. 
1998, Sivridis et al. 1999, Giatromanolaki et al. 2003). 

6.2  Proliferation, apoptosis and growth 

Uncontrolled tumour cell proliferation is a hallmark of malignancy. The progression 
from a normal cell into a transformed cell probably includes genetic events affecting 
checkpoints in the cell cycle machinery (Palmqvist et al. 2000). The growth speed of a 
tumour is not only affected by the PI, AI or their ratio, but also the total number of cells, 
i.e. larger polyps are likely to grow faster due to a larger amount of neoplastic or 
proliferating tissue (Palmqvist et al. 2000). The size of any tissue or organ depends on 
the balance between cell proliferation and death. 

The imbalance between proliferation and apoptosis is an important factor explaining 
the net growth rate of tumours, but only few reports have concentrated on the 
significance of apoptosis: proliferation ratio in CRC (Michael-Robinson et al. 2001). In 
study I, we compared PI, AI and their ratio between the central part of CRC and the 
invasive margin of CRC. PI was significantly higher in the central part than at the 
invasive margin of tumours.  
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In breast cancer and in oral squamous cell carcinomas, proliferation at the invasive 
margin has been shown to be higher than in other parts (Siitonen et al. 1993 and Piffko 
et al. 1996). These differences are most likely site- and/or cancer-specific. Difference 
between invasive margin and luminal border of CRC has been observed earlier, showing 
that proliferation was higher in the luminal border. (Palmqvist et al. 2000). This 
difference may be related to frequent ulceration, as was seen in this study. 

Mechanisms that lead to decreased PI at the tumour invasion area remain unknown. 
In addition, at the invading edge, the tumour vasculature may not be fully developed and 
might cause a decrease of proliferation due to lack of oxygen and nutrients. However, 
some tumours are capable of overcoming hypoxia-induced signals to slow down cell 
proliferation, and even increase their proliferation rate in these conditions by over-
expressing HIF-1α (Brusselmans et al. 2001). 

 Liver metastases of CRC have lower PI than primary tumours (Agui et al. 2002). The 
lower PI at both the invasive margin and in the metastases could be related to differences 
in tumor environment. Alternatively, cells with metastatic capability represent a selected 
population differing genetically from the main bulk in the parent tumour (Aqui et al. 
2002). The invasive margin of the primary tumour and metastasis are both areas within 
the tumour-host interface, and therefore may be more influenced by the host factors 
regulating growth and apoptosis than the region in the middle of the primary tumour. The 
environment in these areas is likely to be more active in terms of the host tumour 
surveillance response. 

When a tumour invades, a new stroma is formed in varying amounts. This is known 
as desmoplasia. Sivridis et al. 2005 proposed the term “stromatogenesis”. In 
stromatogenesis, interaction occurs between peritumour fibroblasts and tumour cells, and 
stromal cells may stimulate tumour cell growth. By producing factors stimulating cell 
proliferation and invasion stromal cells may accelerate the invasion process. 

In this study, we observed that high PI in tumour bulk correlated with improved 5-
year survival in adenocarcinomas. A similar association with survival and overall 
proliferation index has been reported previously in CRC (Bauer et al. 1987, Harlow et 
al. 1991, Palmqvist et al. 1998). In our study, PI in the tumor bulk, but not at the 
invasive margin, showed prognostic significance, although the latter is the focus of 
tumour host interaction, and several morphological features in this area, such as the 
growth pattern of tumour cells, are related with prognosis (Bryne et al. 1998). It is likely 
that PI in the tumour bulk indicates more precisely the inherent growth rate and 
malignant potential of the tumour than tumour margin, where the PI might be more 
unstable and under the regulation of changing environmental factors. 

The impact of proliferation on tumour prognosis is obvious, i.e. a tumour that 
proliferates rapidly should have a poorer survival. In CRC, cell proliferation is 
associated with tumour progression (Valera et al. 2005). Ki-67 expression has clear 
associations with pTNM stage, lymphatic vessel invasion and venous invasion. 
However, not all studies have found impacts of proliferation on clinical outcome 
(Schipper et al. 1998). 

