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Introduction n 



Chapterr I 

Introductio n n 

Colorectall  cancer is the second commonest cause of cancer deaths in the United States 

andd Europe, second only to lung cancer.1 Western populations have a 1 in 20 lifetime risk of 

developingg the disease and in many sections of society rates are increasing.2 Despite major 

advancess in our understanding of colon cancer, successful treatment remains dependent on 

earlyy diagnosis and surgical intervention. Present oncological treatments such as radiotherapy 

andd chemotherapy have had relatively littl e impact on the disease and currently hope is pinned 

onn screening to find cancers and remove them even earlier. However, it is becoming apparent 

thatt screening can only reduce colorectal cancer deaths by 20-30% and that new approaches 

aree needed before colorectal cancer can be added to the list of treatable malignancies.3 

Understandingg of the molecular workings of the cell is at present proceeding at an 

exponentiall  rate. An understanding of the molecular mechanisms that underlie cancer has 

beenn a priority from the outset. Research into the molecular basis of colorectal cancer has 

beenn particularly fruitful and colorectal cancer has emerged as a paradigm for how tumours 

graduallyy evolve and acquire survival advantages over normal cells.4 The existence of 

inheritablee forms of the disease and its slow development has been instrumental in this 

progress.. It is hoped that through advances in the molecular understanding of colorectal 

cancerr new treatments can be designed, treatments targeted at molecules central to the 

developmentt of the cancer, so called "biological" treatments.5 

Muchh of our current knowledge of colorectal cancer stems from genetic analysis of 

cancerr tissue looking for areas of the genome where loss of heterozygocity is common 

coupledd with knowledge gained from studying cancers in other organs. Thus Ras and p53 

weree among of the first molecules identified as being implicated in colorectal cancer 

progression.66 7 However, there are a number of areas in colorectal cancer research where the 

initiall  insight was gained through the molecular investigation of clinical and epidemiological 

findings.. For example, the study of families with an inherited predisposition to colorectal 

cancerr has lead to the discovery of the APC gene.8 9 There are many large publications 

providingg exhaustive reviews of the current state of our molecular understanding of colorectal 

cancer.44 This is beyond the scope of this introduction. Instead I will concentrate on reviewing 

thee fascinating link between colorectal cancer epidemiology and molecular biology, taking 

eachh of the main epidemiological associations in turn and outlining the current molecular 

explanationn and how this has enhanced our understanding of colorectal cancer. This will 
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providee a background for the work described in the first half of this thesis, which has taken 

colorectall  cancer epidemiology and molecular theories arising from it as a starting point. 

Epidemiologyy of colorectal cancer 

Riskk factors for colorectal cancer include a family history of the disease, obesity, 

inflammatoryy bowel disease, meat consumption, smoking, and alcohol consumption. Inverse 

associationss include vegetables, nonsteroidal anti-inflammatory drug (NSAID) use, hormone 

replacementt therapy and physical activity. A subset of patients witii a strong family history of 

thee disease can be grouped on clinical grounds into a number of rare inherited syndromes, but 

welll  over 90% of all cases of colorectal cancer are so called sporadic cancers where both 

geness and environment are thought to play a causal role. 

II  Family history 

Despitee their rarity the inherited colorectal cancer syndromes have provided many of 

thee key molecular discoveries in colorectal cancer. Their genetic homogeneity has made it 

relativelyy easier to identify common underlying mutations and the resulting discoveries have 

oftenn had remarkable relevance to sporadic colorectal cancers and even to cancers in other 

tissues. . 

FamilialFamilial  Adenomatous Polyposis 

Familiall  Adenomatous Polyposis (FAP) is a rare dominantly inherited syndrome 

characterisedd by the development, sometimes from childhood, of multiple colorectal 

adenomass numbering from a few polyps to several thousand. The lifetime penetrance of this 

phenotypee approaches 100% and affected patients go on to develop cancer in one or more of 

thee polyps at a mean age of 44 years, approximately twenty years earlier than the mean age 

forr development of colorectal cancer in the general population. There are a number of clinical 

variants,, namely an attenuated form where many fewer polyps are found, Gardener's 

syndrome,, and Turcot syndrome. 

Thee responsible gene, named the APC (Adenomatous Polyposis Coli) gene, was 

localisedd in 1987 to chromosome 5q, and was subsequently cloned and sequenced.10 Most of 

thee mutations found in families lead to truncation of the APC protein and there seems to be a 
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correlationn between the APC mutation sites and the phenotype e.g. attenuated FAP where the 

mutationss are at the 5' end of the gene11 and the profuse Polyposis syndrome where the 

mutationn occurs between 1285 and 1465.12 Nevertheless, the same mutation can also lead to 

considerablee variation in phenotype even within the same family. 

APCC is a large protein whose main function seems to be as part of a signal 

transductionn pathway, the Wnt/p-catenin pathway, that controls the transcription of genes 

involvedd in cell adhesion, migration and proliferation.13 The central molecule in this pathway 

iss p-catenin. P-catenin plays a dual role in the cell as both a structural protein binding the 

cytoskeletonn to the cell membrane, but also as a monomelic form in the cytoplasm from 

wheree it can move into the nucleus and activate transcription of target genes. These two pools 

off  (3-catenin are in equilibrium and the size of the monomelic pool determines the activity of 

thee pathway. APC is a vital part of a large complex of proteins that collectively control the 

sizee of the free cytoplasmic P-catenin pool.14 Cells that lose functional APC exhibit 

overactivityy of the Wnt/p-catenin pathway.15 This gives them a selective advantage possibly 

byy reducing apoptosis. This is the likely first step in the formation of a colonic polyp and 

subsequentlyy colorectal cancer. 

Despitee the fact that FAP is a rare syndrome accounting for less than 1% of all 

colorectall  cancer cases, the responsible dysfunction of the APC protein and the resulting 

disruptionn of the Wnt/p-catenin signal transduction pathway has since been shown to be 

criticall  in the development of sporadic colorectal tumours as well. It is estimated that at least 

80%% of sporadic colorectal tumours have a somatic mutation of the APC gene.16 In chapter IV 

off  this thesis we study the effects of nonsteroidal anti-inflammatory drugs on the Wnt/p-

cateninn pathway. 
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Figuree 1 A schematic representation of the major elements of the Wnt/p-catenin/APC pathway. 0-
cateninn (P) occurs in two locations within the cell; at the cell membrane as a part of the cell 
cytoskeletonn together with E-cadherin (E) and a-catenin (a) and free in the cytoplasm from where it 
cann move into the nucleus and together with TCF, activate gene transcription. Free cytoplasmic P-
cateninn levels are tightly controlled by its phosphorylation and breakdown. For this to occur efficiently 
APCC is required in order to bring the kinase GSK into approximation with P-catenin. Loss of full 
lengthh APC leads to reduced P-catenin phosphorylation and breakdown, thus increasing free 
cytoplasmicc p-catenin levels allowing more P-catenin to enter the nucleus and activate gene 
transcription. . 

HereditaryHereditary Nonpolyposis Colorectal Cancer 

AA further inherited predisposition to colorectal cancer is hereditary nonpolyposis 

colorectall  cancer (HNPCC), a syndrome first described by A.S. Warthin at the end of the 

nineteenthh century. He noticed a predisposition to colorectal and other cancers in the relatives 

off  his seamstress. Lynch further reported this same family in the 1970's since when the 

syndromee has taken his name.17 Lynch syndrome (now HNPCC) is an autosomal dominant 

condition,, giving rise to early onset colorectal cancers with a predisposition for proximal 

colonicc involvement.18 

AA biological explanation for these observations was found in 1993. The discovery of 

multiplee mutations within short repetitive gene sequences19 (called 'microsatellites') was 

- 1 1--



Chapterr I 

correlatedd to a similar pattern found in mutant yeasts with defective DNA mismatch repair 

systems.200 A search for the gene responsible for HNPCC suggested its location to be on 

chromosomee 2p21 and soon afterwards one of the human DNA mismatch repair genes 

(hMSH2)) was found on chromosome 2p. Germline mutations of this gene were subsequently 

foundd in HNPCC families.22 Thus the underlying reason for the propensity to the development 

off  colorectal cancer in HNPCC families is a defect in DNA repair, and specifically the repair 

off  defectively copied microsatellite sequences. One of the genes that is affected by this is the 

TGFpp receptor type II.23 This contains a coding polyadenine tract microsatellite that is often 

defectivelyy copied in cells with mismatch repair enzyme defects. This results in loss of 

functionall  TGFp receptor II and loss of TGFp signalling. Since TGFp inhibits the growth of 

colonicc epithelial cells, this leads to a growth advantage for the TGFP receptor mutant cells 

andd is the one of the proposed molecular mechanisms whereby the DNA mismatch repair 

defectt found in HNPCC can lead to colorectal cancer.24 

Importantlyy this molecular mechanism is not only applicable to the development of 

cancerss in HNPCC families. The hallmark 'microsatellite instability' (MSI) is found in 

approximatelyy 15% of colorectal cancers whereas HNPCC is responsible for only 3% of 

colorectall  cancers. Cancers with MSI do not display the loss of large chromosomal segments 

andd thus are thought to typify a fundamentally different mechanism of cancer development25 

Inn chapter VI of this thesis we examine the role of a TGFp family member never 

previouslyy studied in relation to colorectal cancer, Bone Morphogenetic Protein 2. 

JuvenileJuvenile Polyposis 

Juvenilee polyposis (JPS) is a rare autosomal dominant condition characterised by 

hamartomatouss polyps, usually within the colon but occasionally arising in the stomach and 

smalll  bowel. Unlike solitary juvenile polyps, which may affect up to 2% of children and 

adolescentss and have littl e or no malignant potential, JPS patients have an increased risk of 

gastrointestinall  malignancy.26 Genetic studies of affected families have revealed germline 

mutationss in SMAD4 in approximately 20% of patients.27 28 SMAD4 is a central element in 

thee signal transduction pathway of both TGFp and Bone Morphogenetic proteins (BMPs). 

However,, until the recent findings of BMP receptor la mutations in patients with JPS but 

normall  SMAD4,27 the effects of SMAD4 loss have been attributed exclusively to the 
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disruptionn of TGFP signalling. In chapter VI we investigate the possible consequences of loss 

off  BMP signalling in the colon. 

TGF(33 BMP 

Figuree 2 Diagrammatic representation of the TGFp and BMP signal transduction pathways showing 
howw the two converge on SMAD4. Sporadic colorectal cancers show frequent mutations of Smad 3 
andd 4. Mutations of TGFJ3R2 are found frequently in HNPCC and in Juvenile Polyposis mutations of 
Smadd 4 and BMPRla have been identified. 

III  Non-Steroidal anti-inflammator y drug use 

Thee observation that the regular use of non-steroidal anti-inflammatory drugs 

(NSAIDs)) reduces the size of colorectal polyps in humans was first shown in four patients 

withh FAP. They were following up previous observations in chemically induced colonic 

tumourss in rats where Indomethacin treatment led to reduced tumour formation.30 Subsequent 

studiess of colorectal cancer death rates in regular NSAID users have confirmed that NSAID 

usee can reduce the likelihood of dying of colorectal cancer by as much as 40%.31 Randomised 

controlledd trials of the use of NSAIDs in reducing the size of visible polyps have also been 

encouraging.322 These findings have led to the prospect of being able to prevent cancers before 
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theyy occur and to a large extent have been responsible for the birth of the new field of 

chemopreventionn in which great hopes rest on the potential of NSAIDs and related 

compounds. . 

Unfortunately,, most NSAIDs are too toxic to be used in the prevention of colorectal 

cancer.. Even in high-risk groups the risk of side effects, including gastric ulcers and renal 

damage,, far outweighs the potential benefits in terms of reducing colorectal cancer. This has 

ledd to determined attempts to develop new safer drugs with similar or greater efficacy in 

preventingg colorectal cancer. Central to this is an understanding of how these drugs work in 

colorectall  cancer. 

Cyclooxygenasee (COX), otherwise known as prostaglandin synthetase, was the first 

identifiedd target of NSAIDs.33 It was therefore also the logical starting point for investigation 

intoo the molecular mechanism of NSAIDs in the prevention of colorectal cancer. Research 

highlyy focused towards establishing the link between COX and colorectal cancer has yielded a 

strongg body of evidence to support the theory that NSAIDs act on colorectal cancer by their 

abilityy to block COX enzyme. 

COXX exists in two forms, COX-1 and COX-2. COX-1 is constitutively expressed and 

iss felt to have a 'housekeeper' function, such that its blockade is detrimental to the working of 

thee cell. COX-2 is inducible and found at low levels in normal quiescent cells. Its expression 

iss dramatically increased by a variety of inflammatory stimuli.34 Studies in normal and 

neoplasticc human colonic tissue have shown that it is the COX-2 isoform that is upregulated 

inn cancer progression.35 Genetic studies in mice have shown that 'knocking out' the COX-2 

genee in mice with a genetic predisposition to intestinal polyposis and cancer, leads to a 

dramaticc reduction in polyp numbers, as does selective pharmacological inhibition of COX-

2.366 The first trials of selective pharmacological COX-2 inhibition in FAP patients show 

efficacyy in reducing polyp size and numbers.37 

Theree are, however, anomalies in the COX-2 theory. For example, NSAIDs and 

NSAID-relatedd compounds with littl e or no ability to inhibit COX-2 are still able to prevent 

tumourr formation in rodent models of colorectal cancer. Similarly, colorectal cancer cell lines 

thatt do not express COX-2 are still killed by NSAIDs and COX-2 inhibitors and in COX 

producingg colorectal cancer cells, restoring the COX-produced prostaglandins fails to reverse 

NSAID-inducedd growth arrest. Finally, COX-2 is found by a number of investigators to be 

mostt highly expressed not in tumour cells but in macrophages in thee stroma of colonic polyps. 

Recentlyy a number of new COX-independent mechanisms of action of NSAIDs have 

beenn reported that may explain both their anti-inflammatory and antitumour efficacy. NSAIDs 
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directlyy inhibit a number of inflammatory signal transduction elements such as nuclear factor-

KB ,, p38 mitogen activated protein kinase and AP-1.38 In chapter II I we show the expression 

patternss of a number of molecules central to inflammatory signal transduction in colonic 

adenomatouss polyps in an attempt to shed further light on the mechanism of action of 

NSAIDss in colorectal cancer using novel methodology. We also show a novel possible 

mechanismm of action of NSAIDs in colorectal cancer in chapter IV and investigate changes in 

genee expression induced by Aspirin in chapter V. 

