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ABSTRACT 

Colorectal cancer (CRC) is ranked among the three major causes of cancer-related deaths in the Western 
countries. CRC is a multi-pathway disease, caused by both environmental and genetic factors. 
Characteristically for cancer in general, are various disturbances in intra- and intercellular communication 
which presumably participate in carcinogenesis/cancer progression. The understanding of such 
derangements could be of diagnostic, prognostic, and therapeutic significance. In the current thesis, some 
aspects of cell signalling in CRC have been investigated, using the human colon cancer cell line, HT-29 
and/or biopsies from human colon cancer and macroscopically tumour-free colon tissue. 

   Some effects of morphine in CRC were studied. -opioid receptors were identified by 
immunocytochemistry/immunohistochemistry in HT-29 cells, in colonocytes, immune cells and colon 
cancer cells, with partly nuclear localization. Challenge of the HT-29 cells with morphine had minor 

effects on cell proliferation while, at 0.1 M, there was a marked increase in secretion of urokinase-type 
plasminogen activator (uPA) suggesting that morphine treatment could augment the metastatic potential 
of the tumour cells. It is becoming increasingly recognized that the neurotransmitter, acetylcholine (ACh), 
is also an important non-neuronal, paracrine messenger in a large number of tissues including tumours. By 
RT-PCR, immunocytochemistry, Western blotting, and pharmacological tools, we obtained results in the 
HT-29 cells that strongly suggest the tonic production of ACh which participates in basal cell proliferation 

and uPA secretion. We also identified the protein expression of the 7 subtype of the nicotinic ACh 

receptors (7nAChRs) in the cells; the activation of which lead to markedly increased cell proliferation 
and uPA secretion. We demonstrated by RT-PCR, immunocytochemistry and Western blotting the 
expression of secreted mammalian Ly-6/urokinase plasminogen activator receptor-related protein-1 

(SLURP-1) in the HT-29 cells. This peptide is a ligand at the 7nAChRs and acts as an allosteric receptor 
modulator. Immunohistochemistry showed SLURP-1 in tumour-free colon mucosa and colon cancer cells 

and stroma. Treatment of the HT-29 cells with nicotine to activate 7nAChRs resulted in diminished cell 
contents of SLURP-1 suggesting a nicotinic regulatory mechanism for its expression. We investigated by 
quantitative Western blotting whether ACh synthesis (by choline acetyltransferase, ChAT), ACh 

degradation (by acetylcholine esterase, AChE), 7nAChR expression, and SLURP-1 expression, are 
deranged in tumour tissue as compared to tumour-free colon tissue (control). The tissues were grouped 
according to their respective Dukes stage of the tumour (Dukes A+B; C+D). For all the markers, there 
was a difference between control and tumour with regard to protein level, and there was, in addition, a 
significant switch in protein level between the Dukes A+B vs. C+D groups.   
   The results of the current study suggest important roles for ACh in colon carcinogenesis/cancer 
progression and may suggest novel pharmacotherapeutical strategies. 
 
Keywords: 7 nicotinic acetylcholine receptor; acetylcholine; acetylcholinesterase; choline acetyltransferase; colorectal cancer; morphine; nicotine; 
plasminogen activator inhibitor-1; SLURP; urokinase-type plasminogen activator 
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Populärvetenskaplig sammanfattning 

Tjocktarms-ändtarmscancer är den tredje vanligaste cancerformen i västvärlden.  Överlevnaden 
under en femårsperiod i Sverige är ca 56%, men denna är beroende av hur långt cancern har 
spridit sig vid upptäckten. Man vet att cancern har utvecklat signaleringsmekanismer för att 
kunna tillväxa, och sprida sig oberoende av normala cellers reglersystem. För att öka 
överlevnaden vid cancersjukdom, är det angeläget att bl.a. kartlägga sådan signalering, vilket kan 
leda till framtagandet av nya behandlingsprinciper. 
   I den här avhandlingen har vi undersökt cellsignaleringsmekanismer i tjocktarmscancer-cellinjen 
HT-29, och i vävnadsprover från normal tjocktarm och tjocktarmscancer (erhållna i samband 
med operation för tjocktarmscancer). Vi har använt cell- och molekylärbiologisk, samt 
farmakologisk metodik. Vi har funnit att receptorer för opioider, som t.ex. morfin, finns på 
tumörcellerna. Morfintillförsel till HT-29 cellerna leder till frisättning av proteinet urokinas med 
vilket cancercellerna kan öka sin spridningsförmåga. Vidare, har vi studerat möjliga funktioner för 
nervsignaleringsmolekylen acetylkolin (ACh) vid tjocktarmscancer. Man har nyligen 
uppmärksammat att ACh är en signalmolekyl även i icke-neuronal vävnad, t.ex. cancer. Vi har 
funnit att ACh produceras, och kan också brytas ned, av HT-29 cellerna. Beviset för detta är 
närvaron i cellerna av enzymerna kolinacetyltransferas (ChAT) och acetylkolinesteras (AChE), 
som bildar, respektive bryter ned ACh. Farmakologisk analys visade att ACh tycks frisättas 

konstant från tumörcellerna och binder till receptorn 7nAChR på samma celler, vilket leder till 
ökad cellproduktion och också ökad produktion av urokinas. Dessa receptorer kan även aktiveras 
med nikotin men också av peptiden secreted mammalian Ly-6/urokinase plasminogen activator 
receptor-related protein-1 (SLURP-1) som produceras i olika celler i kroppen. Vi fann att HT-29 
celler, men också såväl normala celler i tjocktarmsslemhinnan som tumörceller i 
tjocktarmscancer, producerar SLURP-1, vilket kan bidra till regleringen av vissa tumörfunktioner. 

Nivån av SLURP-1 i tumörcellen tycks påverkas av om 7nAChR stimuleras av t.ex. nikotin. Vi 
har, slutligen, undersökt om ACh är en viktig signalmolekyl för fortskridandet av 
tjocktarmscancer. Jämfört med tumörfri tjocktarmsvävnad, uppvisar tjocktarmscancervävnaden 

annorlunda nivåer av ChAT, AChE, 7nAChR och SLURP-1. Vidare, skiljer sig dessa nivåer åt 
mellan tidig och sen tjocktarmscancer. Sammanfattningsvis, tyder våra resultat på att ACh är en 
viktig signalmolekyl vid fortskridandet av tjocktarmscancer. Detta fynd skulle kunna innebära att 
läkemedel kan utvecklas mot denna cancerform, vars verkningsmekanism innebär blockad av 
AChs effekter på tumörcellerna.  
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Cancer 

Cancer is a group of diseases that are caused by the development of a tumour in which normal 

cells have been transformed to cancer cells (malignant cells). Characteristic for such cells is an 

uncontrolled growth, due to increased proliferation, decreased apoptosis or disturbed 

differentiation. The malignant cells that result from these events will have the properties of tissue 

invasion and destruction, and metastasis to distant sites (Figure 1). The tumours “kidnap” normal 

systems of intra- and intercellular communication in order to support their own growth and 

spread (Mareel & Leroy, 2003). 

 

 

 

Figure 1. Schematic representation of genetic, epigenetic, and phenotypic aspects of cancer development.  

Adapted from Mareel & Leroy, 2003. 
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   Cancer results from a series of somatic mutations (Mareel & Leroy, 2003), and at the molecular 

level, the cancer cell is characterized by genetic instability. Such occurs by stepwise mutations in 

genes that code for proteins involved in important cell signalling systems and which result in the 

accumulation of errors in vital regulatory pathways (Hanahan & Weinberg, 2000). Genes 

commonly mutated in human cancer belong to one of three different classes: proto-oncogenes 

(i.e. normal genes which participate in important regulatory functions such as cellular signalling 

and activation of transcription involved in growth), tumour suppressor genes (i.e. normal genes 

that appear to prevent the development of cancer), and mismatch repair genes (normal genes that 

replace a mispaired nucleotide in a DNA duplex) (Calvert & Frucht, 2002). Therefore, cancer can 

be characterized by changes in signalling and signal transduction, so cancer might be identified as 

a signalling disease (Mareel & Leroy, 2003). Six essential alterations in cell physiology that 

collectively dictate malignant growth are: self-sufficiency in growth signals, insensitivity to anti-

growth signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis, and 

tissue invasion and metastasis. No single mutation can convert a normal cell into a malignant one, 

the chance of a single cell undergoing six independent mutations is small (Hanahan & Weinberg, 

2000). 

 

Colorectal cancer 

Colorectal cancer (CRC) is one of the most common types of cancer in Western countries and is 

consistently ranked among the top three causes of cancer-related deaths (Washington, 2008; Li & 

Lai, 2009). The incidence of CRC in Sweden is about 66 cases/100000 each year with a five year 

survival of 56% for colon cancer and 60% for rectal cancer (The Swedish Cancer Registry, 2007). 

   It has been well documented that there are two major pathways involved in the development of 

CRC: the chromosomal instability pathway (CIN: 85% of all cases) and the microsatellite 

instability pathway (MSI: 15% of all cases) (Takayama et al., 2006). CRC belongs to either of 

three specific patterns: sporadic (75%), familial (20-25%), or resulting from inflammation in the 

colon (2%). The most common hereditary syndroms are familial adenomatous polyposis (FAP) 

and hereditary non-polyposis colon cancer (HNPCC). Patients with ulcerative colitis (UC) have 

2-8% relative risk of CRC compared to the normal population. One of the factors influencing an 

individual’s risk is the duration of colitis. Thus, the risk for CRC is 8-13% at 25 years of disease 

(Washington, 2008).  
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The chromosomal instability pathway 

The distal CRC is associated with CIN and is also called the adenoma carcinoma sequence (Li & 

Lai, 2009). These tumours are aneuploid (Söreide et al., 2006).  The progression of adenoma (i.e. 

a polyp) to carcinoma is understood to be a slow process driven by a linear and stepwise series of 

genetic alterations. Genes which are mutated at different stages of CRC development include 

tumour suppressor genes, proto-oncogenes, DNA repair genes, growth factors and their receptor 

genes, cell cycle checkpoint genes, and apoptosis related genes (Narayan & Roy, 2003). 

Characteristically, there are allelic losses on chromosome 5q (adenomatous polyposis coli: APC), 

mutation on 12q (K-RAS), loss on 17p (p53), and loss on 18q (DCC/SMAD4). The multi-step 

model of CRC development by Fearon & Vogelstein (1990) has been revised and presented in 

greater detail to include the interdependence of different pathways and involvement of many 

more gene mutations than previously.  

   Mutations in the APC gene occur early during the development of polyps, K-RAS mutations 

arise during the adenomatous stage, and mutations of p53 and deletions on chromosome 18q 

occur concomitantly with the transition to malignancy (Takayama et al., 2006; Jass, 2007; Grady 

& Carethers, 2008) (Figure 2). 