Apoptosis and proliferation are tightly linked with each other. A strong proliferation 
stimulus also leads to the production of death signals that make these cells more 
sensitive to environmental conditions such as growth factor deprivation or hypoxia. 
Activation of caspace-9 downstream of mitochondrial release of cytochrome is an 
important pathway by which oncogene-dependent death is carried out, but the ways in 
which this pathway becomes activated are still largely unknown (Guo & Hay 1999). 
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Tumours with a high incidence of necrosis rather than apoptosis correlated with a 
poor prognosis, and it has been speculated that apoptosis should have favourable effects, 
and that defects in the pathways leading to apoptosis are likely to play important roles in 
the process of oncogenesis (Arends et al. 1994). Apoptosis could be iniated by many 
physiological, hormonal and developmental signals and also by pathological situations 
associated with inflammation response, growth factor insufficiency, cell-cell contact 
insufficiency or DNA damages (Eerola et al. 1997). Apoptosis machinery could also be 
initiated by overfunction of ongocenes like Myc; however, cell division is not supported 
at the same time (Evan et al. 1992). It has also been demonstrated that deregulated c-
myc expression induces apoptosis in cells growth arrested by a variety of means and at 
various points in the cell cycle (Evan et al. 1992). 

Deficient abnormalities in apoptotic function contribute to pathogenesis of CRC. 
Susceptibility to apoptosis is regulated by the expression of oncogenes and tumour 
suppressor genes, such as p53 (Haake & Polakowska 1993, Reed 1994), of which Bcl-2 
and p53 are abnormally expressed in CRCs (Hague et al. 1994, Sinicrope et al. 1995). 
The molecular signals that create the stem cell niche at the base of the colonic crypt are 
currently being identified and have already been implicated in the regulation of 
apoptosis. One of the important factors is regulation of β-catenin/TCF activity by the 
Wnt signalling pathway (Sancho et al. 2003). In relation to apoptosis, TCF/β-catenin 
either promotes proliferation and suppresses differentiation, or suppresses proliferation 
and promotes differentiation. C-MYC is a target gene of TCF transactivation and is one 
of the mediators of this switch and drives proliferation. Downregulation of c-myc leads 
to cell cycle arrest through an increase in activity of the cell cycle inhibitor p21 (van de 
Wetering et al. 2002). Secondly, it has been speculated that the Wnt pathway controls 
certain cells migrating up the crypts and downwards to the crypts and causes apoptosis 
following DNA damage (Battle et al. 2002).  

APC inactivation is the earliest event in the development of adenomas arising through 
the adenoma-carcinoma pathway. Cells subject to normal Wnt signalling are highly 
prone to apoptosis, whereas TCF/ LEF1 activation as a result of APC mutation renders 
the cell highly resistant to apoptosis (Sancho et al. 2003). In adenoma/carcinoma 
transition, p53 inactivation is a crucial event causing carcinoma formation. Normally 
functioning p53 regulates the expression of a number of proapoptotic genes, increases 
the expression of components of apoptosis and has important elements of the extrinsic 
apoptosis pathway such as Fas and DR5 (Sax et al. 2002). Apoptosis has also been 
associated with the MSI pathway. Serrated carcinomas have been found to show MSI 
and to arise from serrated polyps (Mäkinen 2006). Hyperplastic polyps possibly occur as 
a result of defective cell shedding, and this cell shedding has been claimed to happen as 
a result of apoptosis (Hall et al. 1994). 
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6.3  β-catenin and budding invasive margin 

In study II, the aim was to discover possible relationships between β-catenin expression 
and tumour budding at the invasive margin, and their influence on survival in CRC. In 
Dukes’ stage A cases, a budding margin was infrequent, but it was more common in 
more advanced stages. Budding margin was a strong indicator of poor prognosis. In the 
presence of a budding margin, recurrences were fairly common and the 5-year survival 
was only 15.4%, whereas 63.5% of the patients without a budding margin survived, 
regardless of stage.  