== Activate d by NSAIDs C ) = Inactivate d by NSAIDs 

Growt hh signa l Stress/Deat hh signa l 

Figuree 3 On overview of the COX-independent molecular targets of NSAIDs and their interactions 
withinn the cell. Clearly the action of NSAIDs is more complex than simply inhibition of COX. 

Abbreviations:: Akt/PKB, protein kinase B; AP-1 activator protein 1; Cdk, cyclin-dependent kinase; 
Erk,, extracellular signal-regulated kinase; GSK3, glycogen synthase kinase 3 beta; HSF, heat shock 
factor;; Hsp, heat shock protein; IKK, I-kappa kinase; JNK, Jun NH2-terminal kinase; MAPK, 
mitogen-activatedd kinase; MEK/MKK , mitogen-activated protein kinase kinase; NIK, nuclear factor 
kappaB-inducingg kinase; NF-KB, nuclear factor kappa B; PI-3K, phosphatidylinositol-3-kinase; PPAR, 
peroxisomee proliferator-activated receptor; pRb, retinoblastoma protein; p70-S6K, p70S6 kinase; 
p90RSK,, ribosomal S6 kinase; 
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II II  Inflammator y bowel disease 

Individualss with either Crohns disease or ulcerative colitis have a dramatically 

increasedd risk of developing colorectal cancer. Individuals with ulcerative colitis have about a 

20-foldd excess risk. In contrast to the development of colorectal cancer in all other cases, 

thesee patients seem to bypass the polyp stage. The dysplasia-carcinoma sequence is much 

moree similar to that seen in Barrett's oesophagus or stomach cancer and shares with these 

grosss inflammation as an underlying cause. APC mutations are uncommon, p53 loss can 

occurr early even in histologically normal tissue,39 as can microsatellite instability, this time in 

thee absence of DNA mismatch repair defects. 40 This pattern may suggest an overwhelming 

sourcee of mutagenic activity due to exposure of proliferating cells in the crypts to the colonic 

contentss in ulcerated mucosa. Clearly the study of molecular mechanisms in the aetiology of 

colorectall  cancer associated with inflammatory bowel disease has led to very few useful 

insightss into the disease. With so many dissimilarities when compared to sporadic colorectal 

cancer,, it seems a poor model in which to search for generalities relevant to colorectal cancer 

ass a whole. 

IVV Diet, Obesity and Physical Activit y 

Onee of the most intriguing epidemiological findings in colorectal cancer is the large 

differencee in incidence found between different populations and that these differences are 

likelyy to have an environmental basis. This has been shown by rapid changes in incidence in 

Italy,, Japan, urban China and male Polynesians in Hawaii and also by migrant data showing 

thatt incidence rates in migrants and their descendants rapidly reach those of the host country, 

sometimess within the migrating generation.41 42 The differences in incidence reach 20-fold 

withh rates among Japanese low even until quite recently and rates in Hawaiian Japanese now 

thee highest in the world.43 To explain these differences, various components of the diet and of 

lifestylee in general have been investigated. Essentially the increased risk is associated with the 

adoptionn of a 'Western' lifestyle. This involves the consumption of more meat and fat, less 

fibree and vegetables and an increasingly sedentary lifestyle with a high incidence of obesity. 

Thee role of fibre was first proposed by Burkitt who noted reduced incidence of 

colorectall  carcinoma amongst Africans who eat a diet high in fibre. Recently a huge study 

off  the eating habits of over 88,000 nurses concluded that there was no association between 
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fibree intake and colorectal polyps and cancer,45 making this an unlikely explanation for the 

increasedd risk of colorectal cancer in western societies. 

AA high meat intake, particularly with a heavily browned surface, seems to correlate 

withh an approximately 2 to 3 fold increased risk of colorectal cancer.46 47 48 The molecular 

explanationn is proposed to be the carcinogenic properties of heterocyclic amines and 

nitrosaminess found in cooked meat and shown to be carcinogenic in animals. This is 

complicatedd by the fact that the metabolism of heterocyclic amines is subject to considerable 

variability.. Investigation as to whether genetic polymorphisms of the genes involved in 

heterocyclicc amine metabolism are themselves a risk factor for colorectal cancer has been 
49 9 

inconsistent. . 

Highh dietary fat intake is inconsistently associated with increased risk of colorectal 

cancerr with a relative risk of between 1.3 and 2.2 in case-control studies, but no association in 

cohortt studies or in a combined analysis of 13 case-control studies.50 Thus association is 

weakerr than for meat consumption and when corrected for total energy intake is even less 

apparent. . 

Dietss rich in vegetables seem to be protective against colorectal cancer. The seven 

cohortt studies performed show a modest lowering of risk with increasing consumption of 

vegetables511 but there is a less convincing effect for fruit. On a molecular level several 

possiblee explanations have been investigated. Fibre has already been covered. Fruit and 

vegetabless are the main source of folate and folate levels are inversely correlated with 

colorectall  cancer risk.52 Similarly folate levels are reduced in those with high alcohol intake 

andd in patients with inflammatory bowel disease treated with Sulfasalazine, both of whom 

havee higher rates of colorectal cancer. Vegetables also contain antioxidants such as 

carotenoidss and ascorbate, which prevent DNA damage. 

Overall,, despite convincing data that adopting a western diet and lifestyle leads to 

greatlyy increased risk of colorectal cancer, this has been difficult to attribute to any single 

componentt of the diet. This hass led on to the theory that it is the increased calorie intake itself 

coupledd with the reduced expenditure of calories that is the root cause. Studies in humans and 

animalss have shown that reducing calorie intake reduces colonic proliferation and inhibits 

colorectall  cancer formation.53 M Physical activity is consistently associated with reduced risk 

off  colorectal cancer55 and obesity that may be seen as the result of a combination of these two 

factorss also shows a convincing association with colorectal cancer.56 Despite considerable 

literaturee on these associations there is no convincing molecular explanation. In chapter II we 
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advancee a new molecular theory for these findings, namely that Leptin, a hormone associated 

withh obesity and reduced by exercise, acts as a growth factor in colonic epithelial cells. 

VV  Smoking 

Studiess of colorectal polyp and cancer incidence in smokers show a convincing 

associationn between the two.57 Blood-borne carcinogens such as heterocyclic amines, 

polycyclicc hydrocarbons and nitrosamines are, as in cooked meat, the implicated molecules 

andd the same questions about their genetically variable metabolism have arisen. 

VII  Alcohol 

Manyy studies have shown an elevated risk of colorectal cancer associated with high 

alcoholl  consumption.58 59 As with meat consumption, studies report either a positive 

associationn or no association, with no studies reporting a negative association. Putative 

molecularr mechanisms include the associated folate deficiency found in high alcohol users. 

VI II  Hormone Replacement Therapy 

Sincee the finding that nuns, who experience an excess of hormone related cancers such 

ass breast cancer, also have an excess of colorectal cancer60 there have been a number of 

studiess among users of the contraceptive pill and hormone replacement therapy (HRT).61 The 

incidencee of colorectal cancer and polyps is reduced in HRT users with an approximate 

halvingg of the risk. The risk reduction seemed to be maintained for about 10 years after 

cessationn of use. One molecular theory to explain this is that Oestrogen prevents 

microsatellitee instability but that lack of it promotes it. This stems from the observations that 

womenn suffering from HNPCC are half as likely as their male counterparts to develop 

colorectall  cancer, but in older women with low oestrogen levels, there is an excess of 

microsatellitee unstable colorectal cancer.62 

Conclusion n 

Molecularr investigation of associations thrown up in epidemiological studies of 

colorectall  cancer has been an important starting point for molecular biologists. This 
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fascinatingg link between clinical findings in patient groups and the intricate workings of the 

celll  has also inspired much of the research in this thesis in which we outline a number of new 

molecularr mechanisms in colon cancer. 

Hedgehogss and the maintenance of the normal gastrointestinal epithelium 

Thee second half of this thesis originated from drawing parallels between embryonal 

developmentt and the continuous mini-development program occurring in the gastrointestinal 

tractt throughout adult life. The whole of the lining of the bowel is replaced every 3 to 5 days. 

Gastrointestinall  stem cells continuously divide to produce daughter cells that migrate while 

graduallyy maturing into a complex pattern of distinct cell types that make up the mature 

gastrointestinall  tract.63 This can be compared to cells in an embryo, dividing, migrating and 

differentiatingg to adopt the complex patterns that form different organs. Years of detailed 

geneticc analysis of mutant fruitflies and worms have revealed a number of genes central to the 

patterningg of the embryo with names reflecting the characteristics of the mutants like 

'' Wingless' and 'Hedgehog', These same genes are conserved from fruitfly to man. 

Inn embryogenesis Hedgehog proteins provide positional information to cells. Cells 

sensee the concentration of Hedgehog that they are exposed to and can infer from this their 

distancee from the Hedgehog producing source.64 For example at the end of the chick limb 

bud,, the Hedgehog source is on the side of the bud where the chick equivalent of the littl e 

fingerr is due to form. Cells nearby exposed to high Hedgehog levels become chick 

equivalentss of the littl e finger, and those exposed to low levels the thumb. Moving the source 

off  Hedgehog or having two sources results in disruption of the pattern such as chicks with two 

littl ee finger equivalents and no thumb. This same patterning control system is conserved in 

limbss of different species65 and variations occur to control patterning in a wide variety of 

otherr organs.66 

Wee hypothesised that the same molecules would perform similar tasks in the adult 

humann gastrointestinal tract. Evidence for the importance of Hedgehogs in the normal 

developmentt of the gastrointestinal tract is seen in mice deficient in one of the three known 

vertebratee Hedgehog equivalents, Sonic Hedgehog (shh null mice).67 We therefore looked at 

thee possible role of human Sonic Hedgehog molecules in controlling patterning in the 

stomach,, in oesophagus that has undergone precancerous changes due to acid exposure that 
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givee it stomach-like features (Barrett's oesophagus), in stomach-like epithelium occurring in 

thee small intestine (Meckels diverticulum), and the role of Indian Hedgehog in the colon. 

Normall  embryonal development depends on the complex regulation of cellular 

proliferation,, migration and differentiation. The same molecular mechanisms seem to be 

implicatedd in the cellular proliferation and differentiation necessary for the maintenance of 

adultt organs.68 Since cancer results from the malfunction of the normal mechanisms 

controllingg cellular proliferation and differentiation within an organ, it is perhaps unsurprising 

thatt the two processes, cancer and development, share many of the same molecular players. 

Wee are therefore continuing our research into Hedgehogs by examining the role of Indian 

Hedgehogg in colon cancer. 
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Abstract t 

BackgroundBackground and aims: Obesity increases the risk of colon cancer whereas physical 

activityy reduces the risk. Plasma levels of leptin rise in proportion to the level of obesity and 

aree reduced by physical activity. Leptin acts as a growth factor for several cell types and thus 

mayy provide a biological explanation for the observed epidemiological risk factors. We aimed 

too investigate whether leptin is a growth factor for colonic epithelial cells. 

Methods:Methods: The presence of the leptin receptor in human colon cancer cell lines was 

assessedd using RT-PCR, immunoblotting and binding studies, and its presence in human 

colonicc tissue by immunohistochemistry. We assessed the effects of leptin in vitro on HT29 

cellss by assessing p42/44 MAP kinase phosphorylation, thymidine incorporation and cell 

numbers,, and in vivo in C57BL/6 mice by colonic BrdU incorporation. 

Results:Results: The leptin receptor is expressed in human colon cancer cell lines and human 

colonicc tissue. Stimulation with leptin leads to phosphorylation of p42/44 MAP kinase and 

increasess proliferation in vitro and in vivo. 

Conclusions:Conclusions: Leptin is a growth factor in colonic epithelial cells and one that may 

providee a biological explanation for the observed associations between obesity, physical 

activityy and colon cancer. 
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Introductio n n 

Investigationn into the aetiology of colon cancer has been guided since the outset by 

epidemiologicall  data. Research into biological explanations for the increased risk of colon 

cancerr seen within certain families (Familial Adenomatous Polyposis, Hereditary Non-

Polyposiss Colon Carcinoma) and the reduced risk in non-steroidal anti-inflammatory drug 

userss have been particularly fruitful in furthering understanding of the disease. However, for 

otherr associations the biological mechanisms involved have received less attention. Two of 

thesee are the increased risk of colon cancer with body mass and the even stronger relationship 

betweenn physical activity and reduced risk of colon cancer.49 Here we show evidence that the 

hormonee leptin, a hormone whose levels vary with body mass and physical activity, may 

providee a possible biological explanation for these associations. 

Leptinn was originally described as the product of the mouse obese (ob) gene. Further 

characterisationn of the ob gene revealed that it encodes a hormone that is expressed 

predominantlyy in adipose tissue. This 167 amino-acid protein is secreted into blood and 

circulatess to control energy balance. Mice with recessive ob mutations develop obesity and 

diabetess in a syndrome resembling morbid human obesity. In addition these mice show many 

off  the abnormalities seen in starvation, such as decreased activity, decreased body 

temperature,, infertility and decreased immune function. Leptin replacement corrects all these 

abnormalities.69 9 

Leptinn exerts its action through the leptin receptor (Ob-R), a member of the cytokine 

familyy of receptors. It consists of a single membrane spanning protein that, through alternative 

mRNAA splicing, exists in several isoforms. These isoforms differ only in the length of their 

intracellularr domains and can be divided into those with a full-length intracellular domain 

(Ob-Rbb in mice, homologous to huOb-Rb in humans), often referred to as the long isoform of 

thee leptin receptor, and the short isoforms. 