 

 

 

 

 

 

 

 

 

Figure 2. A schematic drawing of the adenoma-carcinoma sequence. I: -catenin/APC pathway (5q loss or mutation), II: 

K-RAS (12q mutation), III: DCC/SMAD (18q loss), and IV: p53 (17p loss) (Grady & Carethers, 2008). 
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The microsatellite instability pathway  

The proximal colon cancer is associated with MSI. Characteristic for MSI is the expansions or 

contractions in the number of tandem repeats of simple DNA sequences (microsatellites). MSI 

tumours display a diploid karyotype and are characterized by inactivation of the DNA mismatch 

repair system. This, in turn, leads to a hypermutable state in which simple repetitive DNA 

sequences are unstable during DNA replication. Mutations of the microsatellite sequences are 

most probably harmless because they usually do not occur in the coding or regulatory regions of 

genes (Söreide et al., 2006). However, e.g. HNPCC is caused by a genetic alteration in one of the 

mismatch repair genes (Washington, 2008).  A subset of CRC develops in association with both 

MSI and APC or p53 mutations (Takayama et al., 2006). 

 

The role of APC in CRC 

As mentioned, the adenoma-carcinoma sequence pathway of CRC is initiated by a mutation of 

the APC gene. This leads to inactivation of the APC/-catenin/Wnt signalling pathway (Sparks et 

al., 1998; de Filippo et al., 2002).  

   The APC protein is a member of the Wnt signalling pathway, and normally binds to -catenin 

to form a complex with axin and glycogen synthase-3 kinase, which is degraded through 

ubiquitylation (Behrens et al., 1998). Wnt is a glycoprotein that is essential for development and 

plays an significant role in human disease. The Wnt signalling pathway is important in organ 

development, cellular proliferation, apoptosis, morphology, motility, and the fate of embryonic 

cells (Mulholland et al., 2005). When this pathway is inactivated, accumulated -catenin 

translocates from the cell membrane to the nucleus, where it drives the transcription of multiple 

genes implicated in tumour growth and invasion (Miyaki et al., 1994; Segditsas & Tomlinson, 

2006). Wnt binds to and thereby activates members of the G-protein coupled receptors (GPCRs) 

that are termed “Frizzleds” (Wang et al., 2006). MacLeod et al. (2007) demonstrated an autocrine 

mechanism of action of Wnt in HT-29 cells.  

   The mutations in the APC gene cause loss of the C-terminal functions of the APC protein, 

involved in microtubule binding, cell polarity, chromosome segregation, and deletion of the 

SAMP repeats (containing the sequence serine-alanine-metionine-proline) that are important for 

binding to axin and formation of the -catenin phosphorylation complex (Segditsas & 

Tomlinson, 2006). APC may act as a negative regulator of β-catenin signalling in the 

transformation of colonic epithelial cells. Altered APC has wide-ranging downstream effects on 

cell-cell adhesion, transcriptional regulation, chromosomal instability, cell migration, proliferation, 

cell cycle control, differentiation, and apoptosis (Narayan & Roy, 2003). The APC mutations 
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have been identified in 30-70% of sporadic adenomas and in 35-75% of sporadic CRC. About 

50% of sporadic tumours with intact APC are reported to show mutations of -catenin itself, 

resulting in mutation of -catenin. Therefore, the APC/-catenin pathway plays an important role 

in CRC (Mulholland et al., 2005).  

    

Tumour staging and the survival rates in the CRC 

A staging system for CRC is the strongest predictor of patient survival. The Dukes classification 

(Table 1) was first proposed in 1932. The system is considered to be the standard because of its 

simplicity and accuracy and is the system most often referred to in the literature. Number of 

positive nodes and depth of invasion are two variables that have been found to be predictors of 

survival. In the future, however, other putative prognostic factors such as nuclear morphology, 

flow cytometric characteristics, histological grade, and vascular or lymphatic invasion may also be 

entered into the staging equation. The tumour-node-metastasis (TNM)-system is regarded to be 

more useful than the Dukes classification, and is nowadays recommended since it most 

completely describes appropriate prognostic factors and allows conversion of other staging 

systems into a common format (Williams & Beart, 1992). Thus, the TNM-staging system of the 

American Joint Committee on Cancer and the International Union Against Cancer is now the 

standard for CRC staging (Compton & Greene, 2004) (Table 2).  

   In this thesis, however, CRC staging as reported in Paper I, II and VI, is based on the Dukes 

classification. In addition, the TNM-status is known (although not reported) for each patient. 

 

Table 1. The Dukes classification of CRC (Williams & Beart, 1992). 

Class Description

A Tumour confined to the intestinal wall

B Tumour invading through the intestinal wall

C With local lymph node(s) involvement

D With distant metastasis, e.g. liver and lungs
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Table 2. TNM-system (Tumour, Node, Metastasis) according to American Joint Committee on Cancer and the 

International Union Against Cancer. 

 Category Definition 

Primary tumour (T) TX Primary tumour cannot be assessed 

 T0 No evidence of primary tumour 

 T1 Tumour invades the submucosa 

 T2 Tumour invades the muscularis propria 

 T3 Tumour invades through the muscularis 
propria into the subserosa 

 T4 Tumour directly invades other organs or 

structures 

Regional lymph nodes (N) NX Regional lymph nodes cannot be assessed 

 N0 No regional lymph nodes metastasis 

 N1 Metastasis in one to three lymph nodes 

 N2 Metastasis in four or more lymph nodes 

Distant metastasis (M) MX Presence of distant metastasis cannot be 

assessed 

 M0 No distant metastasis 

 M1 Distant metastasis 

 

   According to Surveillance Epidemiology and End Results Program Database Analysis, 5-year 

survival rates have risen from 56.5% for patients diagnosed in the early 1980s to 63.2% for those 

diagnosed in the early 1990s and recently to 64.9%, a trend being dependent on earlier diagnosis 

and treatment. 5-year survival rates are over 90% for Dukes A, but only 5% for Dukes D (Li & 

Lai, 2009). 
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Morphology of the large intestine 

The large intestine, approximately 1.5 m in length consists of the cecum including the vermiform 

appendix, the ascending, transverse, descending, and sigmoid colon, and finally the rectum and 

the anal canal (Figure 3). The roles of the large intestine in gastro-intestinal physiology is mainly 

to turn semi-liquid gut contents into solid feces by the absorption of water and electrolytes, to 

store, and, when appropriate, to expel feces. These functions are dependent on the action of the 

partly hormone controlled absorptive epithelia, and on the activity of the smooth muscle tissue. 

The impressive bacterial contents in the large intestine has a partly metabolic role by its 

production of vitamins and short chain fatty acids.  

 - 7 -

Figure 3. A schematic picture of the large intestine divided into five different segments named: ascending (1), transverse (2), 

descending (3), and sigmoid colon (4), and rectum (5). With permission from National Cancer Institute, 2009. 

 

   The different layers of the colonic wall are depicted in Figure 4. The luminal surface is covered 

by columnar, absorptive epithelial cells, mucus secreting goblet cells and scattered microfold cells, 

the latter being an important component of the immune apparatus. Additionally, there are some 

intraepithelial lymphocytes in the basolateral part of the epithelium. The mucosa is bordered at its 

abluminal side by the thin muscularis mucosae. In the surface epithelium, there are numerous 

openings to the lumen of the colonic crypts, i.e. glands which pass through the mucosal layer 

down to the muscularis mucosae. These glands consist mainly of epithelial cells, goblet cells, and 

neuroendocrine cells. The latter produce e.g. peptide mediators with endocrine or paracrine 

signalling functions. Paneth cells occur very seldom in the normal colon. At the base of the 

crypts, there are stem cells which give rise to the different cells of the crypt. The daughter cells 

move from the bottom of the crypt to the top, differentiate, and are shedded to the lumen. 

Enclosed by the surface epithelium, crypts and muscularis mucosae is the lamina propria with a 

large number of immune cells, nerve fibres, and blood and lymph vessels.  
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     The submucosa consists of connective tissue with nerves, blood and lymph vessels. The next 

component of the colonic wall is the muscularis propria with an inner layer of circular, and outer 

layer of longitudinal smooth muscle. The latter is concentrated to three thick bundles, the teniae.  

   The colonic functions are critically dependent on its autonomic innervation. The intrinsic nerve 

fibres arise from the myenteric and submucousal plexa and travel to innervate the muscle layers, 

the blood vessels and the mucosa, most probably also including the immune apparatus. The brain 

and the spinal cord can influence the colon via its extrinsic nerves, i.e. parasympathetic and 

sympathetic fibres that terminate, in particular, in the myenteric plexus. The colonic nerves utilize 

the classical transmitters, noradrenaline and ACh, and also non-adrenergic, non-cholinergic 

mediators like e.g. substance P, nitric oxide and 5-hydroxytryptamine.   

   The outermost layer of the colonic wall is the serosa which consists of thin connective tissue.  

   The vascular supply of the colon arises from the superior and inferior mesenteric arteries and 

the venous blood drains in the portal vein (Gartner & Hiatt, 1997; Wigley, 2005; Tobin et al., 

2009). Figure 4 also depicts the phases of CRC cancer progression according to the Dukes 

classification. 

 

 
Figure 4. Colon cancer progression: Carcinoma in situ, Dukes A, Dukes B, Dukes C, and Dukes D. The cancer cells 

grow through the layers of the colon wall. A schematic figure also presents the different layers in the colon. With permission 

from National Cancer Institute, 2009.  
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Acetylcholine - an important non-neuronal signalling molecule in 

carcinogenesis/cancer progression 
Acetylcholine (ACh) was first discovered in the organism by Dale in 1914 and its function as a 

neurotransmitter was confirmed during the 1920s by Loewi (Tansey, 2006). 

 

Neuronal ACh 

ACh is a major neurotransmitter in both the central and peripheral nervous systems, and plays a 

pivotal role in neuronal signalling. Cholinergic neurons release ACh, which via nicotinic or 

muscarinic receptors (nAChRs and mAChRs) mediate chemical neurotransmission. ACh is a 

simple ester of the quaternary amino alcohol, choline, and acetic acid (Cooper et al., 2003). In the 

endings of the cholinergic neurons, ACh is synthesized from choline and acetyl coenzyme A by 

choline acetyltransferase (ChAT) in the central nervous system, and by both ChAT and the 

mitochondrial enzyme, carnitine acetyltransferase in peripheral nerves (Horiuchi et al., 2003). 

ACh is then translocated into synaptic vesicles by the vesicular ACh transporter (VAChT) 

(Cooper et al., 2003) and stored until released by exocytosis, as triggered by the action potential 

and the thereby increase in intracellular calcium ion concentration. The action of ACh on the 

effector tissue is terminated by hydrolysis, by acetylcholinesterase (AChE) (Cooper et al., 2003). 

Traditionally, the expression ”The cholinergic system” comprises ACh, ChAT, AChE and the 

cholinergic receptors at the effector tissues (Sastry & Sadadongvivad, 1978).   

 

Non-neuronal ACh  

It has been known for more than 50 years that some non-neuronal tissues, like e.g. the human 

placenta, display the components of the cholinergic system. The non-neuronal cholinergic system 

has also been detected in: lower invertebrates (sponge, coral, sea squirt, sea urchin, tubellaria), 

protozoa, plants, fungi, blue-green algae, and baceteria (Bacillus subtilis, Escherichia coli, Staphylococcus 

aureus, Lactobacillus plantarum), indicating a wide-spread expression (Wessler et al., 1999; Wessler et 

al., 2003; Horiuchi et al., 2003).     