Despite the modern emphasis on molecular prognostic markers, there are several 
recent reports highlighting the clinical value of tumour budding (Hase et al. 1993, Ueno 
et al. 2000, Ueno et al. 2002, Tanaka et al. 2003). In a multivariate analysis, tumour 
budding but not diffuse infiltration was identified as an independent prognostic factor 
(Ueno et al. 2002). The presence of a budding margin has been shown to be a relatively 
reproducible feature easily identified from routine sections and an independent factor for 
poor prognosis in colon and rectal cancer (Ueno et al. 2002, Jass et al. 2003), and it has 
also been associated with venous invasion, lymph node metastases and distant 
metastases (Morodomi et al. 1989, Okuyama et al. 2002, Hase et al. 1993, Prall et al. 
2005).  
We were able to show that budding is also an important prognostic feature in colon 
cancer: 5-year survival of colon cancer patients was only 15 % in the presence of a 
budding margin, in contrast to 70 % in the absence of a budding margin. The use of pan-
cytokeratin antibody MNF-116 has been used as an aid to detect budding cells (Prall et 
al. 2005). The use of MNF-116 improved detection of isolated cells, but did not improve 
the prognostic value of budding in the present study. MNF116 specifically detects 
epithelial cells, but other important histopathological parameters, such as inflammation-
related disruption of cancer cell islands at the invasive margin, are more difficult to 
interpret from the Haematoxylin-counterstained slides. The latter was not considered to 
represent budding in our study.  

CRC metastases usually resemble their primary tumours, as also seen in this study. As 
a budding margin was associated with more frequent recurrences and poor survival in 
this study, budding cells are the most likely cells to be responsible for the metastases. In 
such cases, the morphology of budding cells has redifferentiated after implantation of the 
cancer cells at the metastatic site. Tumour budding is therefore likely to be a reversible 
phenomenon. Brabletz and colleagues speculated that regaining epithelial characteristics 
may be necessary for tumour cell proliferation at metastatic sites, because 
dedifferentiation of disseminating tumour cells appears to include an arrest in 
proliferative activity (Brabletz et al. 2001). 

Tumor budding has been shown to associate with several important factors affecting 
CRC development. The invasive margin, specifically tumour buds, showed increased 
expression of oncoprotein β-catenin and p16 (Brabletz et al. 1998, Jung et al. 2001). 
Tumour budding is known to be associated with reduced proliferation, yet nuclear cyclin 
D1 in increased (Jung et al. 2001). It has been shown that accumulation of nuclear β-
catenin and overexpression of the preceding downstream molecules occur in 
dedifferentiated cancer cells (tumour buds) at the invasive margin of CRC (Pyke et al. 
1995 Brabletz et al. 1998, Adachi et al. 2001, Hlubek et al. 2001). 
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Inactivation of APC is also recognized as a key early event in the development of 
sporadic CRCs (Morin et al. 1997). β-catenin is currently believed to be involved in the 
development of CRC. Aberrant expression of the APC gene and mutations at the site of 
phosphorylation of β-catenin are two major factors that account for the over-expression 
and subsequent cytoplasmic/nuclear translocation of β-catenin found in CRC cells. Both 
APC mutation and nuclear β-catenin expression has been associated with invasive 
growth type of cancer, and tumour budding in particular. It has been proposed that 
tumour budding foci are thought to arise through the processes of cellular dissociation or 
discohesion and/or active invasion into the surrounding stroma (Shinto et al. 2005). β-
catenin activation is crucial in driving signalling pathways that culminate in infiltrative 
and budding growth at the advancing tumour margin (Jung et al. 2001). APC is the main 
mechanism for activating β-catenin and may serve as the underlying basis for both tumor 
budding and adverse prognosis in CRC (Ueno et al. 2002). 
Jass et al (2003) found that the invasive margin and specifically tumour buds showed 
increased expression of β-catenin, increasing expression being both cytoplasmic and 
nuclear. However, they did not find any correlation between budding and APC mutation. 
Jass et al. suggested that budding is a process under genetic control and is not merely 
associated with architectural disruption caused by a host immune reaction at the tumour 
margin. However, tumour budding is known to be associated with reduced proliferation 
(Jung et al. 2001) and thus refers to cells having a lack of oxygen and nutrients, which 
has been found in several studies (Palmqvist et al. 2001). Interestingly, Samowitz et 
al.1999 found that β-catenin mutations are more common in small adenomas than in 
large adenomas and invasive tumours. This is in a disagreement with the study of Jass 
2003. However, in the study of Wong et al. 2004, nuclear β-catenin expression was 
observed in 100% of carcinoma samples, and high immunohistochemical scores in CRC 
were significantly associated with lymph node metastasis and poor survival (Wong et al. 
2004, Cheah et al. 2002). The mechanism by which APC affects the β-catenin route is 
proposed to be affected by integrin-linked kinase (ILK), which has been shown to induce 
translocation of β-catenin from the plasma membrane to the nucleus, as well as to induce 
the formation of the LEF-1/β -catenin complex without an increase in the free pool of 
cytosolic β-catenin (Novak et al. 1998). 
Cell adhesion and the mediation of the Wnt signal transduction pathway are the main 
roles of β-catenin (Behrens & Birchmeier 1994, Munemitsu et al. 1995, Barth et al. 
1997, Kirchner & Brabletz 2000, Kobayshi et al. 2000, Hlubek et al. 2001). Passage of 
free cytoplasmic β-catenin into the nucleus is required for the oncogenic function of β-
catenin in CRC (Peifer 1997). Nuclear accumulation of β-catenin is associated with 
mesenchymal transition of CRC cells (i.e., dedifferentiated mesenchyme-like 
transformation of the cells) at the invasive margin, and membranous and cytoplasmic β-
catenin expression is more common in the central areas of CRCs (Brabletz et al. 1998, 
Kirchner & Brabletz 2000). Hence one aim of this thesis was to search for possible 
interrelationship between the budding margin and β-catenin localization. Loss or 
decrease of membranous β-catenin expression is related to decreased cell-cell adhesion 
and is frequently observed in CRC (Kobayashi et al. 2000). Increased nuclear β-catenin 
expression at the invasive margin has been shown to predict poor survival in rectal 
cancer and it has been correlated with more advanced Dukes’ stage, tumour recurrence 
and MMP-7 expression (Ougolkov et al. 2002). The results of the present study support 
this finding, as nuclear β-catenin expression was increased in advanced cancers, but not 
in Dukes’ stage A cancers.  
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Moderate or strong nuclear β-catenin expression was observed in 81.2% of cases with a 
budding margin and in 89.5% of cases without a budding margin. An obvious 
explanation of this similarity is the high frequency (93.6%) of nuclear β-catenin 
expression at the invasive margin of all the tumours. As budding margins were seen 
much less frequently (24.0%), it would have been very unlikely that any statistically 
significant connections between budding and β-catenin expression had been observed. 
Our results suggest that nuclear accumulation of β-catenin at the invasive margin is 
clearly a requirement for invasion, as it was almost invariably present in the advanced 
cancers. It is likely that there are factors other than nuclear β-catenin that are more 
directly related to tumour budding and poor prognosis. Jass and colleagues postulated 
that the expression of p16 and the disruption of the Wnt pathway might serve as joint 
prerequisites for tumour budding (Jung et al. 2001). 