Thee expression of one of the short isoforms, (Ob-Ra in mice, huOb-Ra in humans), 

dominatess over the other short isoforms. Ob-Ra expression is widespread and has been found 

inn most tissues that have been tested. The long isoform Ob-Rb is highly expressed in 

hypothalamicc neurones where it is responsible for the anorectic action of leptin. The 

consequencess of disruption of the Ob-Rb gene are seen in the db/db mouse, which has the 

samee obese phenotype as the ob/ob mouse. In this model only the long isoform of the leptin 

receptor,, Ob-Rb, is disrupted but the anorectic function of leptin is altered just as severely as 

whenn production of leptin hormone itself is disrupted. From this it has been assumed that the 
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otherr isoforms of the leptin receptor play a relatively unimportant role in the anorectic 

functionn of leptin. db/db mice do, however, differ from ob/ob mice in their development of 

glomerulosclerosis.. Glomerular endothelial cells have been found to express only the short 

Ob-Raa receptor and yet exhibit increased proliferation in response to leptin exposure.71 In 

additionn the short isoform Ob-Ra has been shown to be able to activate the mitogen-activated 

proteinn kinase (MAP kinase) signal transduction pathway.72 73 These data may suggest that the 

effectss of leptin on peripheral tissues can be mediated by the short isoform whose expression 

dominatess in tissue other than the brain. However, the exact functions of the short isoforms 

remainss disputed with many groups unable to show proliferative effects or signal transduction 

mediatedd by the short isoforms. 

Leptinn receptor isoforms have been reported in a wide variety of human and rodent 

tissues:: Heart, placenta, lung, liver, muscle, kidney, pancreas, spleen, thymus, prostate, testes, 

ovary,, small intestine and colon. Leptin receptor expression in the various tissues of the 

mousee gastrointestinal tract has been shown by RT-PCR with Ob-Rb seen only in the jejunum 

andd the other isoforms found throughout.74 Human colonic tissue has never been studied in 

detail,, and no functional relevance of leptin receptor presence on colonocytes has been 

demonstrated. . 

Thee wide expression of leptin receptors suggests a possible wider role for leptin than 

fatt mass regulation. Indeed, leptin has been found to have profound effects in various human 

tissuess including monocytes,75 respiratory epithelium,76 glomerular endothelial cells,71 

vascularr endothelium,77 and adrenal cells.78 It has been reported to increase proliferation in all 

thesee cell types and to have an effect on monocytes equally dramatic as stimulation with 

lipopolysaccharide.79 9 

Leptinn levels in humans and animals closely reflect the percentage of body fat, thus 

obesityy is associated with hyperleptinaemia.80 69 Research into the effects of exercise on leptin 

levelss has shown reductions independent of levels of obesity.81"90 Leptin levels are likely to be 

higherr in colon cancer patients who have higher levels of obesity and lower levels of physical 

activityy than controls. Leptin is a growth factor in many cell types. We therefore propose that 

leptinn acts as a growth factor in colon cancer and is a putative biological mechanism for the 

observedd differences in the risk of developing colon cancer associated with changes in body 

masss and physical activity. 

Too investigate this possibility we first assessed human leptin receptor expression in 

humann colonic epithelial cells. We used immunohistochemistry in the normal colon, colonic 

adenomatouss polyps and colon cancer specimens, and Reverse Transcribed Polymerase Chain 
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Reactionn (RT-PCR) and immunoblotting in colon cancer cell lines. We chose not to use 

humann colon tissue for the RT-PCR and immunoblotting because of the likelihood of 

contaminationn of colonocytes by other cell types using this method. The expression of leptin 

receptorss on adipocytes, monocytes, and endothelial cells are likely to lead to false positives 

usingg this material, especially when using PCR. 

Secondlyy we assessed the affinity and numbers of leptin receptors on colon cancer cell 

lines.. We then demonstrated the functional significance of the receptors by stimulating colon 

cancerr cell lines with recombinant human leptin and assessing its effect on proliferation and 

mitogenicc signal transduction pathway activation. 

Lastly,, to confirm that our in vitro findings are relevant in vivo, we injected mice with 

recombinantt mouse leptin and assessed its effect on epithelial proliferation in the colon and 

examinedd the colons oïdb/db mice for evidence of increased colonic epithelial proliferation. 

Methods s 

Immunohistochemistry y 

Thee ten most recent cases of adenomatous polyp removed at colonoscopy, and the ten 

mostt recent surgically resected colonic adenocarcinomas together with normal tissue from the 

samee patients were taken from the archives of the Pathology Department at the AMC. 4 urn 

sectionss were prepared from the formalin fixed, paraffin embedded tissue and mounted on 

slidess coated with polylysin. 

Sectionss were dewaxed and rehydrated in graded alcohols. Endogenous peroxidase 

activityy was quenched with 1,5% H2O2 in Phosphate Buffered Saline (PBS) for 30 mins and 

thenn washed in PBS. Non-specific binding sites were blocked with TENG-T (lOmM Tris, 5 

mMM EDTA, 0.15 M NaCl, 0.25% gelatin, 0.05% (v/v) Tween 20, pH 8.0) for 30mins, and 

thenn washed ( 3 x5 mins in PBS). Slides were incubated at 4°C overnight with M-18 Goat 

Polyclonall  anti Ob receptor antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) in PBS 

withh 0.1% Triton and 1% bovine serum albumin. These are raised against the intracellular 

portionn of mouse Ob-Ra and reactive against all isoforms of the human leptin receptor. After 

washingg (3 x 10 mins in PBS), slides were then incubated with biotinylated rabbit anti-goat 

antibodiess at room temperature for one hour in PBS with 10% Human serum. Slides were 

washedd (3x5 mins in PBS), incubated with streptavidin-biotin-horseradish peroxidase (Dako, 

Glostrup,, Denmark) for 1 hour, washed again ( 3 x5 mins in PBS), and peroxidase activity 

wass detected with 3,3'-diaminobenzidine (0.5mg/ml, Sigma, St Louis, MO) in 0.05M Tris Ph 
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7.66 with hydrogen peroxide (0.05%). Finally, sections were counterstained with Mayer's 

haematoxylin,, dehydrated and mounted in 'Entellan' (Merk, Darmstadt, Germany) under 

coverr slips. 

Leptinn receptor staining was assessed by two independent observers who were blinded 

too the origin of the sections. Staining of epithelial cells was scored on a scale from 0-3 for 

intensityy where 0 represents no staining, 1 weak staining, 2 moderate staining, and 3 strong 

staining. . 

Celll  culture 

HTT 29, CACO-2, DLD-1, SW 480, HCT 116 and LS 174-T colon cancer cell lines 

weree cultured in Dulbeccos Modified Eagles Medium (DMEM) (Gibco, Paisley, Scotland) 

withh 4.5g/L Glucose and 1-Glutamine. This was supplemented with penicillin (50U/ml) and 

Streptomycinn (50ug/ml) and, where serum was used, with 10% foetal calf Serum (Gibco). 

Cellss were grown in monolayers in a humidified atmosphere containing 5% CO2. 

Immunoblottin g g 

Confluentt monolayers of cells from 6 well plates (Nalge Nunc, Denmark) were 

washedd in ice cold PBS and scraped into lOOul of 4x sample buffer (125 mM Tris/HCl, pH 

6,8;; 4% SDS; 2% P-mercapto ethanol; 20% glycerol, lmg bromphenol blue). 30ul of each 

samplee was loaded onto SDS-PAGE and blotted onto PVDF membrane (Millipore). Equal 

loadingg was confirmed by Coomassie brilliant blue staining. The blots were blocked with 2% 

loww fat milk powder in PBST (PBS with 1% Triton) for one hour at room temperature and 

washedd 3x 10 mins in wash buffer (PBST with 0.2% low fat milk powder) before overnight 

incubationn in 1/1000 primary antibody in wash buffer at 4°C. Blots were then washed 3x 10 

minss in wash buffer and incubated for 1 hour at room temperature in 1/2000 Horse Radish 

Peroxidasee (HRP) conjugated secondary antibody in wash buffer. After a final 3x 10 minute 

washh in wash buffer, blots were incubated for 1 minute in Lumilite plus (Boehringer-

Mannheim,, Mannheim, Germany) and then chemiluminescence detected using a Lumi-Imager 

(Boehringer-Mannheim). . 

Forr the MAP kinase studies confluent monolayers of HT29 cells in 6 well plates were 

serumm starved overnight and then stimulated with recombinant human leptin (Sigma) for 

variouss times. Immunoblotting was then carried out as previously described using rabbit 

polyclonall  phosphospecific p42/44 MAP kinase antibodies and rabbit polyclonal total p42/44 
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MAPP kinase (New England Biolabs, Beverly, MA) as primary antibodies and goat anti-rabbit 

HRPP (DAKO) as secondary antibodies. 

Forr the Ob-receptor blots M-18 Goat Polyclonal anti Ob receptor antibodies (Santa 

Cruz)) raised against the intracellular portion of mouse Ob-Ra and reactive against all isoforms 

off  the human leptin receptor were used as primary antibodies. After primary antibody 

incubation,, an extra step was added, using biotin labelled rabbit anti-goat antibodies (DAKO) 

1/20000 in wash buffer for one hour, followed by a 3 x 5 minute wash and incubation with 

streptavidin-HRPP (DAKO) 1/100 for 60 minutes before detection of HRP using the method 

described.. The experiment was repeated with anti-human leptin receptor goat polyclonal 

antibodies,, AF389, (R&D, Minneapolis) raised against an epitope from the extracellular 

portionn of the human leptin receptor. Equal protein loading was further confirmed using p-

actinn (Santa Cruz) antibodies on the same blots. 

Thymidin ee incorporation assay 

Confluentt monolayers of HT 29 cells were trypsinised and taken up in serum free 

mediumm supplemented with 20fig/ml of human transferrin. 104 cells were seeded in flat-

bottomedd tissue culture treated 96 well plates (Falcon) and allowed to adhere for 6 hours. 

Cellss were then stimulated with recombinant human leptin, vehicle or 100 ng/ml Epidermal 

Growthh Factor (Sigma) for 50 hours. Leptin concentrations were taken that included those 

foundd in non-obese (l-3ng/ml) and obese (up to lOOng/ml) humans. Tritiated thymidine was 

thenn added for 16 hours. lOul of 0.1 M EDTA was added to each well for 15 minutes, after 

whichh cells were lysed with distilled water and aspirated through a filter. Filters were dried at 

50°CC for 30 minutes, covered with 40ul of scintillation fluid per well and 3H activity 

measuredd in a top counter. 

Celll  counting assay 

Confluentt monolayers of HT 29 cells were trypsinised and taken up in medium with 

1%% FCS. 5xl04 cells were seeded in flat-bottomed tissue culture treated 12 well plates 

(Falcon)) and then stimulated with recombinant human leptin, vehicle or 100 ng/ml epidermal 

growthh factor (Sigma) for 66 hours. Cells in each well were then trypsinised and taken up in 

lmll  of medium. Cells were then counted manually in a standard cell counter (Bürker). 
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RTPCR R 

Totall  RNA was isolated from HT 29, CACO-2, DLD-1, SW 480, HCT 116 and LS 

174-TT cells as well as fresh human placenta. A one-step RT-PCR kit (Qiagen, Hilden, 

Germany)) was used and 1 ngg of RNA added. Primers were designed with the aid of primer 

designingg software using the human leptin receptor (huOb-Rb) cDNA sequence91 and the 

huOb-Raa sequence92 obtained from Entrez. These were designed either to detect the presence 

off  any of the leptin receptor isoforms (common) or to be specific to the long isoform (huOb-

Rb)) or the short isoform (huOb-Ra). Care was taken to design primers that flanked several 

introns,, and the long isoform sense primer hybridises across the junction of two exons. False 

positivess arising from chromosomal DNA contamination of the RNA are thus eliminated or 

wil ll  result in significantly larger products than those obtained from the cDNA. The expected 

productt lengths were 489 base pairs for the common receptor primers, 481 base pairs for the 

longg receptor primers, and 200 base pairs for the short isoform, and primer sequences were as 

follows: : 

Humann Leptin Receptor (Common) Sense 5'-ctttccactgttgctttcgg-3' 

Antisensee 5' -tctgtgatttccatatgcaaacc-3' 

Humann Leptin Receptor (Long) Sense 5'-ccatgatcattttatcccca-3' 

Antisensee 5' -gtcactaatacaaacagaaccc-3' 

Humann Leptin Receptor (Short) Sense 5'-ttgtgccagtaattatttcctctt-3' 

Antisensee 5' -agttggcacattgggttcat-3' 

PCRR was performed for 40 cycles using a 60-s denaturation step at 94°C, 60-s 

annealingg step at 55°and a 90-s extension step at 72°C. 10 microlitres of the product was 

loadedd onto agarose gel and the fluorescence of the Ethidium Bromide stained band recorded. 

BrdUU incorporation in leptin treated mice 

Inn a protocol approved by the relevant animal ethics review board, eight seven week 

oldd female C57BL/6 mice were treated with a single intraperitoneal injection of mouse 

recombinantt leptin (R&D) in NaCl at a dose of 10mg/kg as used by Pelleymounter et al.93 

Eightt mice received intraperitoneal NaCl as a control. After 15 hours all mice received a 

singlee intraperitoneal injection of BrdU at a dose of 150mg/kg and were sacrificed one hour 

later. . 
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Colonicc proliferatio n in db/db mice 

Sixx 10 week old db/db mice of the C57BL/6J background and six wild type littermates 

weree sacrificed having received no intervention. 

Scoringg of proliferatio n 

Colonss were removed, rolled up and fixed in 4% paraformaldehyde and embedded in 

paraffin.. Sections were prepared and stained as for other immunohistochemistry except for 

BrdUU stainings where the addition of a one-hour incubation in 2M HC1 at 37°C followed by 

washingg in Boric acid pH 8.5 before the blocking step was necessary. Mouse monoclonal 

antibodiess against BrdU, 5-bromo-2'-deoxyuridine, (Roche, Almere, The Netherlands) or 

PCNA,, proliferating cell nuclear antigen (DAKO), were used as primary antibodies. Nuclei 

stainingg positively for BrdU or PCNA were scored by taking five pictures of each section at 

200xx magnification from the proximal colon. In each picture positive nuclei in five well-

orientatedd crypts were counted, blind to treatment, with the help of image analysis software 

(EFMM Software, Rotterdam, The Netherlands). 

Results s 

Colonn cancer  cell lines express the short and long isoforms of the leptin receptor. 

Colonn cancer cells were investigated for the presence of three sequences using RT-

PCRR on RNA isolated from six different colon cancer cell lines with human placental tissue 

ass a positive control. The sequences were firstly, a common sequence from the extracellular 

domainn of the human leptin receptor, secondly, a sequence exclusive to the long isoform of 

thee leptin receptor (huOb-Rb), and lastly a sequence exclusive to the short isoform, huOb-Ra. 