   Thus, ACh is synthesized by practically all living cells and plays a role in the interaction of non-

neuronal cells with the external environment, as well as participating in regulatory processes of 

multi-cellular organisms (Kirkpatrick et al., 2001; Grando et al., 2007; Wessler & Kirkpatrick, 

2008). Probable roles for non-neuronal ACh have not been clarified; it appears to be involved in 

the regulation of several biological functions, such as proliferation, differentiation, migration, 

organization of the cytoskeleton, cell–cell contact, and immune functions (Wessler et al., 1998; 

Trombino et al., 2004; Wessler and Kirkpatrick, 2008). 
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   The synthesis of ACh is probably the same in both neuronal and non-neuronal cells, since 

ChAT is found also in the latter. In the human brain, R, N0, N1, N2, and M types of ChAT have 

been been demonstrated, and these subtypes are also detectable in non-neuronal tissues (Wessler 

& Kirkpatrick, 2008) In humans, AChE and/or ChAT, have been found in keratinocytes, 

reproductive organs, urinary bladder, cancer, immune, airway epithelial, vascular endothelial, and 

smooth muscle cells (Falugi et al., 1983; Falugi et al., 1986; Wessler et al., 1998; Wessler et al., 

1999; Wessler et al., 2001; Heeschen et al., 2001; Wessler et al., 2003; de Rosa et al., 2005; 

Kawashima & Fujii (2008). AChE is often co-localized with ChAT (Wessler & Kirkpatrick, 

2008). Interestingly, AChE may play a role for e.g. development, differentiation, apoptosis, and 

carcinogensis (Zhang et al., 2002a; Santos et al., 2007). AChE pre-mRNA gives rise to three 

distinct variants. AChE-S is the most frequent splicing variant in brain and muscle cells, the other 

two variants are: AChE-R, and AChE-E (Santos et al., 2007). VAChT has been detected in 

bronchial epithelium (Lips et al., 2007) and colonocytes (Jönsson et al., 2007), but skin (Elwary et 

al., 2006), urothelium (Hanna-Mitchell et al., 2007), and T cells (Kawashima & Fujii, 2000) do not 

appear to express VAChT.   

 

Role for non-neuronal ACh in cancer  

The major theme in the current thesis is a role for ACh in human cancer with the focus on CRC. 

Recent evidence suggests that ACh might serve as an autocrine/paracrine growth factor in 

several types of tumour or tumour cell lines, e.g., lung (Trombino et al., 2004), breast (Español et 

al., 2007), and colon cancer (Frucht et al., 1999; Cheng et al., 2008; Syed et al., 2008). Therefore, 

cholinergic signalling seems to be functionally important in cancer. 

   Cheng et al. (2008) demonstrated by HPLC that ACh was released in human colon cancer cell 

lines, H508 and Caco-2, but not in HT-29. mRNA for ChAT was detected in H508, Caco-2, and 

WiDr, but not in SNU-C4, T84, or HT-29 cells. AChE inhibitors (eserine and bis-THA) 

attenuated the hydrolysis of ACh in H508. Altogether, these results indicate that ACh acts as an 

autocrine growth factor for colon cancer. In human colon cancer tissue, ChAT expression was 

up-regulated in cancer cells compared to normal colonocytes, as detected by 

immunohistochemistry (Cheng et al., 2008). The colon cancer cell lines, SW1116, SW1417, Caco-

2, and HT-29 express AChE constitutively on the mRNA and protein levels (Syed et al., 2008). 

High levels of AChE activity have been reported in primary brain tumours, and in ovarian 

tumours of patients with various types of primary carcinoma (Zhang et al., 2002a). Martínez-

Moreno et al. (2006) demonstrated a variety of AChE activity in lung tumours depending on their 

histological features. Montenegro et al. (2006) showed lower mRNA level, and enzyme activity of 



Introduction 

 - 11 -

AChE in colon cancer tissue compared to tumour-free colon tissue. In contrast, Syed et al. (2008) 

demonstrated by RT-PCR and immunohistochemistry that AChE was over-expressed in colon 

cancer compared to tumour-free colon, with marginally higher levels in proximal compared to 

distal colon cancer.  

   Choline is an organic cation that, apart from being a precursor for the synthesis of ACh, also is 

important for the structure and function of biological membranes in all cells i.e. being a 

component of membrane phospholipids (Klein et al., 1993). Kouji et al. (2009) demonstrated that 

choline transporter-like protein 1 (CTL 1) is functionally expressed in HT-29 cells. These authors, 

moreover, reported that intracellular choline uptake through CTL1 is important for cancer cell 

proliferation.  

 

Muscarinic acetylcholine receptors - roles for 

carcinogenesis/cancer progression 
The mAChRs with their 5 subtypes (M1-M5), belong to the GPCR superfamily (Paleari et al., 

2008; Shah et al., 2009). mAChRs serve as binding and effector proteins in order to mediate 

chemical neurotransmission at neurons and effector organs such as heart, smooth muscle tissue 

and glands (Wessler & Kirkpatrick, 2008). mAChRs are expressed in several tumours such as: 

colon, ovary, prostate, lung, and breast cancer, and also in astrocytoma and glioblastoma cell 

lines. M3 appears to be the dominant subtype being involved in tumour progression as 

demonstrated on the mRNA and protein levels (see Tata, 2008, for references). With particular 

emphasis on the large intestine, colonocytes express M1mAChRs, M2mAChRs, and M3mAChRs 

(Yang & Frucht, 2000; Jönsson et al., 2007; Raufman et al., 2008). M3mAChRs are also expressed 

in various colon cancer cell lines (e.g. H508, see also Frucht et al., 1999) (demonstrated on the 

mRNA, and protein levels) and activation of these receptors by ACh or by a preferential 

muscarinic agonist (carbamylcholine; cf. Brown & Taylor, 2001) stimulated cell proliferation 

which effect was inhibited by the non-selective mAChR antagonist, atropine (Frucht et al., 1992; 

Frucht et al., 1999; Cheng et al., 2003). mRNA for the M3mAChRs is expressed in HT-29 cells 

(Kopp et al., 1989). Compared with normal tissue, M3mAChRs are over-expressed in the tumour 

cells of colon cancer tissue (Yang & Frucht, 2000). Interestingly, the mAChRs antagonist, 

atropine, can inhibit cell growth both in vitro and in vivo, and therefore, mAChRs appear to play an 

important role for tumour progression (Song et al., 2003; Tata, 2008). 
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Nicotinic acetylcholine receptors - roles for 

carcinogenesis/cancer progression 

The nAChRs belong to the superfamily of neurotransmitted-gated ion channels receptors 

(Feuerbach et al., 2005) which consists of pentameric ion channels. The nAChRs are 

transmembrane multimeric proteins composed of five subunits arranged symmetrically around an 

axis perpendicular to the membrane, and are formed by a combination of different subunits 

(Figure 5). Some of the nAChR subunits are able to generate functional homomeric receptors 

(containing of five copies of a single subunit), but most of the nAChRs form functional receptors 

when the subunits are co-assembled to generate heteromeric receptors. All nAChR subunits 

share homologous structure with a large extracellular domain, including the Cys-loop signature, 

four transmembrane regions (M1 to M4) structured in -helical, a large cytoplasmic domain 

between M3 and M4 and finally a short extracellular C-terminal tail (Corringer et al., 2000).    

   The nAChRs are commonly classified as either “muscle-type” or “neuronal-type” depending on 

whether they are expressed at the neuromuscular junction or within the central or peripherial 

nervous systems (Lukas et al., 1999). The nAChRs in skeletal muscle are the best characterized 

and these receptors form a critical link in the signalling between spinal motor neurons and 

skeletal muscles to produce all somato-motor activity (Lindstrom, 1996). In early studies, these 

authors identified four protein subunits, designated , , , and . It is interesting to note that 

only the  subunit is the agonist binding site. There are now five accepted muscle-type of 

nAChR subunits (1, 1, γ, δ, ε). 

   At present, seventeen nAChR subunits have been identified in vertebrates (1-10, 14, γ, 

δ, ε). All, except 8 have been identified in humans and other mammalian species (Graham et al., 

2002).  The 7 and 8 subunits are the only two vertebrate nAChR subunits (and 7 is the only 

mammalian subunit) which form homomeric rather than heteromeric, receptors in heterologous 

expression systems (Paleari et al., 2008). 
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Figure 5. Organisation and structure of nAChRs. (A) The transmembrane topology of nAChR subunits. The model 

shows the extracellular amino terminal, followed by three hydrophobic transmembrane domains (M1–M3), a large 

intracellular loop, and then a fourth hydrophobic transmembrane domain (M4). (B) Pentameric arrangement of nAChR 

subunits in an assembled receptor. (C) Subunit arrangement in the homomeric 7 and heteromeric 42 subtypes, and 

localisation of the ACh binding sites (white ovals). With permission from Gotti & Clementi, 2004. 

 

   The nAChR subunits have been divided into four subfamilies (I-IV) based on similarities in 

protein sequence. In addition, subfamily III has been further divided into 3 tribes (Le Novère & 

Changeux, 1995) (Table 3). The non-neuronal nAChRs are expressed in various cell types (Table 

4). 

 

Table 3. The classification of the nAChR subunits (Le Novère & Changeux, 1995; Graham et al., 2002). 

 

 

 

Neuronal-type Muscle-type 

I II III IV 

9, 10 7, 

8 

1 2 3 1, 1, , ,  

2,3, 4, 6 2, 4 3, 5 
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Table 4. Non-neuronal nAChRs are expressed in various cell types. 

Cells Function/effects Reference 

Hematopoetic Inflammation, immune 

response 

Serobyan et al., 2007. 

Intestinal (colon, gastric, 

pancreas) 

Cell proliferation Wong et al., 2007. 

Urothelial Cell proliferation Bschleipfer et al., 2007 

Oral and skin keratinocytes Cell proliferation Arredondo et al., 2007 

 

   Most nAChR subtypes are heteromeric receptors containing at least one type of  subunit and 

one type of non- subunit. The subunit stoichometry of heteromeric nAChRs has been 

demonstrated. Thus, there is evidence that at least some heteromeric neuronal nAChRs assemble 

with two  subunits and three non- (e.g. ) subunits. There is evidence that42 nAChRs can 

assemble in two different stoichiometries ((4)2(2)3) and ((4)3(2)2), which differ in properties 

such as agonist and antagonist sensitivity and calcium permeability. The heteromeric combination 

can be in pair, triplet or quadruplet. In some cases where there is uncertainty as to whether 

additional subunits may be present in the assembled receptor, this is indicated by an asterisk (*) 

(Millar & Gotti, 2009). 