β-catenin has been shown to accumulate in the cytoplasm of tumour cells in spite of 
nuclear expression (Kobayashi et al. 2000). Activated integrin-linked kinase (ILK) has 
been shown to induce translocation of β-catenin from the plasma membrane to the 
nucleus, as well as to induce the formation of the LEF-1/ β-catenin complex without an 
increase of cytosolic β-catenin (Novak et al. 1998). 

β-catenin has been shown to be an independent prognostic factor in CRC (Zhang et 
al. 2001, Ougolkov et al. 2002, Baldus et al. 2004). The clinical significance of β-
catenin nuclear translocation to tumour progression, survival, and differential diagnosis 
has been stated (Wong et al. 2004). Nuclear β-catenin expression correlates with both 
lymph node metastasis and patient survival, supporting the suggestion by previous 
authors (Hugh et al. 1999, Cheah et al. 2002, Wong et al. 2003). However, according to 
a study of Valizadeh et al. (1997), no significant correlation was seen between nuclear 
expression of β-catenin, degree of dysplasia, histology or patients’ age. Higher nuclear 
accumulation of β-catenin is observed in cancer than in adenomas (Fodde et al. 2001), 
and in the same tumor it tends to accumulate in the nuclei of dedifferentiated areas of the 
tumor. It is preferentially located in the membrane, with low nuclear expression 
(Brabletz et al. 2001). The infiltrative phenotype associated with nuclear expression may 
facilitate dissemination and metastasis of the neoplastic tissue. Widespread nuclear 
accumulation of β-catenin has been correlated with the progress of the lesion and poor 
prognosis of the patient (Cheah et al. 2002). β-catenin cytoplasmic accumulation seemed 
to drive p53 overepxession already in the early stages of carcinogenesis, while nuclear β-
catenin translocation appeared to be related to a pattern of invasion of neoplastic cells 
(Valentini et al. 2003).  
In addition to the nuclear signal, Wong et al. (2004) demonstrated that both membranous 
and cytoplasmic β-catenin signals steadily increased through the advancing stages of 
colorectal carcinogenesis. High levels of membranous and cytoplasmic β-catenin were 
detected as early as in the preadenomatous polyp stage. The nuclear translocation, on the 
other hand, appeared at a later stage, when adenoma progresses into carcinoma. This 
view is shared by others (Morin 1999, Hao et al. 2001). These stepwise alterations in the 
level and sub-cellular localization of β-catenin may reflect a series of genetic “hits” 
along the Wnt-signalling or cell-cell adhesion pathways (Novak et al. 1998, Morin 1999, 
Bienz & Clevers 2000) as during CRC development (Wong et al. 2004). 
In conclusion, the presence of tumour budding is a pertinent indicator of poor prognosis 
in CRC. The assessment of the budding margin can be reliably performed in routine 
sections and it can offer useful prognostic information for clinicians. β-catenin 
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cytoplasmic and nuclear translocation is likely to be a background event in tumour 
budding, but as it was similarly observed in cases without budding, it is likely that 
altered β-catenin expression is not the only explaining factor in tumour budding. 