Ass shown in Figure 1, a product of the expected length was obtained in all cell lines with all 

threee primer sets, whereas no RNA controls gave no products. 
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Figuree 1 RT-PCR for the human leptin receptor common, long (huOb-Rb) and short (huOb-Ra) 
isoformss in HT 29, CACO-2, DLD-1, SW 480, HCT 116 and LS 174-T colonic epithelial cell lines 
andd in human placenta. The expected 489 (common), 481 (long) and 200 (short) base pair products 
aree seen in all cell lines and the placenta. No RNA controls show no product. 

Too further confirm the expression of this receptor, immunoblotting was performed for 

thee leptin receptor. Figure 2 shows that all of the colon cancer cell lines tested show a band at 

approximatelyy 100 kDa on the immunoblot consistent with the presence of the short (huOb-

Ra)) isoform of the leptin receptor. In addition several showed a band at approximately 130 

kDaa consistent with the long (huOb-Rb) isoform of the receptor. The same two bands can be 

seenn in human placenta, which is known to express both short and long isoforms of the leptin 

receptor944 and was thus used as a positive control. A repeat of this experiment using an 

antibodyy raised against an epitope from the human extracellular region common to all 

isoformss yielded the same two bands of the same sizes. (Not shown). Simultaneous loading 

controlss using (3-actin antibodies are shown. 
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Figuree 2 Immunoblot for the human leptin receptor using an antibody raised against an epitope of 
mousee Ob-Ra, which is reactive against all human isoforms with an intracellular portion. Two bands 
aree seen, one dominant band running at a size of 100 kDa which corresponds to the huOb-Ra 
proteinn and a second weaker band running at 130 kDa corresponding to the huOb-Rb isoform. Both 
off  these bands are also seen in human placental tissue which is known to express both long and 
shortt isoforms and is used here as a positive control. Simultaneous loading controls using P-actin 
antibodiess are shown. 

Wee conclude from these results that both the short (huOb-Ra) and long (huOb-Rb) 

isoformss of the leptin receptor are expressed on colon cancer cells. 

Expressionn of the leptin receptor  in human colon tissue in vivo. 

Too investigate whether the expression of the leptin receptor in human colon cells in 

vivovivo concurred with our findings in colon cell lines in vitro, we took human colonic 

adenomatouss polyp tissue, normal colonic tissue and tissue from colonic adenocarcinomas 

andd stained for the presence of leptin receptors (all isoforms). As evident from figure 3, clear 

immunoreactivityy was observed in the normal colonic epithelium and adenomatous polyp 

epithelium.. Staining appeared to be largely on cell membranes and in the cytoplasm 

consistentt with results from transfection experiments showing that 85% of leptin receptors are 

usuallyy in the Golgi apparatus and 15% on the cell surface at any given time. Receptor 

expressionn was similar in normal and polyp epithelial cells. Staining was also seen on 
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adipocytess and the infiltrating mononuclear cells, which are both known to express leptin 

receptors.. Control sections with no primary antibody showed no staining (not shown). 

Figuree 3 Immunohistochemistry, staining for leptin receptors in normal human colonic tissue (a+b) 
andd in a whole adenomatous polyp (marked P) arising from surrounding normal colonic epithelium (c-
f).. A cross section of normal colon (a) and an enlargement of the area marked with a rectangle (b) 
showss strong staining (brown) of the epithelium. Images (c-f) show that staining for the leptin receptor 
iss predominantly in the epithelial cells and is seen in close-up in both the surrounding normal (d) and 
polypp (e and f) tissue. Staining appears to be largely localised to the cytoplasm and cell membrane. 
Magnifications:: A x50, B x 600, C x50, D+E x200, F x800. D, E and F are enlargements of the areas 
withinn C marked with dashed, dotted and solid lines respectively. 
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Twoo independent observers scored epithelial staining intensity for all specimens and 

thee results are displayed in Figure 4. 
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Figuree 4 Scoring of Ob-R staining intensity in normal colon and adenomatous polyps. Staining was 
scoredd on a scale from 0-3 where 0 represents no staining, 1 weak staining, 2 moderate staining, and 
33 strong staining. 

Wee conclude that expression of the leptin receptor is a consistent feature of colonic 

epitheliall  cells in vivo and in vitro. 

Thee leptin receptor  is functional and linked to proliferativ e signalling in colon cancer 

cells s 

Too investigate whether leptin receptors are functional and linked to proliferation in 

colonn cancer cells we measured the influence of leptin on p42/44 MAP kinase 

phosphorylation.. Phosphorylation at Thr 202 and Tyr 204 leads to activation of p42/44 MAP 

kinasee and this phosphorylation was assessed using phospho-specific antibodies. Figure 5a 

showss that leptin stimulation causes biphasic phosphorylation of MAP kinase. MAP kinase 

activationn marks the onset of proliferation. This suggests that leptin may lead to proliferation. 

Inn figure 5b we show the effect of a range of different concentrations of leptin on MAP kinase 

phosphorylation. . 
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Figuree 5a Immunoblot for the phosphorylated form of p42/44 MAP kinase in HT29 cells treated 
withh recombinant human leptin (2ug/ml) for various times (shown in minutes). The same blot was 
strippedd and reprobed for total MAP kinase demonstrating presence of equal amounts of the protein 
inn each lane. 
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Figuree 5b Immunoblot for the phosphorylated form of p42/44 MAP kinase in HT29 cells treated 
forr 5 minutes with recombinant human leptin at various concentrations (shown in ng/ml) 

Thesee results suggest that leptin might act a growth factor for colon cancer cells. To 

confirmm this we measured the effect of leptin on colon cancer cell proliferation by assessing 

thee effects of leptin on thymidine incorporation and cell numbers in HT29 colon cancer cells. 

Figuree 6 demonstrates the changes induced by leptin in the incorporation of tritiated 

thymidinee into the colon carcinoma cell line, HT29. 
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Figuree 6 Tritiated thymidine incorporation in HT 29 cells stimulated for 66 hours with various 
concentrationss of leptin. The negative control was leptin heated to 95°C for 10 mins, labelled 
vehicle,, and the positive control was 100 ng/ml of EGF. Values were compared to the vehicle 
controll  using a one-way ANOVA with the Tukey post hoc test. Significance was taken as a P value 
off  <0.05 marked *. P values of <0.01 are marked ** . Error bars show the standard error of the 
mean.. Probability of linear trend PO.0001. 

Leptinn leads to a highly statistically significant and dose dependent increase in 

thymidinee incorporation. These effects are seen at levels found in obesity in human subjects 

(upp to 100ng/ml). Surprisingly, leptin was nearly as potent in its stimulation of thymidine 

incorporationn as epidermal growth factor (EGF). Maximal stimulation of thymidine 

incorporationn with EGF was seen at 100ng/ml concurring with the findings of Ryder et al.95 

Figuree 7 shows the same experiment repeated but this time showing the effects of leptin on 

celll  numbers. It should be noted that in the thymidine incorporation and cell numbers 

experimentss degradation of the recombinant leptin wil l occur and that in vivo where leptin 

levelss remain constant, greater effects for comparable leptin concentrations might be 

expected. . 
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Figuree 7 Cell numbers, counted in a Biirker cell counting chamber, of HT 29 cells stimulated for 
666 hours with various concentrations of leptin. The negative control was leptin heated to 95°C for 
100 mins, labelled vehicle, and the positive control was 100 ng/ml of EGF. Values were compared to 
thee vehicle control using a one-way ANOVA with the Tukey post hoc test. Significance was taken 
ass a P value of <0.05 marked *. P values of <0.01 are marked ** . Error bars show the standard error 
off  the mean. Probability of linear trend P<0.0001. 

Thesee results demonstrate that the leptin receptor is expressed, functional and linked to 

celll  growth in colon cancer cells. 

Lepti nn acts to promote colonic epithelial cell proliferatio n in vivo 

Too confirm the relevance of our results in vivo we injected mice with recombinant 

leptinn and assessed the colon for changes in epithelial cell proliferation. We found that leptin 

causedd a significant increase in epithelial cell proliferation as judged by nuclear BrdU 

incorporationn (See figures 8 and 9). 
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Figuree 8 Numbers of nuclei per crypt staining positive for BrdU in leptin treated mice versus 
controls.. Statistical analysis was performed using the Students Mest. 
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Figuree 9 Representative sections from leptin treated (a) and untreated (b) sections of mouse colon 
stainedd for BrdU. 

Furtherr confirmation of the relevance of our in vitro findings was obtained by 

investigatingg a mouse model of hyperleptinaemia, the db/db mouse. We assessed colonic 

epitheliall  cell proliferation in db/db mice compared with their wild type littermates. In figure 

100 we show a statistically significant increase in proliferation in the hyperleptinaemic mice as 

judgedd by proliferating cell nuclear antigen staining. 
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Figuree 10 Numbers of nuclei per crypt staining positive for PCNA in Leptin receptor mutant db/db 
micee (db/db) and wild type mice Statistical analysis was performed using the Students /-test. 

Discussion n 

Inn this study we show that leptin is a growth factor for colonic epithelial cells, which 

mayy provide a biological explanation for the observed associations between obesity, physical 

activityy and colon cancer. The evidence that body mass and levels of both leisure time and 

occupationall  activity are associated with the development of cancer of the colon has mounted 

steadilyy and now receives widespread acceptance. A full review of the epidemiology is 

beyondd the scope of this manuscript but a recent review96 supplemented with more recent 

studiess gives the following evidence. 

Forr body mass, four cohort studies and eight case-control studies have found that men 

whoo are in the highest quintile for body size have as much as a two to threefold increased risk 

off  colon cancer. Two more recent large cohort studies56 confirm this as well as adding weight 

too the evidence that the same holds true for women. 

Thee relationship between physical activity and a reduced risk of colon cancer is among 

thee most consistent findings in the epidemiological literature. Seven cohort studies and ten 

casee controlled studies have found an association, with two and one respectively finding no 

association. . 

Thee suggested biological explanations for these associations include stimulation of 

peristalsiss and reduced transit time, favourable effects on the immune system,96 and lower 

insulinn and glucose levels in thinner and more active individuals.97 98 However, transit time 

despitee much attention, is not a recognised risk factor for colonic neoplasia. Insulin is a 

growthh factor for colon cancer cell lines but no association has been found between HbAlc 

p=0.036 6 

11 1 
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levelss and colon cancer and while leptin levels rise with small weight gain within the same 

individuall  the same is not found consistently with insulin levels.100 Having said this, there is 

extensivee evidence that leptin and insulin levels are closely linked I01 and both may act in 

concert. . 

Bodyy mass and physical activity are intrinsically linked and it is difficult to analyse 

theirr impact independently. Several papers have instead referred to metabolic state or energy 

balancee as being associated with colon cancer.102"104 The startling changes in incidence within 

thee same population exposed to a change in environment have been difficult to correlate with 

anyy particular dietary constituent and may instead be associated with energy imbalance. In 

otherr words the increased colon cancer risk seen in 'Western' diets may not be due to what we 

eatt but how much, especially when combined with low levels of exercise or energy 

expenditure.. This is supported by the finding that caloric restriction reduces colonic epithelial 

proliferationn in humans.53 The relevance of this is that leptin is associated with other factors 

thatt regulate energy homeostasis.105 High levels of leptin are seen in individuals whose 

balancee of calorie intake and expenditure has resulted in obesity. 

Leptinn is the product of the Ob gene and was initially reported as being secreted by 

adipocytess and controlling appetite, activity, metabolic rate and fertility through receptors in 

thee hypothalamus. The leptin receptor has been identified as a single membrane spanning 

proteinn with multiple isoforms that arise from alternative RNA splicing. Of these, the long 

isoform,, Ob-Rb, is proposed as the most important signalling isoform as it contains a full 

lengthh cytosolic domain of 302 amino acids that includes binding motifs required for 

activationn of the Janus kinase/STAT signalling pathway. This is the isoform found in the 

hypothalamuss and is also the isoform which when disrupted in mice leads to the same obesity 

syndromee as seen in Ob mice, while the other isoforms remain unaltered. Leptin has also been 

shownn to activate the MAP kinase signal transduction pathway both through the Ob-Rb 

receptorr isoform and by some groups, also via the Ob-Ra short isoform. The function of other 

isoformss is unknown but may include leptin transport or repression of signalling activity by 

competingg in the homodimerisation of receptors needed for effective signal transduction. 

Inn humans, levels of leptin in blood are closely correlated with body mass and may 

risee from levels of 1-3 ng/ml in non-obese subject to as high as lOOng/ml in obese individuals. 

Theree is also considerable evidence that leptin levels depend, albeit to a lesser extent, on 

physicall  activity. Increased physical activity appears to reduce leptin levels by around 20% 

independentt of obesity. 
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Recently,, it has been shown that leptin also has profound effects in various extraneural 

tissuess including monocytes,79 respiratory epithelium,76 glomerular endothelial cells,71 

vascularr endothelium77 and adrenal cells.78 It has been reported to increase proliferation and 

differentiationn in all these cell types and to have an effect on monocytes equally dramatic as 

stimulationn with LPS.79 

Inn this paper we hypothesise that high levels of leptin in obese and inactive humans 

mayy lead to growth promotional effects in colon cancer cells, thus providing a biological 

explanationn for the associations between obesity, exercise and the incidence of colon cancer 

inn humans. 

Too confirm our hypothesis we felt that the following steps were necessary. Firstly, 

confirmationn of the presence of the leptin receptor on colonic cells using different methods, in 

bothh colon cancer cell lines and patient material. Secondly, demonstration of the functional 

relevancee of these receptors by their ability to activate signal transduction pathways. Thirdly, 

confirmationn of leptin as a growth factor for colon cancer cells and finally confirmation of the 

importancee of leptin as a growth factor in vivo. 

Thee first step was accomplished using RT-PCR, immunoblotting, 

immunohistochemistry,, and binding studies. We show that all colon cancer cell lines tested 

expressedd a common sequence, as well as sequences exclusive to the short and long isoforms 

off  the human leptin receptor. We then show that human adenomatous polyps and normal 

colonicc tissue also express the leptin receptor. We investigated adenomatous polyps, as they 

aree a likely point in the stepwise progression to invasive cancer to be affected by growth 

factors.. After the development of invasiveness or metastatic potential, the effects of growth 

factorss such as leptin are unlikely to have a significant impact on the outcome. The incidence 

off  colonic polyps is also related to body mass and exercise in the same way as the incidence 

off  colon cancer l06 but interestingly, possibly only in larger adenomas.107 

Thee second step was accomplished using recombinant leptin on colonic epithelial cell 

liness and showing activation of one of the major mitogenic signal transduction pathway 

elements,, p42/44 MAP kinase. 