 

The nicotinic acetylcholine receptor 7 - a particularly important participant in 

carcinogenesis/ cancer progression  

The 7 subtype of the nAChRs (7nAChR) is of particular interest in pathophysiological 

circumstances including inflammation and cancer. This subunit is approximately 56kDa and is 

composed of 502aa, and the human 7nAChR gene has been mapped to chromosome 15q14 

(Galzi et al., 1991; Bertrand et al., 1993; Feuerbach et al., 2005). 7nAChRs are characterized by 

their sensitivity to the snake toxin, -Bungarotoxin (-Bgt), which serves as a selective, 

competitive antagonist of 7nAChR mediated responses (Rangwala et al., 1997; Zhao et al., 

2003; Drisdel & Green, 2000). The 7nAChR is detected by specific binding of -Bgt with high 

affinity. Activation of the 7nAChR can modulate intracellular signal transduction; compared 

with other neuronal nAChRs, 7nAChRs have higher calcium permeability, faster activation, and 

desensitization kinetics and prefer nicotine over ACh (Romano et al., 1997). It should, however 

be emphasized that while nicotine serves as a pharmacological probe for the further elucidation 

of e.g. 7nAChRs, ACh is the physiological ligand at all cholinergic receptors (see however 
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below, i.e. the discussion on the SLURPs). The influx of Ca2+, in turn, will activate two major 

signalling pathways, protein kinase C and mitogen-activated protein kinase cascade (Trombino et 

al., 2004). 

   Although the 7nAChR has been defined as a neuronal nAChR-subunit, it has consistently 

been found also in several types of non-neuronal cells, like e.g. epithelial and endothelial cells and 

also in cells in secondary lymphoid organs (de Simone et al., 2005).  

   The 7nAChR has been described as being essential for ”the cholinergic anti-inflammatory 

pathway”; the 7nAChR is expressed in macrophages and ACh can down-regulate these cells and 

thereby inhibit the release of pro-inflammatory mediators, including the cytokine, tumour 

necrosis factor- (TNF-) (Wang et al., 2003a). Summers et al. 2003 demonstrated that the 

chemokine, IL-8, is significantly down-regulated in TNF- activated HT-29 cells after nicotine 

exposure in a concentration dependent manner via the 7nAChR. Selective 7nAChR agonists 

were found to diminish macrophage cytokine production and attenuate inflammation in 

experimental pancreatitis, colitis, and ileus (for references, see de Jonge & Ulloa, 2007). 

Moreover, the vagus seems to participate in physiological, cholinergic, anti-inflammatory 

mechanisms (van der Zanden et al., 2009). 

   The report by Wong et al. (2007) is of fundamental significance for the current thesis. These 

authors demonstrated that nicotine stimulated cell proliferation in the human colon cancer cell 

line, HT-29, via 7nAChRs. This effect was dependent on cathecholamine synthesis and -

adrenoceptors. 

   Stimulating 7nAChRs in lung cancer cells with [4-(N-nitroso-N-methylamino)-1-(3-pyridyl)-1-

butanone] (NNK) resulted in the activation of the Raf-1/MAPK/c-myc signalling pathway 

(Schuller et al., 2000; Jull et al., 2001; West et al., 2003). In gastric cancer and colon cancer cells, 

the activation of 7nAChRs by nicotine or NNK stimulated growth and angiogenesis via PKA 

and the EGFR-Ras-Raf-ERK1-ERK2-pathway (Arias et al., 2009; Schuller, 2009).  
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Nicotine and Morphine - different roles in cancer but similar signal 

transduction steps 
The physiological ligand at the nAChRs is ACh, but tobacco components such as nicotine and 

NNK are also known to be agonists at the nAChRs causing the opening of the ion channel 

(Lindstrom et al., 1979; Lindstrom, 1996; Schuller & Orloff, 1998; Gotti & Clementi 2004; 

Egleton et al., 2008). Nicotine is a major factor for the biochemical, pharmacological and 

physiological effects of cigarette smoking (cf. Ho et al., 2005). Cigarette smoking is known to be a 

risk factor in lung, pancreatic, colon, gastric, and bladder cancers (Minna, 2003; Cooke & 

Bitterman, 2004). Nicotine has been suggested to participate in growth promotion of various 

cancers by stimulating cell growth, suppressing apoptosis and by inducing angiogenesis (Heusch 

& Maneckjee, 1998; Natori et al., 2003; Mousa & Mousa, 2006; Guo et al., 2008). As mentioned, 

7nAChRs have been shown to mediate effects of nicotine in cancer. According to the National 

Cancer Institute homepage, smokeless tobacco (snuff and chewing) users increase their risk for 

cancer of the oral cavity. 

   Maneckjee & Minna (1990; 1994) reported that lung cancer cell growth could be inhibited by 

the administration of opioids like morphine via the induction of apoptosis. This effect was 

abolished by the concomitant provision to the cells of nicotine (via the involvement of nAChRs). 

Although these compounds act at different membrane receptors, they could influence in the 

opposite directions, the same intracellular signal transduction pathways, suggested to be PKC 

(Maneckjee & Minna, 1990; see also Guo et al., 2008). 

   Morphine is a ligand at preferentially the G-protein coupled -opioid receptors (MORs) 

(Corbett et al., 2006; Zöllner & Stein, 2007). The reports on effects of morphine in cancer, in vivo, 

and in vitro, are conflicting (Tegeder & Geisslinger, 2004). Some effects may be elicited as a 

consequence of direct or indirect actions of morphine on the immune system (Sacerdote, 2006). 
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SLURPs - endogenous ligand at 7nAChR and 3nAChR 

A novel protein termed SLURP (secreted mammalian Ly-6/urokinase plasminogen activator 

receptor-related protein) has been discovered in human cultured epiderminal keratinocytes, and 

has an association with the autosomal, recessive inflammatory and keratotic palmoplantar skin 

disorder, Mal de Meleda (Sybert et al., 1988; Adermann et al., 1999; Fischer et al., 2001a; 

Mastrangeli et al., 2003). Mutations in the ARS B gene were found to underlie this disease. The 

ARS B gene encodes a polypeptide belonging to the Ly-6/CD59/urokinase-type plasminogen 

activator receptor (uPAR)/snake toxin superfamily termed SLURP-1. The amino acid 

composition of SLURP-1 is homologous to that of the single domain frog cytotoxin and also to 

snake venom neurotoxins such as α-Bgt (Fischer et al., 2001). 

   SLURP-2 was discovered by Tsuji et al. (2003) in the course of microarray analysis of gene 

expression in skin samples from patients with psoriasis. The Ly-6/uPAR superfamily has two 

subfamilies. SLURP-1 was the first identified protein in the mammalian Ly-6/uPAR-family, and 

SLURP-2 belongs to the second subfamily (Tsjui et al., 2003). 

   SLURP-1 is present in human plasma, urine (Adermann et al., 1999), sweat, saliva, tears, 

(Arredondo et al., 2005; Arredondo et al., 2007) and keratinocytes (Arredondo et al., 2005). 

SLURP-2 is also expressed in human keratinocytes, saliva, and serum (Tsuji et al., 2003). Recent 

result indicated that both SLURPs are expressed in various immune cells and organs and that not 

only ACh but also the SLURPS may be involved in regulating lymphocyte function via nAChR-

mediated pathways (Moriwaki et al., 2007). Recombinant SLURP-1 increased activities of 

caspases 3 and 8 and, in contrast, recombinant SLURP-2 downregulated gene expression of the 

apoptosis and differentiation markers and abolished activation of caspases 3 and 8 (Arredondo et 

al., 2005; Arredondo et al., 2007). Therefore, the SLURPS may act in an autocrine/paracrine 

fashion to regulate cell growth and differentiation (Arredondo et al., 2007). While SLURP-1 

appears to have preferential binding to the 7nAChR, SLURP-2 may be a preferential ligand at 

the 3nAChR, see Figure 6 (Arredondo et al., 2006). Interestingly, nAChRs may participate in 

autoregulation of SLURP gene expression (Grando, 2008). 

   Chimienti et al. (2003) demonstrated that SLURP-1 is secreted by N-terminal signal cleavage 

and acts as a modulator of the 7nAChR. SLURP-1 modulates nAChR function in the presence 

of its natural ligand, ACh, in a manner consistent with an allosteric mode of action. Since ACh 

was shown to inhibit TNF-α release via the α7nAChR in macrophages (Wang et al., 2003a), 

Chimienti et al. (2003) also hypothesized that SLURP-1 controls TNF-α release in both 

macrophages and keratinocytes via this receptor and that inactivation of this pathway leads to 
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cutaneous inflammation in Mal de Meleda (Grando, 2008). Recently, Horiguchi et al. (2009) also 

suggested that SLURP-1 regulates the TNF- release from macrophages in bronchial tissue.  

   Arredondo et al. (2005) demonstrated that SLURP-1 regulates keratinocyte proliferation, 

apoptosis, and differentiation, and may be involved in the regulation of cutaneous inflammation. 

Recent data indicate, furthermore, that the SLURPs interfere with binding of the nicotinic 

agonists, NNK and N´-nitrosonornicotine (NNN) to keratinocytes and may protect these cells 

from tumourigenic transformation (Arredondo et al., 2007). Over-expression of the SLURPs 

diminished the tumourigenic effect of NNK on oral epithelial cells (Grando, 2008). Speculatively, 

one of the physiological roles of the SLURPs may be to protect normal keratinocytes from 

malignant transformation, and a loss of this function could lead to cancer.  

   The relative affinities of ligands at keratinocyte nAChRs appear to be higher than that of the 

physiologic ligand ACh, with the following order of affinities: 

 ACh<nicotine<NNN<NNK<SLURPs, see Figure 6. 

  

 

Figure 6. A schematic drawing of SLURP-1 and SLURP-2 with the heteromeric (e.g., 3-containing) and homomeric 

(e.g., 7-containing) subtypes of nAChRs. The numbers 1-4, identify the order of affinity to nAChR, 1 (SLURP-1and -2 

have highest affinity to the nAChRs. NNN: N´-nitrosonornicotine, NNK: 4-(N-nitroso-N-methylamino)-1-(3-pyridyl)-1-

butanone, and Nic: Nicotine. With permission from Grando, 2008. 
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Urokinase-type plasminogen activator in CRC - mandatory for 

invasion and metastasis in cancer progression 

A major characteristic of cancer is its ability to invade the surrounding tissues and ultimately 

metastasize to distant organs. These processes are dependent on proteolytic enzymes of which 

plasmin, activated from plasminogen by plasminogen activators, plays a pivotal role (Laufs et al., 

2006).  

   Plasmin and the plasminogen activators are members of a glycoprotein family (serine 

proteases). Plasminogen is synthesized in the liver, although other sites have been described, 

including kidney, brain, testis, heart, lung, uterus, spleen, thymus, and gut (Zhang et al., 2002b). 

Plasmin can degrade multiple matrix proteins, including fibronectin, lamin, and 

thrombosponding, as well as fibrin, see below (Vassalli et al., 1991).  

   The urokinase-type plasminogen activator (uPA) is of particular relevance in cancer and has 

multiple actions that could play a role in cellular migration under physiological and pathological 

conditions, such as angiogenesis, embryo implantation, inflammation, tissue remodelling and 

cancer invasion and metastasis (Gilabert et al., 1995; Yamamoto et al., 2002; Binder et al., 2007). 