6.4  Thyroid hormone and its receptors in colorectal cancers 

Thyroid hormone (T3) is an important regulator of gut mucosal development and 
differentiation, inducing IAP (Meng et al. 2001). T3 plays a pivotal role in mammalian 
intestinal epithelial development and homeostasis, affecting the fundamental processes 
of growth and differentiation. T3 mediates its effects through its nuclear receptors (TRs).  

In this study, TRβ1 was frequently observed in the non-neoplastic colorectal mucosa. 
The intensity of TRβ1 immunoreaction was stronger in differentiated cells, and 
cytoplasmic staining was predominantly stronger in the differentiated cells of the surface 
and upper crypt epithelium. Nuclear TRβ1 was less frequent both in adenomas and in 
cancer, whereas cytoplasmic TRβ1 immunoreaction was more frequent and intense than 
in normal proliferating epithelial cells.  

In cancer, nuclear and cytoplasmic immunoreaction of TRβ1 showed an association 
with differentiation, polypoid growth pattern and presence of KRAS mutations, 
suggesting that TRβ1 is necessary for the normal growth and differentiation of colorectal 
mucosa, and that alterations in the TRβ1 expression may be important for CRC 
development and that these alterations may have an effect on the growth pattern of CRC. 
TR knockout mice have been used to examine the effects of T3 on gut development and 
differentiation. TRβ knockout mice do not exhibit obvious intestinal abnormalities, 
whereas TRα knockout mice displayed marked hypoplasia in both the crypts and villi, in 
addition to having decreased levels of various digestive enzymes (lactase, sucrase, 
aminopeptidase) and gut transcription factors (Cdx-1 and Cdx-2) (Plateroti et al. 1999, 
Forrest et al. 1996a, Forrest et al. 1996b, Fraichard et al. 1997, Gauthier et al. 1999, 
Plateroti et al. 2001). 

Functionally active TRβ1 is present in the nucleus, but in vitro studies have shown 
that TRβ1 has an alternate location in the cytoplasm of the epithelial cells (Lin et al. 
1991). Since the cytoplasmic TRβ1 was pronounced in normal epithelium, adenomas 
and cancer, we attempted to exclude the possibility of artificial or non-specific staining. 
The specificity of the monoclonal antibody used in this study has been previously 
confirmed by transfection studies (de Santa Barbara et al. 2003), and the results of 
immunohistochemistry were confirmed in the Western blot analysis, as the cases with 
strong cytoplasmic TRβ1 expression levels showed a positive 58 kDa band and did not 
reveal aberrant bands.  