Thee third step was achieved by showing increased thymidine incorporation and cell 

numberss at concentrations of leptin that include those found in the serum of non-obese (below 

10ng/ml)) and obese (up to 100ng/ml) individuals. As well as being highly significant 

comparedd to vehicle control, we have also shown that the magnitude of this effect approaches 

thatt of EGF, a known growth factor in HT 29 cells.95 
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Finally,, we show that db/db hyperleptinaemic mice have higher rates of colonic 

epitheliall  cell proliferation than their wild type littermates. The db/db mouse, where the long 

formm of the leptin receptor contains a loss of function mutation, is a complex model of 

hyperleptinaemiaa as the mice secondarily develop a number of other metabolic and endocrine 

defects.. These include high insulin levels (type II diabetes mellitus), changes in sex hormone 

levelss and dyslipidaemia,109 all of which have been implicated independently as having 

possiblee influences on colon cancer progression.97 98 l l 0 Thus, while our findings suggest that 

aa primary defect in leptin signalling that results in hyperleptinaemia leads to increased colonic 

epitheliall  cell proliferation, it fails to distinguish between the primary and secondary effects 

off  this defect. This is avoided in our second model of hyperleptinaemia where we gave mice a 

singlee injection of leptin. This leads to a highly significant increase in colonic epithelial cell 

proliferation.. These findings suggest that our in vitro findings are indeed likely to be relevant 

inin vivo. 

Growthh factors are thought to be important in the progression of colon cancer.111"1'3 

Insulinn like growth factors have been intensively studied and may explain the observed 

increasee on colorectal cancer and adenomatous polyp incidence in patients with 

acromegaly.1144 Thus the demonstration that leptin is a growth factor for colonic epithelial 

cellss in mice and cell lines is likely to have relevance in humans. However, we suggest that 

leptinn is not just another growth factor relevant to the colon but may provide a biological 

explanationn for a wealth of epidemiological evidence connecting body mass, physical activity 

andd energy balance with the incidence of colon cancer. 
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Abstract t 

BackgroundBackground and aims: The factors that govern the progression from colonic 

adenomatouss polyp to colon cancer are poorly understood. The observation that NSAIDs act 

ass chemopreventative agents and reduce the size of colonic polyps suggests the involvement 

off  inflammatory signalling, but inflammatory signalling in colonic polyps has not been 

studied. . 

Methods:Methods: We investigated the expression of the active forms of NF-KB, JNK and p38 

MAPKK using immunohistochemistry with activation specific antibodies in human colonic 

adenomas. . 

Results:Results: We show that active NF-KBB is seen in stromal macrophages that also express 

COX-22 and TNF-a, active JNK is seen in stromal and intraepithelial T-lymphocytes and 

periendotheliall  cells of new blood vessels, and active p38 MAPK is most highly expressed in 

macrophagess and other stromal cells. 

Conclusions:Conclusions: These results demonstrate the presence of active inflammatory signal 

transductionn in colonic polyps and that these are predominantly in the stroma. In the case of 

NF-KBB this coincides with the cellular localisation of COX-2. These results support evidence 

thatt NSAIDs may act through effects on stromal cells rather than epithelial cells. 
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Introductio n n 

Nonn Steroidal Anti Inflammatory Drugs (NSAIDs) and other anti-inflammatory 

compoundss such as Curcumin act as chemopreventative agents in colon cancer.5 115 This 

suggestss a role for inflammation and inflammatory pathways in the progression of colon 

cancer.. Surprisingly, the activity of inflammatory signal transduction pathways has not been 

studiedd in colon cancer. In this study we set out to study the site-specific activity of Nuclear 

Factorr Kappa B (NF-KB), p38 Mitogen Activated Protein Kinase (p38 MAPK), and cJun NH2 

terminall  kinase (JNK) in human colonic polyps. They are all components of signal 

transductionn pathways that play pivotal roles in inflammation.116 m 118 That molecules within 

thesee pathways may also provide direct targets for NSAIDs and are important in regulating 

celll  proliferation and apoptosis, makes the characterisation of their expression in colon cancer 

alll  the more interesting. 

NSAIDss are thought to prevent colon cancer by their actions on Cyclooxygenase 

enzymee type 2 (COX-2). Mice treated with specific COX-2 inhibitors or bred to be 

geneticallyy deficient in COX-2 develop dramatically fewer colon tumours than their 

littermatess in a mouse model of familial adenomatous polyposis (APC A716 mice)36 and over 

expressionn of COX -2 in intestinal epithelial cells leads to enhanced tumourigenic 

phenotypes,, metastatic potential and angiogenesis.119 120 121 However, there is increasing 

evidencee that NSAIDs have important COX independent effects both in their action as 

chemopreventativee agents,122 123 124 and as anti-inflammatory agents. Several studies have 

shownn specific inhibition of I kappa B kinase beta leading to inhibition of NF-KB thus 

interferingg with the transcription of inflammatory cytokines.125 126 This finding, together with 

thee knowledge that NF-KB plays an important role in apoptosis, has led many to list NF-KB as 

aa possible COX independent mechanism for the action of NSAIDs in colon cancer.5 Others 

havee found that Salicylates promote apoptosis via a p38 MAPK dependant mechanism127 and 

mayy also activate JNK.128 

Thee expression of JNK in colon cancer has already received some attention12913° The 

authorss of these studies found increased activity of JNK in both rat models of colon cancer as 

welll  as human tumours. However their data comes from homogenates of tumour tissue as thus 

givess no indication as to where in the tumour these molecules are expressed and therefore less 

informationn as to how they might be important in the biology of colon cancer. 

Wee performed immunohistochemistry using antibodies specific to the active forms of 

thesee proteins to identify which pathways are active in the polyps, and identify in which cells 
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thesee pathways are active. This approach has only relatively recently become feasible with the 

adventt of reliable 'phospho-specific' antibodies to signalling pathway components, and other 

antibodiess that are highly specific to the active forms of these proteins. 

Wee used immunohistochemistry as it has the advantage of giving an indication of 

whichh cell types within the polyps are expressing the active signalling components. This is 

particularlyy important in the light of the developing interest in the role of stromal tissue in 
**  131 

colonn cancer progression. 

Theree is mounting evidence that the stroma, consisting of infiltrating inflammatory 

cells,, new blood vessels and connective tissue cells, plays a vital role in the progression of 

colonn cancer. COX-2 is found by many to be mainly expressed in thee stromal tissue of polyps, 

predominantlyy in macrophages, both in the polyps of a mouse model of Familial 

Adenomatouss Polyposis (Min mice),132 and also in human adenomatous polyps. In vivo 

evidencee that the antitumour effects of NSAIDs may be brought about through actions on 

stromall  cells rather than on the neoplastic cells comes from an elegant recent study showing 

thatt growth of a tumour xenograft was severely inhibited by disruption of host COX-2 

production.1355 In this model all the stromal cells are provided by the host, and a pure culture 

off  tumour cells are injected as a xenograft. Thus it is of great importance to show in which 

cellss molecules implicated in cancer progression are expressed, and not to rely solely on data 

fromm tissue homogenates. 

Material ss and methods 

Thee ten most recent cases of adenomatous polyp removed at colonoscopy, together 

withh normal biopsies from the same patients, where these existed, were taken from the 

archivess of the Pathology Department at the AMC. 4 um sections were prepared from the 

formalinn fixed, paraffin embedded tissue and mounted on slides coated with polylysin. We 

tookk polyps rather than cancer specimens because evidence points towards NSAIDs exerting 

theirr effects during this relatively lengthy period in the progression of cancer. We took 

sporadicc polyps by excluding specimens from patients with FAP and with Hereditary Non-

Polyposiss Coli (HNPCC) as we reasoned that in order for NSAIDs to have the magnitude of 

effectt that has been observed they must act on these polyps, which comprise well over 90% of 

cases. . 

-46--



inflammatoryy signai transduction in colonic polyps 

Primar yy antibodies 

a)) Mouse monoclonal anti-human antibody to activated NF-KB (Boehringer-

Mannheim,, Mannheim, Germany). This antibody recognises an epitope overlapping the 

nuclearr localisation signal of the p65 subunit of the NF-KB heterodimer. This epitope is 

maskedd by I kappaB and revealed when I kappaB is degraded. Thus the antibody selectively 

bindss to the activated form of NF-KB. Concentration used 1:100. 

b)) Mouse monoclonal anti-human antibody to Phospho-JUN NH2 terminal kinase 

(Santaa Cruz Biotechnology, Santa Cruz, CA). This antibody binds to the phosphorylated, 

activee form of JNK and does not cross react with the unphosphorylated, inactive form. 

Concentrationn used 1:200. 

c)) Mouse monoclonal anti-human antibody to Phospho-p38 MAPK (Santa Cruz). 

Thiss antibody is specific to the active, phosphorylated form of p38 MAPK. Concentration 

usedd 1:200. 

d)) Mouse monoclonal anti-human antibody to COX-2 (Cayman Chemical Co., 

Annn Arbor, MI). Concentration used 1:100. 

e)) Mouse monoclonal anti-human antibody to TNF-alpha clone 4C6-H6 

(Instruchemie,, Hilversum, The Netherlands). Concentration used 1:100. 

f)) Rabbit polyclonal anti-human antibody to CD3 (DAKO, Glostrup, Denmark). 

Concentrationn used 1:200. 

g)g) Mouse monoclonal anti-human antibody to CD68 clone KP-1 (DAKO). 

Concentrationn used 1:200. 

h)h) Mouse monoclonal anti-human antibody to CD31 clone JC/70A (DAKO). 

Concentrationn used 1:100. 

Secondaryy antibodies 

Goatt anti-mouse antibodies and Goat anti-Rabbit antibodies conjugated with biotin or 

Alkalinee Phosphatase depending on detection mechanism (All from DAKO). 

Immunohistochemistry::  Single stainings 

Sectionss were dewaxed and rehydrated in graded alcohols. Endogenous peroxidase 

activityy was quenched with 1.5% H202 in Phosphate Buffered Saline (PBS) for 30 mins and 

thenn washed in PBS. Non-specific binding sites were blocked with TENG-T (lOmM Tris, 5 

mMM EDTA, 0.15 M NaCl, 0.25% gelatin, 0.05% (v/v) Tween 20, pH 8.0) for 30 mins, except 
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forr the COX-2 stainings where a solution containing lOmM Tris, 0.1M MgC12, 0.05% (v/v) 

Tween,, 1% bovine serum albumin (BSA) and 5% (v/v) Goat serum, was used for one hour. 

Slidess were then washed (3x5 mins in PBS). Slides were incubated at 4°C overnight with the 

primaryy antibodies in PBS with 0.1% Triton and 1% BSA. After washing (3 x 10 mins in 

PBS),, slides were then incubated with the secondary antibody at room temperature for one 

hourr in PBS with 10% Human serum. Slides were washed ( 3 x5 mins in PBS), incubated 

withh streptavidin-biotin-horseradish peroxidase (Dako) for 1 hour, washed again (3x5 mins 

inn PBS), and peroxidase activity was detected with 3,3'-diaminobenzidine (Sigma, St. Louis, 

MO),, 0.5mg/ml in 0.05M Tris Ph 7.6 with hydrogen peroxide (0.05%). Finally, sections were 

counterstainedd with Mayer's heamatoxylin, dehydrated and mounted in 'Entellan' (Merk, 

Darmstadt,, Germany) under coverslips. Controls consisted of omitting the primary and 

secondaryy Ab and use of an appropriate Ig control. 

Jmmunohistochemistry::  Double stainings 

NF-KBB and pJNK double staining with CD68 and CD3 respectively, required the 

initiall  staining to be on the sections with no prior use of an antigen retrieval method. After the 

firstt staining the same sections were then digested with 0.25% Pepsin in 0.01M HC1 at 37°C 

forr 15 mins followed by washing ( 3 x5 mins in PBS), before proceeding with the second 

staining.. For the blue B-galactosidase staining biotinylated secondary antibodies were used 

andd sections were then incubated with streptavidin fi-galactosidase (1:40, Boehringer 

Mannheim)) at room temperature for 30 min. Detection was with 1% X-gal (DAKO) in iron 

phosphatee buffer (0.02% MgC12-6H20, 0.099% potassium ferricyanide, 0.127% potassium 

ferrocyanide)) at 37°C for 15 min. For the 'Fast Red' detection method (DAKO) alkaline 

phosphatasee conjugated secondary antibodies were used and after washing in Tris-buffered 

saline,, the alkaline phosphatase was detected using the 'Fast Red' detection method. Double-

stainedd sections were mounted in Ultramount (DAKO), an aqueous mounting medium. 

Countingg of Lymphocyte numbers in all specimens 

Fivee digital pictures were taken at 200x magnification from random areas of slides 

preparedd from each of the ten polyp specimens and from the six specimens of normal tissue 

stainedd with anti-CD3. These were scored blindly using image analysis software. 
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Results s 

Activee NF-K B is seen mainly in stromal macrophages 

Strongg staining with anti-active NF-KB is seen in mainly in stromal cells within human 

colonicc polyps. Figure 1 shows that these stromal cells are CD68 positive cells as seen in 

sequentiall  sections (A and B) and double stained sections (C). These macrophages are 

situatedd both superficially in the lamina propria where they form aggregates in close 

proximityy to capillaries, and also in the stroma deeper within the polyps where they are more 

widelyy and evenly spaced. The superficial aggregates are not seen in the normal tissue 

specimens,, although normal specimens do have similar numbers of deep macrophages (D). 