The role of uPA in regulating tumour cell invasiveness has been proposed on the basis of 

generally increased uPA activity in several metastasized tumours (Gershtein & Kushlinskii, 2001; 

Yamamoto et al., 2002). For many malignant tumours, there is a significant correlation between 

the production of uPA and tumour invasion (Cho et al., 1997; Qin & Tang, 2002).  

   uPA is produced as an inactive single-chain pro-enzyme and secreted from cells of the 

urogenital system, leukocytes, fibroblasts and also from tumour cells including breast, colon, 

ovary, gastric, cervix, endometrium, bladder, kidney and brain (Laufs et al., 2006). The pro-

enzyme may be activated by various proteases to its mature two-chain form which process may 

be accelerated by the binding of uPA to its receptor, which is over-expressed in human cancer 

(Aguirre Ghiso et al., 1999; Laufs et al., 2006). Active uPA regulates a series of different cascades 

influencing cell adhesion, migration, and survival (Binder et al., 2007). 

   The cell membrane receptor for uPA (uPAR) binds uPA when released from e.g. the 

surrounding tumour, or stroma cells. Binding of uPA to uPAR focuses the proteolytic activity of 

the enzyme to the tumour cell surface. uPA converts inactive plasminogen to plasmin. This 

protease, in turn, acts both directly and indirectly (through activation of matrix metalloproteases 

[MMP]) to degrade proteins of the extracellular matrix, thereby facilitating extracellular matrix 

degradation, tumour cell proliferation, invasion, and metastasis (Figure 7) (Berger, 2002; Dass et 

al., 2008).  
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Figure 7. Urokinase-type plasminogen activator system: Proenzyme urokinase-type plasminogen activator (pro-uPA) is 

produced and secreted from tumour cells and is converted to active uPA  extracellularly. uPA binds to its cell surface receptor, 

the uPA receptor, and proteolysis is localized. Bound uPA converts plasminogen to the active protease, plasmin. This reaction 

is inhibited by plasminogen activator inhibitor-1 (PAI-1). Plasmin can directly degrade membrane proteins, allowing tumour 

cell invasion and migration. Plasmin can activate other tumour-associated proteases such as the matrix metalloproteases 

(MMP). Active MMP result in extracellular matrix degradation and invasion. Adapted from Berger, 2002, Dass et al., 

2008, and Ulisse et al., 2009. 

 

   The uPA-system includes also the tissue-type plasminogen activator (tPA) and the plasminogen 

activator inhibitors (PAIs). The system is associated with the process of metastasis, i.e. the spread 

of primary tumours to distant organs which is always associated with poor prognosis and high 

mortality (Fisher et al., 2001; Stillfried et al., 2007; Ulisse et al., 2009). The PAIs are anti-proteases 

which inhibit uPA and tPA (Binder et al., 2007). There are three types of PAIs described so far, 

but the most important one, in vivo, is PAI-1, which also plays a significant role in cellular signal 

transduction, cell adherence and migration (Harbeck et al., 2001; Durand et al., 2004).  

   PAI-1 belongs to a superfamily of the serine proteases inhibitors, also called serpins. It is a 

glycoprotein synthesized by a great variety of tissues and cells including endothelium, 

megakaryocytes, endometrium, peritoneum, macrophages, mesothelial cells, and adipose tissue 

(Holmdahl & Ivarsson, 1999; Zorio et al., 2008). Studies of several types of cancer including 
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breast cancer have shown that increased uPA and PAI-1 levels are associated with aggressive 

tumour behaviour and poor prognosis (Zorio et al., 2008). PAI-1 binds to active uPA in a 

complex with uPAR and brings about the internalization of the entire complex (i.e. the uPAR-

uPA-PAI-1 complex) (Binder et al., 2007). Liu et al. (1995) demonstrated in human lung cancer 

cells that the co-expression of uPA, PAI-1, and uPAR is important in promoting invasion. These 

authors, moreover, suggested that a critical balance between uPA and PAI-1 is necessary for 

optimal invasiveness. The findings that uPA displays a higher extent of activity in the colon 

cancer tissue versus rectal cancer tissue, may indicate that the respective condition occurs 

through different mechanisms (Kim et al., 2006). Paradoxically, a high level of PAI-1 is also 

associated with CRC (Smolarz et al., 2001). 

   The uPA system is considered to be a marker for malignancy in several types of cancer 

including CRC (Seetoo et al., 2003). In colon cancer tissue, there is an up-regulation of uPA, 

uPAR, and PAI-1 compared to tumour-free tissue. These variables are also correlated to survival 

(Baker & Leaper, 2003). These authors demonstrated a correlation with the tumour pathology 

including Dukes stage and tumour differentiation. 

   So far, few studies have been undertaken of a cholinergic regulation of uPA, uPAR, or PAI-1. 

 

 Human colon cancer cell line, HT-29 - a model for CRC 

HT-29 is an adherent epithelial cancer cell line from colon, isolated from a 44 years old Caucasian 

female with a primary adenocarcinoma (Dukes stage B, cf. Wei et al., 2009), in 1964 by Fogh, 

using the explant culture method (see homepage of the American Type Culture Collection 

[ATCC];  von Kleist et al., 1975).  

   This cell line is well characterized and has been used in numerous studies since 1974 (Thomas 

et al., 1974). The morphology of the HT-29 cells is epithelial-like (see ATCC). Interestingly, the 

cells appear to express only the 7 subunit of the nAChRs (Summers et al., (2003). M3mAChRs 

have been demonstrated in the HT-29 cell line (see e.g. Kopp et al, 1989), but the expression of 

the other mAChR subtypes appears not to have been investigated. According to Wang et al. 

(2003b), the cell line is low metastatic. Syed et al. (2008) described the HT-29 cell line as being 

non-invasive; it has nevertheless been used in invasion studies (see e.g. Adachi et al., 2009).  
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Concluding remarks 

In summary, non-neuronal ACh, via its mAChRs and nAChRs, in particular, the 7nAChR (at 

which receptor the endogenous peptide ligand, SLURP-1, appears to serve as a modulatory 

molecule), can be regarded as an important mediator in colon carcinogenesis/cancer progression. 

Further investigations of cholinergic participation in CRC have great theoretical and clinical 

significance. Thus, expanded knowledge of such signalling mechanisms could imply the 

development of novel pharmacological treatments for CRC. 
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Aims of this thesis 

 

Cancer is a disease of disturbed cell signalling comprising first messengers, receptors, and other 

signal transduction pathways. In the current thesis, some aspects of such aberrations have been 

studied. Referring to the scientific papers resulting from the thesis in Roman numerals, the 

specific aims of the thesis were to: 

 

I. Study effects of morphine on the HT-29 cell line, and also investigate the 

expression of MOR-1 in these cells, and, moreover, the expression of this 

receptor in human colon cancer tissue. 

II. Investigate the expression of the SLURPs in the HT-29 cell line, and in human 

colon cancer tissue. 

III. Investigate a role for ACh as an autocrine/paracrine growth factor via the 

7nAChR in the HT-29 cell line. 

IV. Study nicotinic regulation of SLURP-1 expression in the HT-29 cell line. 

V. Examine the cholinergic regulation of uPA, uPAR, and PAI-1 secretion in the 

HT-29 cell line. 

VI. Investigate cholinergic regulation of human colon cancer progression. 
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Methodology 

 

For details on the various methods used in the current thesis, consult Papers I-VI. 

 

HT-29 colon cancer cell line (Papers I-V) 

For studies of colon cancer, in vitro, the HT-29 colon cancer cell line was used. This was originally 

obtained from ATCC (ATCC HTB 38) and was a kind gift from Prof. K. Lundholm, Dept. of 

Surgery, Sahlgrenska University Hospital, Gothenburg, Sweden. 

 

Comments on the HT-29 cells as a CRC model 

Cell line experiments make it possible to study cellular events under relatively standardized 

conditions. It is, however, important to realize that a tumour cell growing in a monolayer, does 

not mimic the growth of the tumour, in vivo. Solid cancer consists of tumour cells together with a 

stroma of essentially fibroblasts, immune cells and blood vessels. The stroma cells do not 

constitute “innocent bystanders” but participate in cancer progression. A more optimal strategy 

in order to elucidate cancer cell characteristics would be co-culturing tumour cells with e.g. 

fibroblasts, endothelial cells, or macrophages (see e.g. Mukaratirwa et al., 2005). Moreover, 

spheroid cell cultures appear to mimic the in vivo situation better than 2-dimensional cell culturing 

(see e.g. Lin & Chang, 2008). 

   The cell viability was investigated each week by the trypan blue exclusion test (Strober, 2001). 

At three separate occasions, cell viability (as well as cell number; see below) was investigated each 

day for one week, demonstrating variability in cell viability; peak viability occurred at days 4-5 

(Figure 8a). Pharmacological investigations of the cells were always undertaken between days 4 

and 5, and the cells were most often harvested on day 5 (occasionally on day 6; Paper V). 

Throughout the work of the current thesis, cell viability on day 4 was always above 95%.  

   The day-by-day increase in cell number during a week was investigated at three separate 

occasions by cell counting in a Bürker chamber (Figure 8b). 
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a            

 

b 

 
Figure 8. (a) Cell viability study during one week by the trypan blue exclusion test, n=3.  

(b) Cell proliferation study during one week, n=3. 
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Human colon tissue (Papers I, II, and VI) 

 

The human colon tissue was obtained from patients at the Kungälv District Hospital, Kungälv, 

Sweden. 38 patients, 17 women and 21 men, were consecutively and consentually included in the 

study between October 2005 and May 2007, when they underwent elective surgical resection for 

colon cancer. The study was approved by the Ethics Committee at the University of Gothenburg. 

Thirty-three patients underwent operations with intention to cure, where the preoperative 

evaluation showed no evidence of disseminated disease. The five remaining patients had 

metastatic disease and underwent surgery with palliative intent. Specimens for histology-

immunohistochemistry (full thickness), Western blotting (WB) (tumour and mucosa, 

respectively), and RT-PCR (tumour and mucosa, respectively) were harvested immediately upon 

colonic resection. Postoperatively, the tumours were examined histologically and graded by an 

experienced pathologist according to the Dukes classification and also to the TNM-system.  

 

Comments to the usage of human colon tissue 

There is a clear risk that the quality of human tissues, as obtained during surgical operations, is 

inferior to that of tissues harvested from experimental animals. 

 

Immunocyto- and immunohistochemistry  

- single (Papers I-VI) and double staining (Paper II) 

Single immunocyto- and immunohistochemistry (ICC and IHC, respectively) were used in Papers 

I-VI to identify the expression of various molecules: 7nAChR, AChE, ChAT, Cyclin D1, MOR-

1, SLURP-1, and -2, uPA, and uPAR in HT-29 cells (ICC) and/or human colon tissues (IHC). In 

Paper II, also double staining was used to investigate a possible co-localisation between SLURP-1 

and Cyclin D1. 