Increased cytoplasmic TRβ1 expression could be related to increased synthesis of 
TRβ1 in differentiated cells, but there are also other possibilities. In vitro studies have 
shown that TRβ1 shuttles between the nucleus and mitochondria (Baumann et al. 2001). 
Studies with CV1 cells have also shown that TRβ1 is translocated from the cytoplasm 
into the nucleus in the presence of T3 (Zhu et al. 1998). TRβ1 can act as a transcriptional 
activator or silencer by binding to thyroid response elements close to target genes 
(Damm et al. 1989). TRβ1 also mediates morphological and functional differentiation by 
inducing proliferation arrest in the G0/G1 phase (Damm et al. 1989, Zhu et al. 1998). 
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Transfection studies have indicated that at higher levels of expression, cytoplasmic 
expression of the protein appears in addition to nuclear expression (Lin et al. 1991, Zhu 
et al. 1998). The significance of the cytoplasmic distribution of TRβ1 is not completely 
understood. 

Compared to the almost constantly positive normal colorectal epithelium, colorectal 
tumours showed a decreased prevalence of nuclear TRβ1 expression, as 16% of 
adenomas and 32% of carcinomas were devoid of nuclear TRβ1. The absence of nuclear 
TRβ1 correlated with the absence of cytoplasmic expression (68% in carcinomas and 
85% in adenomas). These differences were likely to be related to the growth type, as the 
relative proportion of flat adenomas was lower than flat cancers, and flat cancers were 
more frequently negative for TRβ1.  

The frequency of mutations in the TRβ1 gene in CRC is not known. In renal and 
hepatocellular carcinoma (Lin et al. 1999, Kamiya et al. 2002 and) mutations have been 
found in either hormone-binding (Lin et al. 1999) or DNA-binding domain (Li et al. 
2002). Chromosome 3p LOH in the vicinity of TRβ1 gene and TRβ1 gene promoter 
hypermethylation are common in breast cancer, associated with decreased or absent 
nuclear expression of TRβ1 (Li et al. 2002). Another potential mechanism involves 
tumour suppressor protein p53, which is known to interact with human TRβ1. As p53 
protein down-regulates TRβ1 function by inhibiting the binding of TRβ1 to TREs (Bhat 
et al. 1997, Yap et al. 1996), impaired p53 function may lead to activation of TRβ1-
mediated transcriptional activity (Bhat et al. 1997). Since the p53 gene is mutated in the 
majority (approximately 75%) of CRCs (Cawkwell & Williams 1996), potential 
disturbances of p53-TRβ1 interaction are likely to occur in CRC. 

TR may have a property as a tumor suppressor by inhibiting the functions of cyclin 
D1. On the other hand, point mutations are found in β-catenin, APC, and Axin, resulting 
in resistance of β-catenin against proteolysis in human cancers such as colon carcinomas 
(Morin 1999). In these tumours, cyclin D1-expression is increased by the accumulated β-
catenin/TCF complex. In the study by Natsume et al. 2003, using SW480 cells, cyclin 
D1 promoter activity was dramatically suppressed by T3/TR, whereas it was not affected 
by T3 treatment without TR. Like steroid hormone receptors, TR expression could be 
associated with the Wnt pathway. There is a possibility that T3 may express anti-tumour 
activity by abrogating the Wnt pathway against TR-positive tumours (Morin 1999). 

In this study, TRβ1 expression was more frequent in polypoid carcinomas than in flat 
carcinomas. These differences are likely to be genetically determined. In breast cancer, 
loss of TRβ1 expression has been related to both LOH at 3p or hypermethylation of the 
TRβ1 gene (Li et al. 2002). Chromosome 3p LOH is also common in flat CRCs and 
associated with poor prognosis (Yashiro et al. 2001), but the mechanisms of decreased 
TRβ1 expression in flat CRCs are not known. 

KRAS mutations were more common in carcinomas with a polypoid growth pattern as 
described previously (Hasegawa et al. 1995, Chiang et al. 1998, George et al. 2000). In 
the present study, we found an interesting association between TRβ1 expression and the 
presence of KRAS mutations. The mechanism for this association is not known, but the 
association suggests a linkage between k-ras and TRβ1 signalling pathways. Evidence 
for transcriptional cross-talk between the Ras oncogene and TRβ1 has been observed 
recently (Garcia-Silva & Aranda 2004). In the presence of TRβ1, T3 antagonizes Ras-
induced transcriptional response and cell proliferation in neuroblastoma cells and blocks 
fibroblast transformation, thus acting as a tumour suppressor (Garcia-Silva & Aranda 
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2004). It is not known whether activation of k-ras signalling affects the expression of 
TRβ1, but it is plausible to believe that there would be a similar linkage between Ras 
activation and TRβ1 expression.  