Activee NF-K B and COX-2 enzyme are expressed in the same cells 

COX-22 enzyme has been recently shown to be predominantly expressed in superficial 

macrophagess in colonic polyps. We therefore decided to investigate whether there was any 

overlapp between COX-2 and active NF-KB expression. Using staining in sequential sections 

wee observed a very close pattern of expression of the two molecules. Figure 2 shows that 

activee NF-KB (A and C) is seen in the nuclei of the same cells that express COX-2 (B and D), 

ass judged from staining of sequential sections. Double staining methods were not used 

becausee the two antibodies are both mouse monoclonal antibodies of the same IgG subclass 

andd thus difficult to distinguish with secondary antibodies. 
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Figuree 1 Immunohistochemistry for active NF-kappaB in human sporadic colonic adenomas. 
Strongg staining for active NF-KB is seen localised to aggregates of superficial stromal cells as well 
ass stromal cells deeper within the polyps (a). These cells are macrophages as determined by 
morphologyy and by CD68 (a macrophage marker) staining in sequential sections (b) and lie in close 
proximityy to capillaries. This was further confirmed by performing active NF-KB (blue) and CD68 
(red)) double staining (c). Normal colonic tissue (d) shows similar active NF-KB staining of deep 
macrophagess but does not contain the superficial aggregates of macrophages. Throughout all 
immunohistochemistryy control staining was consistently negative. An example performed by 
omittingg the primary antibody (e) is shown 
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Figuree 2 Immunohistochemistry for active NF-KB (a+c) and COX-2 (b+d) in human sporadic colonic 
polyps.. A remarkable degree of overlap was seen between the staining patterns of these two molecules 
inn sequential sections. In the enlargements (c+d) of the areas indicated, cells appearing in both sections 
thatt stain positively for both molecules are indicated with arrows 

Activee NF-K B and TNF alpha are expressed in the same cells 

Ann established method to confirm that the active NF-KB antibody staining is specific 

iss to look for expression of TNF alpha.136 TNF alpha both leads to NF-KB activation and is 

itselff  transcriptionally upregulated by active NF-KB. We show a close overlap of TNF alpha 

andd NF-KB expression in sequential sections in Figure 3, and that both these molecules are 

predominantlyy active in CD68 positive macrophages. 

Phosphorylatedd JNK is seen mainly in stromal T-lymphocytes and periendothelial cells 

Stainingg with Phospho-JNK antibodies is shown in Figure 4. Strong staining is 

localisedd to the polyp stromal tissue (A). Morphologically this appeared to be largely in T-

lymphocytess and intraepithelial T-lymphocytes. Staining of serial sections (C and D) showed 

aa strong overlap between CD3 and pJNK staining and double staining (E and F) confirmed 
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thatt pJNK is predominantly found in stromal T-lymphocytes and intraepithelial T-

lymphocytes.. There was also strong staining of cells surrounding the microvasculature of the 

polyp.. CD31 staining showed that these were cells lying outside endothelial cells, the 

periendotheliall  cells or pericytes (not shown). There were significantly larger numbers of T-

lymphocytess infiltrating the colonic polyps compared to normal tissue (212; 95% CI 226-198 

vss 48; 95% CI 36-60) as judged by counting CD3 positive cells. This difference largely 

accountss for the higher pJNK expression seen in polyps versus normal tissue (B) 

Figuree 3 Immunohistochemistry for active NF-KB (a+d), TNF-a (b+e) and CD68 (c+f) in human 
sporadicc colonic polyps. Sequential sections were stained for active NF-KB and TNF-a. These two 
moleculess are expressed predominantly in the stroma and both in the same cells within the stroma. 
Thesee cells are macrophages as shown by the macrophage marker (CD68) staining in a further 
sequentiall  section (c). In the enlarged sections (d, e and f), white arrows mark cells that stain positively 
forr both active NF-KB (d) and TNF-a (e), and black arrows mark one cell that appears across all three 
sectionss and another that stains positively for TNF-a (e) and the macrophage marker CD68 (f) 
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Figuree 4 Immunohistochemistry for phosphorylated JNK in human sporadic colonic polyps. Strong 
stainingg is seen localised to the stromal tissue (a), with no staining in the epithelial cells. Normal 
colonicc tissue (b) shows lower levels of staining, with some stromal inflammatory cells staining 
positively.. A close up image of pJNK staining shows strong staining of inflammatory cells infiltrating 
thee polyp (c). Staining of sequential sections for the T-lymphocyte marker CD3 (d) confirms that these 
aree T-lymphocytes. Cells that appear in both sections and stain positively for both CD3 and pJNK are 
indicatedd with arrows (c+d). Double staining for pJNK (blue) and CD3 (red) further confirms that 
pJNKK is predominantly expressed in T-lymphocytes (e). An enlarged section of image e is shown in 
imagee f where pJNK and CD3 localise to the same cells 
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Phosphorylatedd p38 MA P kinase is most highly expressed in the stroma 

Phosphorylatedd p38 MAP kinase (pp38 MAPK) stains most strongly in the stroma. 

Here,, as seen in Figure 5, staining of sequential sections with CD68 shows that some of these 

stromall  cells are macrophages and that areas of stroma expressing high levels of pp38 MAPK 

aree those where there are large numbers of CD68 positive macrophages. However, not all the 

pp388 MAPK positive cells are CD68 positive macrophages. Other stromal cell types also 

expresss pp38 MAPK, and there is also low-level expression in epithelial cells. Normal colonic 

epitheliumm shows a similar pattern of staining but the levels are lower and there are no 

superficiall  aggregates of macrophages and fewer inflammatory cells in general (C). 

Figuree 5 Immunohistochemistry for phosphorylated p38 MAPK in human sporadic colonic polyps. 
Stainingg for pp38 MAPK is strongest in the stromal tissue with lower level staining in the epithelial 
cellss (a). Many of these stromal cells are macrophages as shown by staining of sequential sections 
withh the macrophage marker CD68 (b). Normal colonic tissue shows lower levels of staining, again 
predominantlyy in the stromal cells (c) 
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Discussion n 

Thee evidence that non-steroidal anti-inflammatory drugs (NSAIDs), such as Aspirin, 

preventt colon cancer31 provides a rational starting point for investigation into the molecular 

biologyy of colon cancer. These anti-inflammatory agents exert many of their effects through 

thee inhibition of the enzymes COX-1 and 2 therefore research into their chemopreventative 

effectss has also focussed heavily on these enzymes, resulting in powerful evidence that 

NSAIDss prevent colon cancer by inhibiting COX. However there are several findings that 

suggestt that COX may not be the only answer. Sulindac Sulphone, with no appreciable COX 

inhibitingg activity nevertheless retains its antitumour activity137 and NSAIDs are equally 

activee in killing the COX deficient human colon cancer cell line HCT-15 as COX expressing 

colonn cancer cell lines;138 a fmding that is supported by recent experiments in COX-1 and 

COX-22 negative mouse fibroblasts.139 

Iff  all NSAIDs are active in colon cancer regardless of COX inhibiting activity, this 

suggestss that the effect is at least partly mediated through an alternative mechanism of action 

commonn to all NSAIDs. One obvious unifying feature of NSAIDs is that they are anti-

inflammatory.. Unrelated anti-inflammatory compounds such as Curcumin also show activity 

againstt colon cancer suggesting the importance of inflammation and of inflammatory 

moleculess and pathways, in colon cancer. 

Recentt advances in the understanding of the molecular basis of inflammation reveal a 

centrall  role for a relatively small number of intracellular pathways. These signal transduction 

pathwayss are well characterised and integrate the combined effects of large numbers of 

moleculess at the cell surface to produce changes in the expression of a large number of genes. 

Thee NF-KB, JNK, and p38 MAPK pathways are three important pathways involved with 

inflammationn and we hoped that further understanding of their role in colon cancer would be 

revealing.. These same molecules are also implicated in the regulation of apoptosis and 

proliferationn of colonic epithelial cells. 

Theree is also evidence linking NF-KB and p38 MAPK more directly to the actions of 

NSAIDs,, and linking JNK with colon cancer. Aspirin, Salicylic acid, Sulindac Sulphone and 

Curcuminn all inhibit NF-KB activation by inhibiting I Kappa B kinase.125 ,26 , 4° 115 The N F-

KBB pathway is also involved in the activation of transcription of COX-2. This has led many 

too list NF-KB as a COX-independent mechanism for the action of NSAIDs in colon cancer. 

Inhibitionn of p38 MAPK blocks the actions of Salicylates on colon cancer cells,127 141 and 

JNKK shows greatly enhanced activity in colon cancer in rats.130,29 
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Inn this study we set out to determine the site and degree of expression of the active 

formss of NF-KB, pJNK and p38 MAPK using immunohistochemistry in human sporadic 

colonicc adenomas. Immunohistochemistry has the clear advantage of demonstrating which of 

thee various cell types within the adenomas express these elements. Colonic adenomas were 

usedd because evidence has shown that these regress in patients treated with NSAIDs.32 

Sporadicc adenomas were chosen because they form the vast majority of colonic adenomas 

(>90%)) and the magnitude of the reduction in colon cancer deaths attributed to NSAIDs (up 

too 50%) suggests that these precursors of colon cancerr are likely to be NSAID sensitive. 

Wee have demonstrated active NF-KB in interstitial cells in human colonic adenomas. 

Morphologicall  analysis of the cells suggested that NF-KB localised to macrophages and this 

wass confirmed using double staining techniques to show that the cells co-express CD68 

antigen,, a macrophage marker. We show that these same macrophages are also the site of 

expressionn of COX-2 and TNF-alpha. NSAIDs inhibit either COX-2 only (Indomethacin126) 

orr NF-KB only (Sulindac Sulphone140) or both (Aspirin, Sulindac). These findings suggest 

thatt they could be acting on these distinct but related molecules in the same cells. We go on to 

showw that p38 MAPK is active in macrophages in the stroma of polyps. There is evidence that 

p388 MAPK is involved in the activation of NF-KB in thee cytoplasm142 so the finding of these 

twoo transcription factors both active in macrophages within polyps is not entirely unexpected. 

Thee importance of macrophages in the progression of colon cancer has been suggested 

byy other studies. COX-2 protein is expressed exclusively in intestinal macrophages in both 

normall  colon and adenomas of Multiple Intestinal Neoplasia (MIN) mice but is not expressed 

att all in wild-type littermates.132 In human polyps localisation of COX-2 expression is more 

controversial.. Initial reports showed COX-2 confined to neoplastic epithelial cells. However, 

twoo recent papers find that the highest expression is in stromal macrophages133134 although in 

advancedd cancers expression seems to be in a far wider variety of cell types. There have 

beenn suggestions in the literature that the stromal staining is non-specific cross-reactivity of 

thee polyclonal antibodies when used for immunohistochemistry.1 Our data confirm, using a 

different,, monoclonal COX-2 antibody, that superficial stromal macrophages are the site of 

highestt expression of COX-2. The finding that active NF-KB expression is highest in these 

samee macrophages adds strong supporting evidence that the COX-2 staining is not non-

specificc antibody cross-reactivity, while also adding evidence for the specificity of the active 

NF-KBB antibody. 
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Thee specificity of the antibodies used is obviously of paramount importance. We used 

TNF-alphaa staining as further evidence for the specificity of the NF-KB staining because 

activee NF-KB upregulates transcription of TNF-alpha and NF-KB is activated by TNF-alpha. 

Wee show that immunoreactivity of these two molecules is also seen in macrophages in 

colonicc polyps. The same anti active NF-KB antibody has been used to perform 

immunohistochemistryy in formalin fixed, paraffin embedded tissue in other studies including 

severall  that have shown activated NF-KB in macrophages.144 l45 We ourselves have 

previouslyy shown the specificity of this antibody under the same conditions by showing co 

localisationn of TNF-alpha, TRAF-2 and total NF-KB staining with the active NF-KB staining 

andd showing clear nuclear localisation of the active NF-KB.136 Phosphospecific antibodies are 

alsoo increasingly being used in immunohistochemistry in formalin fixed, paraffin embedded 

tissue,, especially pJNK and pp38 MAPK.146 147 Specificity is usually confirmed by showing 

resultss from immunoblot experiments. These have been performed extensively for the 

antibodiess we have used including confirmatory kinase assays.148149 

Higherr numbers of infiltrating macrophages are associated with more advanced stage 

inn colon cancer 15° and expression of the growth factor wnt that lies upstream of the APC/Beta 

Cateninn pathway, the major pathway that is mutated in colon cancer, has also been localised 

too macrophages within the cancer stroma.151 The authors of these studies suggest that 

macrophagess may have a paracrine effect possibly by suppressing die activity of other 

cytotoxicc immune cells, or by the direct effect of the cytokines they secrete on the epithelial 

cells. . 

Thee importance of infiltrating lymphocytes in colon cancer has long been appreciated 

sincee higher numbers of infiltrating lymphocytes are associated with a more favourable 

outcome.1522 153 This has led to extensive efforts towards immunotherapy for colon cancer. The 

findingfinding of high expression of pJNK in T-lymphocytes infiltrating the polyp stroma is 

interestingg because the kinase activity of JNK has been found to be dramatically increased in 

colonn carcinomas.130 JNK is one of the major kinases activating the transcription factor 

complexx AP-1 that plays an important role in neoplastic transformation.154 

Thee importance of stromal cells in general is also receiving more attention. The stroma 

iss felt to have reciprocal interactions with its overlying epithelial cells with each affecting the 

proliferationn and differentiation of the other.131 Our findings of activation of central elements 

inn pathways central to inflammation and carcinogenesis mainly confined to the stroma may 

addd further credence to this hypothesis. 

-57--





ChapterW ChapterW 

Aspirin n 

and d 

Indomethacin n 

actt directly 

onn the 

Wnt/p-catenin n 

pathway y 

Jamess Hardwick 

Gijss van den Brink 

Sanderr Diks 

Marijee van Santen 

Leonn Tertoolen 

Sanderr van Deventer 

Maikell  Peppelenbosch 

Submitted Submitted 



Chapterr IV 

Abstract t 

BackgroundBackground and aims: NSAIDs show chemopreventative efficacy in colon cancer but 

thee mechanism behind this remains unclear. Elucidating this mechanism is seen as vital to the 

developmentt of new chemopreventative agents. We studied the effects of Aspirin and 

Indomethacinn on the oncogenic Wnt/p-catenin pathway, investigating their effects on 

differentt elements within this pathway. 

Methods:Methods: We studied the effects of Aspirin and Indomethacin on P-catenin and 

glucosee synthetase kinase 3 beta (GSK3p) by immunoblotting using phospho-specific 

antibodies,, and assessments of ubiquitination and cytoplasmic levels of P-catenin. We 

assessedd Wnt/p-catenin pathway activity using the TOP-Flash reporter assay and cellular 

localizationn of P-catenin using GFP-tagged p-catenin and time-lapse fluorescent imaging. 

Results:Results: We show that Aspirin has direct effects on the phosphorylation of P-catenin 

butt not GSK3p. This in turn leads to enhanced ubiquitination and reduced cytoplasmic levels 

off  p-catenin. We confirm inhibition of the Wnt/p-catenin pathway by reporter assay and that 

thiss effect is dependent on the proteasome. 