          

Comments to immunocyto- and immunohistochemistry 

   Histology is essential for the understanding of disease processes. The cyto- and histochemical 

procedures are based on specific binding of substances to a particular cell component or on 

inherent enzymatic activity of a certain cell component (Stevens & Lowe, 2000). Antibodies are 

mainly -globulins raised by immunizing rabbits, mice, pigs, or goats with a certain antigen. A 

positively appearing immunoreaction cannot be assumed to be specific if not strict controls are 

carried out. The great advantage of monoclonal compared to polyclonal antibodies is the absolute 

specificity for a single sequence on the antigen molecule. The advantage of polyclonal, compared 
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to monoclonal antibodies is their multivalent characteristics. The polyclonal antibodies can bind 

to several regions of the antigens molecule, and provide a strong detection capacity. The main 

requirement for a good antibody is that it shall display high affinity for its antigen (Polak & van 

Noorden, 2003). 

   The avidin-biotin-complex method (ABC-method) was used to detect the antigen-antibody 

complex in all single ICC experiments, and all IHC experiments when the primary antibody was 

produced in goat. In double ICC, and in IHC experiments when the primary antibody was 

produced in mouse or rabbit, the Envision method was utilized in order to detect the antigen-

antibody complex. The ABC-method uses the high affinity of avidin for biotin; avidin has four 

binding sites for biotin, which amplifies the signal. The three step indirect method is commonly 

used. The primary antibody binds specifically to the antigen, and secondary antibody 

(biotinylated) is specific to the primary antibody. The third enzyme conjugate is specific to the 

secondary antibody. This three- step, indirect method provides thus a simple way to increase 

staining intensity. 3,3´-diaminobenzidine (DAB) is the most common chromogen, and produces 

a brown, insoluble precipitate at the immunoreaction when horse radish peroxidase (HRP) is the 

substrate (Polak & van Noorden, 2003).  

   The Envision method is more sensitive and easy, and quicker, compared to the ABC-method. 

The system is biotin-free, thus significantly reducing non-specific staining resulting from 

endogenous avidin-biotin activity. The secondary is a polymer and can be either conjugated with 

HRP or with alkaline phosphatase (AP). Visualization is achieved with DAB as a substrate for 

HRP, or Fast red as substrate for AP (giving a red colour). EnVision™ G|2 Doublestain System 

is a 2nd generation EnVision™ visualization kit. This system is useful for the simultaneous 

detection of two antigens present within one specimen. The procedure is a sequential double 

staining where the first antigen is visualized using HRP/DAB and the second antigen is 

visualized using AP/Fast Red. 

   Both the ABC, and Envision methods are sensitive and provide a permanent preparation with 

good contrast. A negative control is usually performed by omitting the primary antibody, as 

undertaken in all our experiments, or by the application of the primary antibody after this had 

been pre-absorbed with its immunogenic antigen (the blocking peptide). This latter step was 

undertaken in all experiments when a blocking peptide was commercially available. To eliminate 

the non-specific binding of the secondary antibody (ABC-method), blocking with normal horse 

serum was performed before the application of the primary antibody. 
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Antibodies (Papers I-VI) 

A list of antibodies used in the current thesis is presented in Table 5.  

 

Table 5. The primary antibodies used in Papers I-VI. P=Blocking peptide, IHC=Immunohistochemistry,  

ICC=Immunocytochemistry,  WB=Western blotting. 

Antigen Product 

code 

Company Source Dilution(s) Method(s) Paper(s)

7nAChR sc-1447 

sc-1447P 

Santa Cruz 

Biotechnology 

Goat 1:100; 1:200; 

1:400 

ICC; IHC; 

WB 

III; VI 

AChE sc-6431;  

sc-6431P 

Santa Cruz 

Biotechnology 

Goat 1:100; 1:200; 

1:400; 1:800; 

1:1600 

ICC; IHC; 

WB 

III; VI 

ChAT MAB5270 Millipore Mouse 1:250; 1:500; 

1:800;  1:1000; 

1:1600 

ICC; IHC; 

WB 

III; VI 

Cyclin D1 sc-718 Santa Cruz 

Biotechnology 

Rabbit 1:100 ICC II 

MOR-1 sc-7489; 

sc-7489P 

Santa Cruz 

Biotechnology 

Goat 1:100; 1:200 

 

ICC; IHC I 

sc-1530 Rabbit 1:50; 1:100; 

1:200 

ICC 

SLURP-1 MC-6401; 

MC6401P 

Research & 

Diagnostic 

Antibodies 

Mouse 1:25; 1:50; 

1:100; 1:200 

ICC; IHC; 

WB 

II; IV; VI

SLURP-2 MC-6411 Research & 

Diagnostic 

Antibodies 

Mouse 1:50; 1:100 ICC; IHC; 

WB 

II 

uPA sc-6830; 

sc-6830P 

Santa Cruz 

Biotechnology 

Goat 1:50; 1:100; 

1:200; 1:400 

ICC; WB V 

uPAR sc-9793; 

sc-9793P 

Santa Cruz 

Biotechnology 

Goat 1:50; 1:100; 

1:200; 1:400 

ICC; WB V 
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Protein measurements (Papers II-VI)  

Protein measurements for WB were undertaken for the HT-29 cells with the Quick Start 

Bradford Protein Assay according to the manufacturer’s instructions (Papers II-V). In Paper VI, 

in which human colon tissues were investigated, the protein preparation and concentration 

measurements were conducted by the Proteomics Core Facility at the University of Gothenburg. 

 

Comments on protein measurements 

The Quick Start Bradford protein assay is a protein determination method that involves the 

binding of Coomassie Brilliant Blue G-250 dye to proteins. The Coomassie Brilliant Blue dye 

binds primarily to basic (especially arginine) and aromatic amino acid residues (Compton & 

Jones, 1985). Certain chemical-protein and chemical-dye interactions interfere with the assay. 

Interference from non-protein compounds is due to their ability to shift the equilibrium levels of 

dye among the three coloured species, cationic (red), neutral (green), and anionic (blue). This blue 

protein-dye is detected at 595 nm (Reisner et al., 1975) in the assay using a microplate reader. The 

assay is ready-to-use and therefore eliminates sources of error. It is important to dilute the 

samples in the same buffer as the standard to avoid contaminating peptides, salts, or extraction 

chemicals. 

 

Gel electrophoresis and Western blotting (Papers II-VI) 

Gel electrophoresis and WB were used to investigate, and sometimes also quantitate, the 

expression of the various markers under investigation, in the HT-29 cells or colon tissues (see 

Table 5).  

  

Comments on gel electrophoresis and Western blotting 

Antibody specificity may constitute a problem in immunochemical methods (i.e. ICC, IHC, and 

WB). WB has an advantage over ICC and IHC since the proteins have been separated according 

to size. This will help in identifying the correct antigen. A negative control is usually performed 

by omitting the primary and secondary antibody, respectively, or by the application of the 

primary antibody after this has been pre-absorbed with its blocking peptide, when commercially 

available. These negative controls were conducted for each antibody used, during the 

optimization of the respective antibody.  
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cDNA and Real-time polymerase chain reaction (RT-PCR) (Papers II, III, 

and VI) 

RT-PCR was used to investigate the mRNA for the different markers under investigation. In the 

HT-29 cells, the presence of: AChE, ChAT, SLURP-1, and -2 were investigated (Papers II and 

III). The cDNA preparation and RT-PCR for the 7nAChR, AChE, ChAT, and SLURP-1 in the 

human colon tissues were undertaken by TATAA Biocenter, Gothenburg, which company 

provided a number of different housekeeping genes apart from GAPDH (Paper VI). 

   The primers were designed by TAG Copenhagen, Copenhagen, Denmark, from previous 

references (Table 6). 

 

Table 6. Primers used in RT-PCR B.P.: Base pairs. 

Primer Sense Antisense B.P. Reference

7nAChR GGCCAATGACTCGCAACCACT GACCAGCCTCCGTAAGACCAG 399 Wong et al., 

2007 

AChE TACGCCTACGTCTTTGAAACACCGTGCTTC ACAGGTCTGAGCAGCGATCCTGCTTGCT 475 Song et al., 

2003 

ChAT GGAGATGTTCTGCTGCTA ACGGTGATCCAAAGTGGAGG 280 Yang et al., 

2002 

SLURP-1 CAGGGTTTCCAGGCTTCGTG AGCTTGGTGGACAGTGAGTG 167 Kawashima et 

al., 2007 

SLURP-2 ATGAGGCTTCCCTTCTGGTTC TCAGTCCCTGTTGCAGAGATTG 294 Kawashima et 

al., 2007 

GAPDH CGTATTGGGCGCCTGGTCACCAG GACCTTGCCCACAGCCTTGGCAGC 624 Kawashima et 

al., 2007 

 

Comments on RT-PCR 

In contrast to common PCR, which is a semi-quantitative method, RT-PCR is quantitative.  

   RT-PCR is a frequently applied method to identify genes that correlate with tumour diagnosis 

or disease prognosis (de Kok et al., 2002; Span et al., 2002). The gene expression was analyzed 

and normalized for optimal comparison of expression levels between tissue samples. Cellular 

maintenance genes, the so-called housekeeping genes (HKGs), are selected to normalize for the 

variability between clinical samples. These genes regulate basic and ubiquitous cellular functions 

(de Kok et al., 2005). In cancer research, only few studies have attempted to investigate the 

variation in expression of HKGs between tissue samples. Mostly, two or three candidate genes 

have been recommended to be compared (Kunth et al., 1994; Gerard et al., 2000; Goidin et al., 

2001). The following HKGs have been identified and up-regulated in human CRC compared to 

tumour-free tissue: 18S ribosomal RNA, glyceraldehyde-3-phosphate dehydrogenase, TATA box 
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binding protein-associated factor 2, phosphoglycerokinase, adenosine deaminase, and 

hypoxanthine phosphoribosyl-transferase I (Rubie et al., 2005).  Therefore, one cannot 

automatically assume that a certain HKG will be unimpaired during disease and it is, thus, highly 

recommendable that several HKGs are analysed. This discussion has not, however, the same 

significance for PCR studies on cell lines. 

   RT-PCR is a very sensitive method due to the amplification steps; therefore, it is very 

important to avoid contamination of the samples since even very small contaminations can have 

large consequences. It is also important that all samples are handled in the same way.  

 

Cell proliferation assay - The crystal violet method (Paper I) 

This method is useful for the rapid determination of cell numbers in monolayer cultures. The cell 

nuclei are stained with crystal violet under fixed regimens which allow for the rapid and 

reproducible quantification of cell number. This is possible by the solubilization of the adsorbed 

dye into a solution, and determining its optical density by spectrophotometry. The optical density 

is linearly related to cell number with a lower limit of approximately 500 cells (Gillies et al., 1986; 

Yang et al., 1998). 

 

Comments on the crystal violet cell proliferation assay 

This cell proliferation method is simple to perform. It is, however, important to have a 

monolayer of cells. 
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Cell proliferation assay - CyQuant (Paper III) 

This assay is based on the green fluorescent dye, CyQUANT® GR dye, which exhibits strong 

fluorescence enhancement when bound to cellular nucleic acids, and measured at 480/520 nm. 

 

Comments on the CyQuant assay 

This cell proliferation assay is more rapid and exact than the crystal violet method. CyQuant® 

provides a convenient, rapid and sensitive procedure for determining the density of cells in 

culture. The assay has a linear detection range from 50 or fewer to at least 50 000 cells in 200µl. 