Our results suggest that TRβ1 plays an important role in the proliferation and 
differentiation of normal colorectal mucosa. In colorectal adenomas and cancer, 
alterations in the expression suggest that TRβ1 has a role in the development, growth 
type and progression of CRC. A tendency for disappearance of expression along with 
progression of malignancy would mainly suggest a tumour suppressor function for 
TRβ1.  

6.5  Caco-2 cell culture and triiodothyronine T3 

Our results show, that thyroid hormone T3 affects limited cell growth on Caco-2 cells. In 
leucine incorporation analysis, both 50 nM and 100 nM of T3 induced decreased protein 
synthesis within hours in the pulse measurements. Additionally, T3 induced nuclear 
targeting of TRα1 and TRβ1. The administration of T3 had no effect on β-catenin 
localization, but the membranous immunoreaction was generally weaker at the areas, 
where nuclear translocation of TRα1 and TRβ1 was most evident. Relationship between 
TR and β-catenin distribution may support functional links between their signaling 
pathways in CRC cells. 

In 48 hour leucine incorporation analysis, protein synthesis was not elevated in the 
cells cultivated in the presence of T3 compared to control cells. However, there was a 
trend for a slightly elevated rate of protein synthesis that at 24h in cells incubated with 
T3. In one hour pulse measurements, T3 incubation at 50 nM and 100 nM concentrations 
resulted in a decrease in protein synthesis. Our results indicate that the influence of T3 
on protein synthesis occurs within hours and decreases thereafter. The rapid influence on 
protein synthesis has been shown earlier (Hodin et al. 1992), and these results indicate 
that T3 participate in the regulation of the cell differentiation. 

In previous studies, T3 has been shown to be a powerful hormone modulating cell 
brush-border membrane enzyme activities (Jumarie et al. 1991, Jumarie et al. 1996). 
Brush-border membrane enzymes like sucrase, maltase and alkaline phosphatase have 
been shown to express enterocyte differentiation (Pinto et al. 1983). In the study of 
Jumarie et al. 1991, T3 induced striking morphologic cell differentiation and decreased 
protein synthesis compared to FBS-supplemented media (Jumarie et al. 1991). In the 
study of Rognoni et al. 1998, T3 promoted limited cell growth and differentiation 
whereas fibronectin or albumin induced cell growth and a low level of differentiation 
(Rognoni et al. 1998). It is obvious that cell proliferation and differentiation are 
regulated by several hormones and enzymes. EGF has been shown to decrease protein 
amount in serum-free media (Jumarie et al. 1991). It is possible that similar factors may 
in part explain the events in our cell culture experiments.. Increased proliferation was 
seen in the cell cultures grown without T3. This could be due to effect of insulin in ITS 
media, which is known to induce growth of Caco-2 cells (Gauthier et al. 2001).Our 
immunofluorescence analysis of TRα1 and TRβ1 expression in Caco-2 cells indicated 
that in the presence of T3, both receptors are initially translocated to nucleus. This is in 
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agreement with previous findings (Oppenheimer et al. 1975, Samuels et al. 1976, Damm 
et al. 1989, Lin et al. 1991, Zhu et al. 1998). The actions of T3 are exerted through its 
receptors, TRα1 and TRβ1, which shuttle between the nucleus and mitochondria 
(Baumann et al. 2001), and are translocated in the nucleus in the presence of T3 (Zhu et 
al. 1998). In the nucleus, T3 together with TRα1 and TRβ1 bind to thyroid hormone 
response element sequences in the promoters of T3-target genes to activate or repress 
transcription in response to hormone.  

Same kind of observation as seen in immunofluorescence analysis was seen in 
Western blot analysis, which showed nuclear translocation of thyroid receptors in the 
presence of T3 although there was little disparity between these tests. Subcellular 
fractionation of the cells for Western blot analysis is a more robust technique than 
immunofluorescence for the determination of TR localization. Furthermore, in a normal 
cultured cell population, cells are not synchronized, but they are in different stages of 
cell cycle. The distribution of TRs in the cytoplasm and nucleus might be related with 
the phase of the cell cycle. For example, glucocorticoid receptors are maintained within 
nuclei following hormone-dependent nuclear translocation in the G0 and S phase but not 
in the cells in the G2 phase (Hsu et al. 1992). 