Conclusions:Conclusions: These results support the theory that NSAIDs act on colon cancer 

throughh direct effects on the Wnt/p-catenin pathway, acting at or above the level of p-catenin 

too promote its phosphorylation and breakdown in a GSK3P independent fashion. 

-60--



NSAIDss act directly on the Wnt/p-catenin pathway 

Introductio n n 

Aspirinn and other non-steroidal anti-inflammatory drugs (NSAIDs) have been shown 

too reduce death rates due to colon cancer31 and to reduce the size of colonic adenomatous 

polyps.322 These findings suggest that chemoprevention of colon cancer may be a possible way 

off  reducing the impact of this increasingly common and frequently fatal disease. There 

remain,, however, serious problems with the widespread use of NSAIDs in those at risk for the 

developmentt of colon cancer. The incidence of side effects such as gastrointestinal 

haemorrhagee and renal damage preclude their use in this setting. The development of drugs 

withh similar efficacy in colon cancer with acceptable side effects is in process. Understanding 

thee mechanism of action of NSAIDs in colon cancer is an essential step in this process. 

Thee original and still the leading theory is that NSAIDs act through their ability to 

blockk cyclooxygenase (COX) enzymes. However, related compounds with no COX-

inhibitoryy activity retain their antitumour activity137 and cancer cells lacking COX-2 enzyme 

aree still sensitive to these compounds.138 Therefore COX-independent effects of NSAIDs in 

colonn cancer have been postulated (reviewed in38) such as their ability to block peroxisome 

proliferationn activator delta,155 inhibition125 or activation156 of nuclear factor kappa beta and 

effectss on the TGF-beta family member, macrophage inhibitory cytokine.157 A more direct 

explanationn of the effects of NSAIDs in colon cancer would be that they target elements 

withinn the most essential oncogenic pathway in colon cancer, die Wnt/p-catenin pathway. 

Ann activating mutation of the Wnt/p-catenin pathway is the first step in almost all 

colorectall  cancers. Here the essential feature is an increase in the levels of free cytoplasmic p-

cateninn (reviewed in158). In most cases Wnt/p-catenin pamway activation is brought about by 

aa mutation in the adenomatous polyposis coli (APC) gene (reviewed in13). This leads to a 

truncatedd APC protein that cannot perform its function as part of the P-catenin destruction 

complex.. This leads to reduced P-catenin degradation and abnormally high levels of 

cytoplasmicc P-catenin. This results in increased P-catenin translocation to the nucleus where it 

bindss wim members of the TCF/LEF family of transcription factors, and activates the 

transcriptionn of essential genes such as Cyclin D and Myc.159 In many of the remaining cases, 

mutationss in P-catenin itself at sites of Glycogen Synthetase Kinase-3P (GSK-3P) 

phosphorylation,, leads to its cytoplasmic accumulation and Wnt/p-catenin pathway 

activation.160 0 
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Wee set out to further investigate the effects of NSAIDs on the Wnt/p-catenin pathway 

inn colon cancer cells. A reduction in the constitutive activity of this pathway in colon cancer, 

forr example by reducing levels of signaling p-catenin, reverses this earliest and most essential 

oncogenicc signal and has been shown to be an effective anti-tumour strategy in vitro and in 

vivo:vivo:6161 m 

Evidencee has been building that there may be direct effects of NSAIDs on this 

pathway.1633 164 I65 This would concur with the epidemiological data that suggest NSAIDs act 

att a very early stage in colon cancer and must be given at this earliest point in the disease 

processs to be effective.166 Here we provide evidence that NSAIDs inhibit the Wnt/p-catenin 

pathwayy by stimulating the phosphorylation and breakdownn of P-catenin. 

Material ss and methods 

Anti-phosphoo p-catenin (Thr41, Ser45) and anti-phospho GSK-3P (Ser9, Ser21) were 

purchasedd from Cell Signaling (Beverley, MA). Anti p-catenin antibodies were from Upstate 

(Lakee Placid, NY) and Ubiquitin antibodies were from Santa Cruz Biotechnology (Santa 

Cruz,, CA). ALLN was from Sigma (St. Louis, MO). TOPFlash and FOPFlash were gifts from 

Dr.. Hans Clevers (Utrecht University, The Netherlands). GF-109203X was purchased from 

Calbiochemm (La Jolla, CA) and MG-132 was from Sigma. Aspirin and Indomethacin were 

fromm Sigma. Stock 1M Aspirin and 400mM Indomethacin solutions were prepared in DMSO 

andd stored at -20°C. 

Celll  culture 

SWW 480 and DLD-1 colon cancer cell lines were obtained from the ATCC, and 

culturedd in Dulbeccos Modified Eagles Medium (DMEM) (Gibco, Paisley, Scotland) with 

4.5g/LL Glucose and 1-Glutamine. This was supplemented with penicillin (50U/ml) and 

Streptomycinn (50jig/ml) and, where serum was used, with 10% foetal calf Serum (Gibco). 

Cellss were grown in monolayers in a humidified atmosphere containing 5% CC>2.We chose 

thesee cell lines because SW480 and DLD-1 cells have mutations in both alleles of the APC 

gene1677 and neither express COX-2 protein.168 163 
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Immunoblottin g g 

Cellss at from 60 to 80% confluence from 6 well plates (Nalge Nunc, Denmark) were 

washedd in ice cold PBS and scraped into 150ut of 2x sample buffer (125 mM Tris/HCl, pH 

6,8;; 4% SDS; 2% (3-mercapto ethanol; 20% glycerol, lmg bromphenol blue). Protein 

concentrationn was measured using the RC DC protein assay kit (Biorad, CA) according to the 

manufacturerss instructions. Samples were loaded onto SDS-PAGE and blotted onto PVDF 

membranee (Millipore). Equal loading was confirmed by Coomassie brilliant blue staining. 

Thee blots were blocked with 5% low fat milk powder in TBST (Tris Buffered Saline with 1% 

Triton)) for one hour at room temperature and washed 3x 10 mins in TBST before overnight 

incubationn at 4°C with primary antibody in primary antibody buffer (TBST with 5% Bovine 

Serumm Albumin for phospho-specific antibodies and 5% milk for all other antibodies). Blots 

weree then washed 3x 10 mins in TBST and incubated for 1 hour at room temperature in 

1/20000 Horse Radish Peroxidase (HRP) conjugated secondary antibody in block buffer. After 

aa final 3x 10 minute wash in wash buffer, blots were incubated for 5 minutes in Lumilite plus 

(Boehringer-Mannheim,, Mannheim, Germany) and then chemiluminescence detected using a 

Lumi-Imagerr (Boehringer-Mannheim). Blots were stripped as necessary with strip buffer 

(62.55 mM Tris-HCl (pH 6.8), 2% SDS, and 100 mM p-mercapto ethanol). 

Immunoprecipitatio n n 

Cellss monolayers were washed in ice cold PBS and then scraped into ice-cold lysis 

bufferr (150mM NaCl, 0.5% Triton, 5mM EDTA, 0.1% SDS, 0.5% Sodiumdeoxycholate, 

ImMM Pefabloc (Boehringer-Mannheim)) and incubated at 4"C for 15 minutes. Cell lysates 

weree then centrifuged for 15 minutes at 15000g and the supernatant was incubated overnight 

att 4°C with anti beta catenin antibodies (1:500). This was followed by incubation for one hour 

withh protein-A sepharose beads. After centrifugation for 15 minutes at 15000g at 4°C the 

beadss were washed 5 times in ice cold PBS before the addition of an equal volume of 2x 

samplee buffer. Samples were then further prepared as for immunoblotting. 
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Cytoplasmicc extraction 

Thesee were performed essentially as described previously.169 Briefly, treated cells 

fromm 6 well plates were washed with ice cold PBS and scraped into 200ul ice-cold hypotonic 

lysiss buffer (lOmM Tris pH 7.4, 0.2 mM MgC12 and 1 mM Pefabloc). The lysate was passed 

tenn times through a 27G gauge needle and then centrifuged for one hour at 100,000 g. The 

supernatant,, designated S100, was removed and added to an equal volume of sample buffer 

andd then further prepared as for immunoblotting. The pellet, PI00, was diluted in sample 

bufferr to the same dilution as the SI00 fraction for immunoblot analysis. 

TOP-Flashh assay 

SW4800 cells were seeded in 24-well plates at 1 x 105 cells/well. The following day 

cellss were transiently transfected with 0.4 ng of the TCF reporter, pTOPFLASH (optimal 

motif),, or pFOPFLASH ('Far from OPtimal' motif),170 and 0.008 ug of pCMV-Renilla 

luciferasee (Promega) per well, using LipofectAMINE-Plus reagent according to the 

manufacturerss instructions (Life Technologies, Inc.) for 5 h. Cells were then incubated for 48 

hourss in DMEM with 10% serum and no antibiotics containing various concentrations of 

NSAIDs.. Samples were further prepared using the dual luciferase reporter kit (Roche) 

accordingg to the manufacturers instructions and luciferase levels measured using a dual 

injectorr luminometer. 

Real-timee imaging of GFP-tagged (3-catenin 

SW4800 cells were seeded out overnight onto glass coverslips. The following day cells 

weree transiently transfected with GFP-tagged P-catenin using LipofectAMINE-Plus reagent 

accordingg to the manufacturers instructions and then grown overnight in DMEM with 10% 

serum.. The following day single GFP-expressing cells were centred under a fluorescent 

microscopee in a chamber containing medium at 37°C. The medium was changed for medium 

withh lOmM Aspirin 37°C after one minute, and the cells were followed for a further 3000 

secondss with one image taken every 60 seconds. 
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Results s 

Aspiri nn inhibit s P-catenin/TCF transactivation. 

Thee Wnt/p-catenin pathway acts to control the transcription of genes through the 

bindingg of a complex of (3-catenin and TCF/LEF to a specific promoter. The activity of this 

finalfinal step in the Wnt/p-catenin pathway can be measured using a luciferase reporter 

construct.1700 SW480 cells were transiently transfected with the pTOPFLASH or pFOPFLASH 

(containingg a 'far from optimal' TCF binding site) construct together with a pCMV-Renilla 

luciferasee construct to act as an internal control for transfection efficiency and potential 

toxicityy of treatments. Figure la shows that Aspirin down-regulates the constitutively active 

P-catenin-TCFF signaling found in SW480 cells in a dose-dependent manner. The specificity 

off  the Aspirin effect on TCF reporters was confirmed by the fact that pFOPFLASH was not 

influencedd by Aspirin. Similar results were obtained in a second colon cancer cell line, DLD-

1,, and using a second NSAID, Indomethacin (Figure lb). 

F F 
C=1F0P P 

nn  BJH 
" "" DMSO 0.05 0.5 5 

Aspiri nn mM 

Figuree la TCF reporter assay in SW480 cells treated with various concentrations of Aspirin. Cells 
weree transiently co-transfected with either pTOPFLASH or pFOPFLASH luciferase reporter 
constructss as well as pCMV-Renilla luciferase construct to serve as an internal control for transfection 
efficiencyy and potential toxicity of treatments. Cells were then treated with Aspirin for 48 hours, lysed 
andd analysed using the dual luciferase assay system (Roche). Each treatment was performed in 
triplicatee and experiments were repeated at least three times. Results are presented as light units 
normalisedd to the internal control. 
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Figuree lb TCF reporter assay in SW480 cells treated with Indomethacin and DLD-1 cells treated 
withh Aspirin. Cells were transiently transfected with TCF reporters and pCMV-luciferase and treated 
ass indicated. 48 hours after transfection TCF reporter activity was monitored using the dual luciferase 
systemm (Roche). Only pTOPFLASH data is shown (pFOPFLASH remained unaffected). Control 
valuess have been set at 100. 

Aspiri nn leads to increased Serine/Threonine phosphorylation of P-catenin by a GSK3(3 

independentt  mechanism. 

Havingg shown that Wnt/p-catenin pathway activity is downregulated by Aspirin, we 

lookedd further at which elements within this pathway are affected. A central element within 

thiss pathway is P-catenin. It is the excess of cytoplasmic p-catenin that leads to the over 

activityy of the Wnt/p-catenin pathway seen in colon cancer.14 Control of the size of this pool 

iss regulated by the Serine/Threonine phosphorylation of P-catenin. This phosphorylation then 

targetss P-catenin for ubiquitination and degradation by the 26S proteasome. In most cells this 

phosphorylationn is brought about by GSK3p. However GSK3p can only phosphorylate p-

cateninn in the context of a complex with full-length APC protein. In most cases of colon 

cancerr and in SW480 cells a mutant, truncated APC protein is formed. GSK3P is unable to 

complexx with this mutant APC and is thus unable to phosphorylate P-catenin. We assessed the 

effectt of Aspirin on p-catenin (Thr41, Ser45) phosphorylation and as seen in figure 2 show a 

dosee and time related increase in P-catenin phosphorylation with Aspirin. 
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Figuree 2 Immunoblot for SW480 cells treated with Aspirin for various times and at various 
concentrationss using antibodies raised against (A and D) phospho P-catenin (Thr4l, Ser45), (B) 
phosphoo GSK-3P (Ser9, Ser21), and (C) P-catenin. A,B and C were performed on the same blot which 
wass stripped between successive antibodies. Cells at 60-80% confluence were treated with (blot A) 
DMSOO (0.5%), various concentrations of Aspirin and the phosphatase inhibitor Calyculin A (50nM) 
ass a positive control (+) for the phospho p-catenin antibody, all for one hour. In D, cells at 60-80% 
confluencee were treated with Aspirin 5mM for various times shown in minutes. The positive control 
(+)) was Calyculin A (50nM) for 60 minutes. 

Thee activity of GSK3f3 is controlled by its phosphorylation. We therefore assessed the 

activityy of this kinase using phophospecific antibodies in SW480 cells treated with Aspirin. 

Noo alteration in the phosphorylation levels of GSK3P was observed with Aspirin (figure 2, 

blott C), suggesting that the increase in phospho-P-catenin observed is GSK3P independent. 

Thesee experiments were repeated with similar results in the DLD-l colon cancer cell line 

suggestingg the effect is not cell type specific (not shown). 

Aspiri nn leads to a reduction in cytoplasmic P-catenin levels. 

Phosphorylationn of p-catenin classically leads to its ubiquitination and breakdown. We 

initiall yy tried to confirm this by blotting for total P-catenin in whole cell lysates of SW480 

cellss treated with Aspirin. As shown in figure 2, total P-catenin levels remained unchanged 

whilee there was a convincing increase in P-catenin phosphorylation seen on the same blots. 