In the current experiments, we started cell growth studies by seeding 1000 cells, in order not to 

exceed the upper limit. In order to minimize errors, several wells for the respective treatment 

were analysed, and, moreover, a standard curve (with 6 wells for each concentration) was 

included in each experiment.  

 

Enzyme-linked immunoassay (ELISA) (Papers I and V) 

Detection of proteins was also performed using commercially available enzyme-linked 

immunoassays (ELISAs). Extracellular levels of uPA and PAI-1 were measured by IMUBIND 

uPA ELISA, and IMUBIND PAI-1 ELISA, respectively. The kit uses a sandwich ELISA 

technique where the capture antibody, a murine monoclonal antibody against human uPA or 

PAI-1, is pre-coated on a microtitre plate. Supernatants and standards of known concentrations 

of uPA is added, and the plates are incubated with a biotinylated detection antibody which 

recognizes the bound uPA molecules. Adding streptavidin conjugated HRP completes the 

formation of the antibody-enzyme detection complex. The addition of a perborate/3,3’,5,5’-

tetramethylbenzidine substrate, and its subsequent reaction with the HRP creates a blue coloured 

solution. Sensitivity is increased by adding sulphuric acid stop solution, yielding a yellow colour. 

uPA or PAI-1 levels, respectively, are quantified by measuring solution absorbances at 450nm. 

The intensity of the colour is proportional to the concentration of the molecule under study. 

Comparing the values with those of a standard curve gives the level of either uPA or PAI-1. 
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Comments on the ELISA  

ELISA is a very useful technique for the estimation of soluble compounds. The antibody-antigen 

reaction in the initial step makes the assay very specific to the target. This makes the method 

particularly useful when analysing proteins that are released into the extracellular medium, like 

uPA. The ELISAs used in Papers I and V, contained pre-coated capture antibodies in order to 

eliminate some sources of error. 

 

Statistics  

The results were evaluated using the softwares, GraphPad, Statview, and Origin 6.0. GraphPad 

identified outliers in the material (which occurred very infrequently, i.e. maximally 4 wells per 96-

well plate) which were excluded from the analyses. For statistical analyses, non-parametric 

methods were used; the Mann-Whitney U test and the Wilcoxon Signed Ranks test were used for 

unpaired, and paired comparisons, respectively. 

 

Ethics  

The Ethics Committee at the University of Gothenburg granted permission for the human 

studies (license number: S579-01). The experiments were conducted according to the principles 

expressed in the Declaration of Helsinki.  
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Results and Discussion 

 

Paper I. Functional expression of µ-opioid receptors in the human colon 
cancer cell line, HT-29, and their localization in human colon. 
 

MOR-1 immunoreactivity with a partly nuclear localization was demonstrated in the HT-29 cells. 

Such localization was noted also in immunohistochemical studies of human colon tissues in 

which immunoreactivity was found in colonocytes and immune cells of the lamina propria, in 

tumour cells and also in scattered immune cells in the tumour stroma. Interestingly, MORs could 

not be demonstrated by immunofluorescence in porcine mucosa (Poonachoti et al., 2001). The 

nuclear expression of MORs appears to be a novel finding. The question arises why this 

observation has not been made previously.  

   MORs are members of the class of GPCRs (Sanders et al., 2008). In addition to localization in 

the plasma membrane, G-protein coupled receptors appear also to be expressed in the nuclear 

membrane, thus constituting a new signalling paradigm (Boivin et al., 2008). One study, already in 

1993, reported the nuclear expression of opioid receptors in NG108-15 neurohybrid cells 

(Belcheva et al., 1993). The biological role of nuclear expression of MORs, as found in the 

human colon cancer cell line HT-29 as well as in human colon tissue, and recently also in the 

human mesothelial cell line, Met5-A (Khorram-Manesh et al., 2009), is obscure, but these 

receptors possibly participate in intracrine signal transduction, which, speculatively, could play an 

important role in gene transcription. 

   In the current study, while morphine (1 nM - 1 µM for 24h) marginally affected cell 

proliferation, as estimated by the crystal violet method (and also by counting in a Bürker 

chamber; unpublished), uPA secretion was markedly increased by one concentration of morphine 

only (0.1 µM). This finding is surprising; morphine appears to act in a very “un-pharmacological” 

manner. Recently, however Gach et al. (2009), investigating the human breast cancer cell line, 

MCF-7, found that morphine administration did not affect cell proliferation but increased uPA 

secretion within a very narrow concentration range, similarly to our own findings. Our data may 

suggest that morphine has the ability to increase the metastatic potential of various tumour cells. 

It remains, however, to be established whether treatment with morphine (or possibly other 

MOR-agonists) should not be recommended as post-operative analgesics in patients operated for 

cancer. 
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Paper II. Expression of the endogenous, nicotinic acetylcholine receptor 

ligand, SLURP-1, in human colon cancer. 

 

While both SLURPS could be detected by RT-PCR in the HT-29 cell line, protein expression of 

SLURP-2 was weak by ICC and absent by WB. This observation underlines that it is not 

adequate to rely on gene expression only when investigating various markers in cells or tissues. 

Moreover, the discrepancy between the results from the respective immunochemical methods 

could suggest that ICC may, in fact, be a somewhat more sensitive method than WB. It is known 

from the literature that the same anti-SLURP-2 antibody as we have utilized recognizes SLURP-2 

by both ICC and WB (dilutions: 1:100; Arredondo et al., 2006).  

   To judge from the results of double staining for Cyclin D1 and SLURP-1, the immunoreactivity 

for the latter molecule was the strongest in cells with the strongest Cyclin D1 immunoreactivity. 

   By IHC, it was found that both SLURPs had the similar pattern of expression in colon cancer 

and macroscopically tumour free colon tissue but, again, SLURP-2 immunoreactivity appeared to 

be far weaker than that of SLURP-1. In the macroscopically tumour-free colon tissue, SLURP-1 

immunoreactivity was strong in the muscle layers. Interestingly, SLURP-2 was not expressed in 

this localization. Since SLURP-1 serves as an allosteric modulator of the 7nAChR (Chimienti et 

al., 2003), it may, therefore, be suggested that SLURP-1 and the 7nAChR participate in the 

regulation of colonic motility. Moreover, SLURP-1 immunoreactivity was also evident in 

colonocytes and (stronger) in immune cells, and in both tumour and stroma cells. The discussion 

on possible roles of SLURP-1 in normal colon and in colon cancer will be resumed when the 

results of Paper VI are presented (below).  
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Paper III. Is acetylcholine an autocrine/paracrine growth factor via the 

nicotinic 7-receptor subtype in the human colon cancer cell line HT-29? 

 

We demonstrated that ACh may be produced and degraded in the HT-29 cells, since the main 

biochemical machinery for such processes was demonstrated on the mRNA (by RT-PCR) and 

protein (by ICC and WB) levels. These findings are in conflict with those of Cheng et al. (2008), 

which authors showed by RT-PCR and immunofluorescence the expression of ChAT in several 

colon cancer cell lines with the exception of HT-29. In contrast, Kouji et al. (2009) showed in the 

same cell line by RT-PCR, ICC, and WB the expression of a choline transporter and they also 

demonstrated that such is functional. Moreover, Syed et al. (2008) found by RT-PCR and 

immunofluorescence expression of AChE in HT-29 cells.  

   We also reported for the first time the protein expression (by ICC and WB) of 7nAChRs in 

the HT-29 cells, which receptor was previously demonstrated in this cell line by RT-PCR 

(Summers et al., 2003; Wong et al., 2007) and pharmacologically (Wong et al., 2007). The latter 

authors proposed that this receptor mediates increased cell proliferation. Our findings could 

suggest that ACh is produced in the HT-29 cells and activate their 7nAChRs in an 

autocrine/paracrine fashion. 

   In Paper III, we also undertook a pharmacological analysis of a cholinergic regulation of cell 

proliferation. Nicotine, instead of ACh, was used as a ligand to selectively activate nAChRs. Since 

the HT-29 cells express only the 7 subtype of such receptors (Summers et al., 2003) we 

assumed that the sole site of action of nicotine in this cell line is the 7nAChRs. At a 

concentration of 10 nM, nicotine challenge for 24 h increased cell proliferation by about 40%. 

This effect was markedly blunted by the concomitant administration of the selective 7nAChR 

antagonist, -Bgt. The fact, however, that there was a residual response to nicotine in the 

presence of -Bgt, may cast some doubts on the statement by Summers et al. (2003) that 7 is 

the only functional subtype of the nAChRs in the HT-29 cell line. More studies are clearly needed 

in order to elucidate this problem. Dasgupta et al. (2009) demonstrated recently that nicotine 

induced cell proliferation in lung, breast, and pancreatic cancer cells via 7nAChR mediated 

signal transduction pathways. 

   HT-29 cell proliferation appears to be, in part, dependent on tonic production of ACh, since 

cell number was markedly diminished by the administration of a ChAT antagonist. It is tempting 

to assume that ACh conveys this effect by an autocrine/paracrine action of 7nAChRs located in 

the cell membrane. Such an hypothesis, however, may be opposed by our finding that the 



Results and Discussion 

 - 37 -

challenge of the cells with -Bgt as a single drug, atropine, or hexamethonium did not attenuate 

cell proliferation. A possible solution to this conflict could be that ACh also affects nuclear 

cholinoceptors in an intracrine manner. Interestingly, both ChAT (Matsuo et al., 2005; Gill et al., 

2003) and AChE (Santos et al., 2007) are partially localized to the nucleus in certain human cells. 

Furthermore, nuclear mAChRs of the M1, M3, and M5 subtypes were found in rabbit corneal 

epithelial and endothelial cells (Lind & Cavanagh, 1993). The new concept of membrane 

receptors which also may be localized in the cell nucleus, thus opens up interesting perspectives 

on cell signalling (cf. Boivin et al., 2008) (see Figure 9).  

 

 
Figure 9. A schematic figure presenting the results from cell proliferation in Paper III. Acetylcholine (ACh) may act both 

as an autocrine and intracrine mediator affecting nAChRs and mAChRs. Choline acetyltransferase (ChAT) and 

acetylcholinesterase (AChE) are both localized in the cytoplasm and maybe also in the nucleus. 
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Paper IV. Nicotine induced modulation of SLURP-1 expression in human 

colon cancer cells. 

 

From Grando’s laboratory, it was reported that the SLURPs are able to abolish the tumourigenic 

effect of the tobacco derived nitrosamines, NNK and NNN and it was suggested, moreover, that 

these peptides protect normal keratinocytes from malignant transformation (Arredondo et al., 

2007). In addition, SLURP gene expression was markedly attenuated by gene silencing of the 3, 

5, 7 or 9 subtypes of the nAChRs, as accomplished in malignant keratinocytes by small 

hairpin RNA. These data, thus, strongly suggest that SLURP expression is regulated by 

cholinergic mechanisms (Arredondo et al., 2007). 