Evidence for cross-signaling between T3 and the Wnt signaling pathway has been 
recently observed (Natsume et al. 2003). We analyzed the effect of T3 on β-catenin 
expression and found, that the administration of T3 had no overall effect on β-catenin 
localization. However, simultaneous analysis of β-catenin and TRα1 or TRβ1 
localization, as determined by immunofluorescence, showed that the membranous 
immunoreaction of β-catenin was less intense in those cells with nuclear TRα1 and TRβ1 
expression (Figure 16), supporting the concept of links between TR and Wnt signaling. 
Interactions of Wnt and TR signaling have been observed to occur at several levels, 
including the proximal ligand and the downstream TCF/LEF transcriptional complex 
(Hsu et al. 1992). In SW480 cells, Natsume et al. found evidence that the T3/TR 
signaling pathway negatively regulates the Wnt pathway by inhibiting transactivation by 
β-catenin/Tcf on the cyclin D1 promoter, and suggested that TR may have a property as a 
tumor suppressor by inhibiting the functions of cyclin D1 (Natsume et al. 2003).  

Although the T3 seemed to induce limited cellular proliferation in Caco-2 cells, the 
net growth promoting effect of the hormone depends on several other factors in addition 
to hormone itself. T3 induces functional maturation of Caco-2 cells (Malo et al. 2004), 
and is necessary for the normal homeostasis of the intestinal mucosa. In the development 
of CRC, the role of T3 levels and TR signaling are largely speculative and might depend 
on the stage of the tumor development (Hörkkö et al. 2006). In some other cancers, it 
has been found evidence that the mutated forms of TR lose the ability to repress cell 
proliferation. Mutant TRs may additionally cooperate with oncogenes or other factors 
(Chan et al. 2006). Due these complex interactions the biological effects of T3 in CRC 
depend likely on both the functionality of T3-TR signaling pathway and available 
hormone levels. It has proposed that in the presence of normal TR function, cancer cells 
might gain some proliferation induction from normal or increased TRα1 and TRβ1 
expression, while the functional loss of TRs might cause dedifferentation of the tumor 
(Hörkkö et al. 2006). 

In conclusion, T3 plays a modulatory effect on proliferation and apoptosis in CRC 
cells in vitro and this is associated with nuclear translocation of T3 receptors TRα1 and 
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TRβ1. Expression of β-catenin seems to be related with nuclear localization of TRα1 and 
TRβ1, which supports the concept of links between Wnt and TR signaling pathways 
(Natsume et al. 2003). The present results together with our previous observations of 
decreased expression of TRβ1 in CRC and precursor lesions (Hörkkö et al. 2006) 
suggest that thyroid hormones and their signaling pathways are involved in the 
pathogenesis of CRC. Analyses of mutations of TRα1 and TRβ1 in CRCs and 
assessment of the effects of TR mutations on the growth potential of CRC cells warrant 
further studies. 



7 Conclusions 

The present study shows that the biological properties of CRC invasive margin, such as 
apoptosis, proliferation and tumour cell budding are related to the growth type of CRC, 
and that precursor lesions of CRC are also important in determining the growth 
characteristics and that thyroid hormone T3 is involved in the regulation of the 
proliferation and apoptosis of CRC cells via its receptors TRα1 and TRβ1. In the present 
study, we have shown that 

1. Hyperplastic polyps and serrated adenomas both differ from adenomas by their lower 
AI:PI, and that in serrated adenoma - serrated adenocarcinoma pathway, there is an 
abrupt increase in the AI in carcinomas, which indicates that inhibition of apoptosis is 
not maintained in serrated adenocarcinomas. 

2. CRCs show often a loss of proliferation at the invasive margin, and that budding 
growth pattern is a very strong indicator of poor prognosis regardless of tumour stage. 

3. Thyroid hormones hormone T3 have a growth -modulating effect in vitro, which is 
mediated via nuclear translocation of its receptors TRα1 and TRβ1, suggesting that 
thyroid hormones and their signaling pathways are involved in the pathogenesis of 
CRC. 

4. The decrease of thyroid hormone receptor TRβ1 is frequently observed at the invasive 
margin of CRC, and in CRCs with a flat growth type, whereas preserved or enhanced 
TRβ1 is associated with polypoid growth pattern and KRAS mutations. 
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