   In Paper IV, we investigated whether such regulation occurs also in the HT-29 cells. Since 

protein expression of SLURP-2 was very weak in this cell line (cf. Paper II), we studied only 

SLURP-1. We found that nicotine treatment (to selectively activate the nAChRs) of the cells (10 

nM for 24 h) abolished SLURP-1 protein expression, as demonstrated by ICC and WB. This 

effect was dependent on the 7nAChRs since the concomitant blockade of these receptors with 

the selective antagonist, -Bgt (Chen & Patrick, 1997), inhibited the effect of nicotine on 

SLURP-1 expression. To judge from the results presented in paper III, it appears likely that the 

HT-29 cells produce ACh tonically, which, in turn, could regulate the level of SLURP-1, and, 

speculatively, the malignant potential of these cells. The mechanism of action as to how ACh 

down-regulates SLURP-1 protein expression remains to be elucidated. 
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Paper V. A pharmacological analysis of the cholinergic regulation of 

urokinase-type plasminogen activator, and plasminogen activator inhibitor-1 

secretion in the human colon cancer cell line, HT-29. 

 

In the recent years, the tumour-associated protease, uPA and its inhibitor, PAI-1, have been 

recognized as important participants in cancer progression. Cancer patients with high uPA or 

PAI-1 levels in plasma were found to have a poor prognosis, in general. uPA and PAI-1 levels in 

tumour tissue are, as well, useful prognostic markers in malignancies (Duffy et al., 2008). 

Interestingly, the levels of uPA and PAI-1 are higher in Dukes D compare to Dukes A-C (Ulisse 

et al., 2009). 

   Paper V was designed as a follow-up study to that reported in Paper III, which investigated 

cholinergic regulation of proliferation of HT-29 cells. In Paper V, cholinergic control of 

metastatic potential of the same cell line was studied with the focus on uPA, uPAR, and PAI-1. 

We used nicotine as a pharmacological probe to activate nAChRs. We found by ICC and WB 

that nicotine challenge (10 nM for 24 h) elicited increased uPA expression, leaving that of uPAR 

unchanged. This suggests that uPA synthesis is under nicotinic control.  

   uPA and PAI-1 release from the cells was then studied by ELISA. In concert with a previous 

report (Wang et al., 2003b), it was noted that the level of PAI-1 was about 40-fold of that of 

uPA. uPA secretion was increased by about 80% by nicotine treatment (10 nM for 24 h) but part 

of this response was due to nicotine induced increase in cell number (cf. Paper III). To judge 

from the effect of the concomitant challenge of the cells with nicotine and the selective 

antagonist at the 7nAChRs, -Bgt, the nicotine induced increase in uPA secretion was 

dependent on the 7nAChRs. While the non-selective antagonist at the nAChRs, 

hexamethonium, caused increased cell proliferation, it elicited decreased uPA secretion, thus 

suggesting that tonic ACh production acting via 7nAChRs control basal uPA secretion. We 

speculated that ACh production in the HT-29 cells is dependent on ChAT but also, in part, on 

the related enzyme, carnitine acetyltransferase. Hypothetically, some cholinergic functions in the 

cell result from autocrine/paracrine activation of cholinoceptors, while others depend on 

intracrine cholinergic signalling (see Figure 10). Interestingly, there appears to be no cholinergic 

regulation of PAI-1 secretion in the HT-29 cells. 
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Figure 10. A schematic figure presenting the results of uPA secretion in Paper V. ACh may act as both an autocrine and 

intracrine mediator affecting nAChRs and mAChRs. ChAT and AChE are both localized in the cytoplasm and maybe 

also in the nucleus. The ACh producing enzyme, carnitine acetyltransferase (CarAT) may also be involved. 
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Paper VI. Is acetylcholine a signaling molecule for human colon cancer 

progression? 

 

ACh has been suggested a role as an autocrine/paracrine growth factor in a variety of tumour cell 

lines, e.g. lung, breast, and colon, based on findings of one or several of the following: ChAT 

expression/activity, ACh production, expression of nAChRs and/or mAChRs, growth 

stimulating effect of ACh administration (see e.g. Trombino et al., 2004; Español et al., 2007; 

Cheng et al., 2008; Wessler & Kirkpatrick, 2008; Shah et al., 2009).  

   With particular reference to CRC, there is some evidence for such a role for ACh, also in vivo. 

Thus, Yang & Frucht (2000) demonstrated that M3mAChRs were frequently over-expressed in 

colon cancer tissue as compared to normal tissue, and suggested, based on experiments with HT-

29 cells, that ACh activates COX-2 leading to increased production of the tumour promoter, 

prostaglandin E2 (for tumour promoting role for this mediator, see e.g. Itatsu et al., 2009). 

Moreover, Cheng et al. (2008) showed that colon cancer tissue exhibited up-regulation (by 50% 

as compared to that of normal colon tissue) of ChAT protein expression (investigated by IHC). 

As mentioned (Introduction), Montenegro et al. (2006) demonstrated lower mRNA level, and 

enzyme activity of AChE in colon cancer tissue compared to normal colon, while Syed et al. 

(2008) reported  (by RT-PCR and IHC) that AChE was over-expressed in colon cancer. This 

discrepancy has not, so far, been elucidated. It should be emphasized that in such previous 

studies of ACh as a growth factor in human CRC, a relationship to cancer stage appears not to 

have been analysed. 

   In paper VI, we investigated further a role for ACh as a mediator in colon 

carcinogenesis/cancer progression, using patient biopsies harvested from the colon during 

surgery for colon cancer. We specifically aimed at determining whether ACh synthesis (i.e. 

ChAT) and/or degradation (i.e. AChE), as well as the expression of 7nAChRs and SLURP-1 

are altered in tumour tissue as compared with macroscopically tumour-free colon tissue, 

dependent on Dukes stage. 

   The 38 patients who were investigated, were allocated to either of two groups, depending on 

their Dukes stage (Dukes A+B, and C+D), representing early and late, respectively, stages of 

cancer progression. The major part of the analysis was undertaken by quantitative WB. The main 

findings from that study are: ChAT (both groups), AChE (both groups), and 7nAChR levels 

(Dukes C+D) were significantly higher in the tumour tissue than in tumour-free colon tissue, 

while7nAChR (Dukes A+B) and SLURP-1 (both groups) levels were significantly lower in 

tumour tissue compared to tumour-free colon. Furthermore, ChAT expression was higher in 
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Dukes A+B compared to C+D, while the reverse was found for AChE, 7nAChR and SLURP-

1. For immunohistochemical localization of the markers investigated, consult Figures 3-6 (Paper 

VI). RT-PCR, undertaken with only 3 patients from either group, did only in part support the 

WB results. 

   Our finding of over-expression of ChAT protein in colon cancer supports the report by Cheng 

et al. (2008), strongly suggesting that ACh production is important in colon 

carcinogenesis/progression, in particular in the early phase of the disease.  

   As mentioned, Syed et al. (2008), in conflict with Montenegro et al. (2006), showed that AChE 

is over-expressed in colon cancer compared to normal colon and the current data support this 

notion. Speculatively, the significantly higher level of AChE in Dukes C+D vs. A+B, could be 

explained as an attempt to prevent a uncontrolled activation of cholinoceptors in the tumour 

tissue, as suggested previously for breast cancer (Ruiz-Espejo et al., 2002). The role of AChE in 

cancer, however, appears to be far more complex than just regulating the ACh level (cf. Syed et 

al., 2008).  

      This is the first study reporting the expression of the 7nAChRs in human colon cancer and 

macroscopically tumour-free colon tissue. It is interesting to note that the immunohistochemical 

localization of the ligand at the 7nAChRs, SLURP-1 (Arredondo et al., 2006), is only in part 

similar to that of its receptor. Thus, both markers localized to colonocytes, immune cells of the 

lamina propria and tumour cells, while, in addition, SLURP-1 localized strongly to smooth 

muscle tissue and weakly to the tumor stroma. It is reasonable to assume that the receptor (i.e. 

the 7nAChR) is localized in the vicinity of its ligand (i.e. SLURP-1), when such is a paracrine 

mediator. The finding of strong SLURP-1 immunoreactivity in the smooth muscle layers while 

these tissues seemingly lack expression of the 7nAChRs may indicate that there could be also 

other targets for this peptide. SLURP-1 was suggested to protect against malignant 

transformation (Arredondo et al., 2007; Grando, 2008). It is tempting to speculate that the low 

level of this molecule in colon cancer may reflect its participation in colon carcinogenesis. 
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Conclusions 
 
Paper I. MOR-1 is expressed in HT-29 cells and in colon tissue and colon cancer tissue, 

with a partially nuclear localization. Morphine treatment of the HT-29 cells could 

augment metastatic potential by increasing the uPA-release, possibly indicating that 

morphine may increase the risk of cancer invasion and metastasis. 

 

Paper II.  SLURP-1 is expressed in HT-29 cells, colon tissue, and colon cancer tissue, 

suggesting roles for normal physiology and for carcinogenesis/cancer progression. 

 

Paper III. HT-29 cells express ChAT, AChE, and 7nAChRs, indicating 

autocrine/paracrine/intracrine roles for tonically produced ACh, in part via 

the7nAChRs, in the control of cell proliferation.  

 

Paper IV. Nicotine treatment of the HT-29 cells modulates via 7nAChRs the expression of 

SLURP-1 in a negative fashion. 

 

Paper V. ACh may cause the secretion of uPA from the HT-29 cells by the activation of 

7nAChRs. Tonic production of ACh could regulate cell metastatic potential in an 

autocrine/paracrine/intracrine fashion. 

 

Paper VI. Protein levels of ChAT, AChE, 7nAChRs, and SLURP-1 differed between 

tumour-free colon tissue and colon cancer tissue. There was a significant switch in 

the level of these markers between the Dukes A+B and C+D groups.
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Perspectives 
 
The findings presented in the current thesis may constitute incentives for further studies with the 

aim to elucidate roles for various mediators in colon carcinogenesis and colon cancer 

progression. Such investigations should be of considerable theoretical and clinical interest. In our 

laboratory, we are currently pursuing primarily the following research themes: 

 

- Intracrine cell signalling; studies of expression of nuclear cholinoceptors in tumour cell 

lines and in human colon tissues. 

- Studies of cholinergic neurogenic (via the intrinsic or extrinsic supply to the large intestine) 

mechanisms in colon carcinogenesis/cancer progression. 

- Further investigations of cholinergic and opioidergic mechanisms in tumour cell invasion 

and metastasis, extending the studies to analysing the regulation of tPA and MMP 

production/secretion. One particularly relevant problem is whether morphine and similar 

analgesics actually accelerate cancer invasion/metastasis. 

- Animal experiments, and ultimately clinical studies, of cholinergic mechanisms in pre-

cancerous conditions (adenomas and dysplastic alterations of colonic mucosa in UC); 

studies of receptor expression and possibly intervention studies with antagonists at 

cholinoceptors. 

 

   Disturbances of cell signalling is a key feature of cancer. It may seem reasonable to assume that 

further knowledge of such aberrations could have considerable impact on the understanding of 

cancer etiology/pathogenesis/diagnosis/prognostication, and hopefully also on 

pharmacological/nutritional prevention or therapy of cancer. 
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