P-cateninn exists in two main cellular pools, a structural pool important for the 

cytoskeletonn and a free cytoplasmic pool. It is only this latter pool that plays a part in the 
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Wnt/p-cateninn pathway. We therefore analysed the effect of Aspirin on the cytoplasmic pool 

off  P-catenin (S100 cellular fraction), according to the method of Orford et al.,1 and as shown 

inn figure 3, the cytoplasmic pool decreases in a dose dependent manner upon the addition of 

Aspirin.. This effect is also seen with Indomethacin and in the DLD-1 cell line (not shown). 

[Aspirin ]]  (mil ) 

P1000 fractio n S1000 fractio n 

rr JLmJLm \\ r ^ S 

ii  - c a t e n i n 

ii  - a c t i n 
00 0.05 0.5 5 0 0.05 0.5 5 

[Aspirin ]]  (mM) 

Figuree 3 Immunoblot analysis of cytoplasmic extracts (SI00) and the non-cytoplasmic fraction 
(PI00)) of SW480 cells treated with Aspirin using anti P-catenin or anti P-actin antibodies. The graph 
showss the relative amounts of p-catenin corrected for P-actin loading controls. The cytoplasmic pool 
off  P-catenin is only one quarter of the size of the non-cytoplasmic pool demonstrating why P-catenin 
analysiss in whole cell lysates may not adequately reflect changes in the cytoplasmic pool. 

Too further confirm that this effect is independent of GSK3P, we preincubated cells 

withh the GSK3P inhibitor LiCl and then treated them with Aspirin at various concentrations 

andd observed, in figure 4, the same reduction in the cytoplasmic pool of P-catenin. 

LiC ll  (20mM) -

Aspiri nn (mM) 0 0.05 0.5 5 
. ..

: : 

++ + + + 

00 0.05 0.5 5 

Figuree 4 Immunoblot of cytoplasmic extracts from SW480 cells treated with Aspirin or Aspirin and 
Lithiumm Chloride using anti-P-catenin antibodies. Cells at 80% confluence were treated for 90 minutes 
withh various concentrations of Aspirin or Aspirin and Lithium Chloride (lOmM) as indicated. 
Cytoplasmicc extracts were made as described and equal amounts of total protein were immunoblotted 
forr P-catenin. 
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Aspiri nn leads to an increase in ubiquitinated (3-catenin. 

P-cateninn is marked for degradation by the 26S proteasome by the covalent addition of 

ubiquitin.. This task is performed by the SCF ubiquitin ligase complex, which contains a 

component,, (3-TrCP, that binds specifically to phosphorylated p-catenin. To confirm that the 

reductionss in cytoplasmic P-catenin levels are indeed brought about by this mechanism we 

assessedd the effect of Aspirin treatment on the appearance of higher molecular weight 

ubiquitinatedd P-catenin protein. We immunoprecipitated P-catenin from SW480 cells and then 

probedd the blotted immunoprecipitate with anti-ubiquitin antibodies according to the method 

off  Kitagawa et al.171 Figure 5 shows the appearance of an ubiquitin immunoreactive ladder 

extendingg upwards from the 97 Kd height of non-ubiquitinated P-catenin, induced by the 

additionn of Aspirin. 

-- + 

 Pol y Ub p-cateni n 

97kdd —  I J mm  P-cateni n 

§§ mm  IgG heav y chai n 

Figuree 5 Cell lysates of SW480 cells with or without Aspirin treatment were immunoprecipitated 
withh anti-P-catenin antibodies and then immunoblotted using anti-ubiquitin antibodies. The blot was 
thenn stripped and reprobed using anti-P-catenin antibodies to show that equal amounts of protein 
hadd been immunoprecipitated. 

Thee proteasome inhibito r  MG132 blocks Aspirin mediated inhibitio n of P-catenin/TCF 

transactivation. . 

Iff  Aspirin reduces p-catenin levels by promoting its proteasomal degredation, 

disruptionn of proteasome activity would be expected to abolish the Aspirin effect. In figure 6 

wee show that addition of the proteasome inhibitor MG132 activates P-catenin/TCF 

transactivationn above the high constitutive levels already found in colon cancer cells, and 

abolishess the effect seen with the addition of Aspirin. 
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Figuree 6 TCF reporter assay in SW480 cells treated with Aspirin alone or Aspirin and the 
proteasomee inhibitor MG132 (10 microM). Cells were transiently transfected with TCF reporters and 
pCMV-luciferasee and treated as indicated. 48 hours after transfection TCF reporter activity was 
monitoredd using the dual luciferase system (Roche). Only pTOPFLASH data is shown (pFOPFLASH 
remainedd unaffected). 

AA bisindoylmaleimide protein kinase C inhibito r  fails to block the actions of Aspiri n 

Severall  authors have demonstrated the importance of Protein Kinase C in controlling 

cytoplasmicc (3-catenin stability. We investigated whether the effect we see with Aspirin is 

mediatedd via PKC by assessing the effect of a bisindoylmaleimide PKC inhibitor on the TOP-

FLASHH assay. PKC inhibition fails to block the effect of Aspirin on the TOP-FLASH reporter 

assayy (figure 7) suggesting that the Aspirin effect on the Wnt/p-catenin pathway is PKC 
independent. . 

DMSOO 5 5+BIM 

Figuree 7 TCF reporter assay in SW480 cells treated with Aspirin alone or Aspirin and the 
bisindoylmaleimidee PKC inhibitor GF-109203x (2.5 microM). Cells were transiently transfected with 
TCFF reporters and pCMV-luciferase and treated as indicated. 48 hours after transfection TCF reporter 
activityy was monitored using the dual luciferase system (Roche). Only pTOPFLASH data is shown 
(pFOPFLASHH remained unaffected). 
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Cytoplasm m 

Nucleus s 

Aspiri nn leads to a visible reduction in cytoplasmic GFP-tagged P-catenin. 

Too further examine the effect of NSAIDs on p-catenin we used GFP-tagged p-catenin and 

visualizedd the effect of Aspirin in real time using a fluorescent microscope and time-lapse 

imagingg in a single living colon cancer cell. Addition of Aspirin led to a 40% reduction in 

cytoplasmicc P-catenin levels as seen in figure 8. This can be seen visually in figure 9. No 

changee was seen in control experiments with the addition of vehicle over the same time 

period. . 
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Figuree 8 Analysis of the mean fluorescence of the cytoplasm and nucleus of a single SW480 cell 
transientlyy transfected with GFP-tagged p-catenin followed over time after treatment with Aspirin 
(lOmM)) at time=0. Cells were grown to 80% confluence on glass coverslips and then transiently 
transfectedd with GFP-tagged P-catenin. The following day single GFP-expressing cells were 
centredd under a fluorescent microscope and a series of images taken automatically using time-lapse 
fluorescentfluorescent imaging. The mean fluorescence of a selected area within the nucleus or cytoplasm was 
analysedd using image analysis software for the series of images. 

Figuree 9 Fluorescent imaging of a single SW480 cell transiently transfected with GFP-tagged p-
catenin.. A shows the cell at time=0 and B the same cell at time=3000 seconds after treatment with 
Aspirinn (lOmM). Cells were transiently transfected with GFP-tagged P-catenin and further cultured 
overnight.. The following day single GFP-expressing cells were centred under a fluorescent 
microscopee and a series of images taken automatically using time-lapse fluorescent imaging. 
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Discussion n 

Investigationn into the mechanism of action of NSAIDs in colon cancer has gradually 

becomee a field in its own right. Understanding of the mechanisms involved is seen as the key 

too developing new more effective preventative treatments with fewer side effects. Most of the 

investigationn has focused on COX enzymes 1 and 2 with the accumulation of genetic and 

pharmacologicallyy derived data to support the importance of COX-2 in the progression of 

colonn cancer.37172 However, it has recently become clear that NSAIDs have a wide range of 

targetss other than COX38 and this coupled with evidence mitigating against an essential role 

forr COX-2, has led several investigators to propose COX-independent mechanisms for the 

actionn of NSAIDs in colon cancer. 

Wee set out to investigate whether NSAIDs have direct effects on the Wnt/p-catenin 

pathwayy and elements within it. Constitutive activation of this pathway is found in almost all 

colonn cancers. Mutations leading to truncation of the APC protein or in p-catenin itself lead to 

disruptionn of normal p-catenin breakdown, increased free cytoplasmic P-catenin, which 

translocatess to the nucleus to bind with TCF and switch on Wnt/p-catenin target gene 

expression.. The level of free cytoplasmic p-catenin is controlled largely by its ubiquitination 

andd breakdown by the proteasome.169 This is in itself controlled by the phosphorylation of P-

cateninn at one or more conserved serine and threonine residues in the amino-terminal region 

off  P-catenin.173 The phosphorylation of P-catenin occurs in a complex formed principally by 

APC,, GSK-3p, axin and P-catenin.174 Only in the context of this complex can GSK3P 

phosphorylatee P-catenin. The kinase activity of GSK3P is itself regulated by 

phosphorylation.1755 Phosphorylation at Ser 9 or Ser21 leads to inactivation of GSK3P and 

thereforee reduced phosphorylation and breakdown of P-catenin. 

Wee first used a TCF reporter assay to assess the effects of NSAIDs on the activity of 

thee pathway as a whole. We narrowed down the possible site of action of NSAIDs within this 

pathwayy by showing that a proteasome inhibitor inhibits the action of NSAIDs on the reporter 

assay.. Since cytoplasmic P-catenin levels are controlled by the proteasome this suggests that 

NSAIDss act at or above the level of p-catenin. 

Wee then used immunoblotting using phospho-specific antibodies to detect changes in 

thee level of phosphorylated p-catenin and GSK3p. We found a time and concentration 

dependantt increase in p-catenin phosphorylation. Importantly, this effect was seen at 

micromolarr concentrations of Aspirin. Proponents of the COX-2 theory have voiced doubts 
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overr the relevance of COX-independent actions of NSAIDs which require high doses 

(millimolar)) that they feel are not achievable in vivo.11617? However, human subjects given a 

shortt analgesic dose (600mg qid) attain millimolar (0.05-1.13mM) concentrations of 

Salicylatee and up to lOmM Aspirin has been used by these investigators in cell culture. 

Inn the intact Wnt/p-catenin pathway p-catenin phosphorylation is brought about by 

GSK-3p\\ a kinase inactivated by phosphorylation. We looked for changes in the 

phosphorylationn status of GSK-3P at Serine 9 and 21, but it remained unchanged suggesting 

thatt p-catenin phosphorylation in this system is GSK-3P independent. This is not surprising in 

colonn cancer cell lines with mutant APC, as used in this study, as GSK-3p requires the 

presencee of wild-type APC and Axin in order to phosphorylate p-catenin.178 Thus 

phosphorylationn of p-catenin seen in APC mutant cells is likely to be GSK-3P independent. 

Wee then assessed levels of total p-catenin to confirm that the observed 

phosphorylationn leads to p-catenin breakdown. We initially performed this in whole cell 

lysatess where we saw no change in total p-catenin levels. P-catenin exists in two pools within 

thee cell; one close to the cell membrane where it serves a structural function linking elements 

off  the cytoskeleton to the cell membrane, and another free in the cytoplasm where it serves as 

aa signal transduction element in the Wnt/p-catenin pathway.179 Analysis of total P-catenin will 

combinee all p-catenin from both locations and thus major changes in intracytoplasmic levels 

off  p-catenin may be masked. We therefore assessed the effect of NSAIDs on the cytoplasmic 

fractionn of p-catenin and found a time and concentration dependent reduction. We confirmed 

thatt the effects that we see are independent of GSK-3p by the addition of Lithium Chloride, 

ann inhibitor of GSK-3P, which failed to block the Aspirin-mediated reduction in cytoplasmic 

P-cateninn levels. 

Finallyy we confirmed the appearance of poly-ubiquitinated P-catenin in cells treated 

withh NSAIDs. Cytoplasmic p-catenin levels are regulated by its breakdown by the 26s 

proteasome.1800 This is preceded by polyubiquitination by the SCF (Skpl/cullin/F-box) protein 

complex.181 1 

Thee exact mechanism of NSAID-induced p-catenin phosphorylation remains to be 

elucidated.. In cell lines containing wild type APC, protein kinase C has been shown to be 

essentiall  for the regulation of cytoplasmic p-catenin levels.169 ,82 However, blocking PKC 

withh the Bisindoylmaleimide inhibitor GF-109203X failed to block NSAID mediated 

reductionn of TCF reporter activity, or reductions in cytoplasmic p-catenin. This may be 
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becausee the action of PKC is on APC-dependant elements such as GSK-3p, elements that 

playy no role in Wnt/p-catenin pathway activity in APC mutant cells. Another possibility is 

thatt NSAIDs promote p-catenin phosphorylation through the inhibition of protein 

phosphatasess such as PPA2. There is evidence that these play a critical role in p-catenin 

phosphorylationn and breakdown. 

Inn summary, we provide new evidence that NSAIDs directly inhibit the Wnt/p-catenin 

pathwayy by promoting the breakdown of cytoplasmic p-catenin through increasing P-catenin 

phosphorylation.. This may provide an explanation for the action of NSAIDs in colon cancer. 
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Abstract t 

BackgroundBackground and aims: Aspirin and other NSAIDs show efficacy in the prevention of 

colonn cancer. The mechanism by which they do this is unclear. 

Methods:Methods: We used a commercially available DNA microarray to study changes in 

genee expression in 1176 cancer related genes in the HT29 colon cancer cell line induced by 

Aspirin. . 

Results:Results: Overall we find more genes that are significantly induced than are repressed. 

Thee pattern of gene expression changes is different at high concentrations of Aspirin (5 mM) 

thann at lower levels (500 and 50 uM). Genes involved in DNA damage signaling, nucleotide 

metabolism,, and the stress response are induced, and cell cycle related genes repressed. The 

smalll  GTPase Racl is highly induced and this was confirmed by immunoblotting. We show 

usingg immunohistochemistry that Racl is expressed in mature colonocytes at the intercrypt 

tablee in human and mouse colon tissue. 

Conclusions:Conclusions: These results support the previous findings that Aspirin has different 

actionss at high concentrations than at low concentrations and further show the use of DNA 

arrayy technology in the investigation of drug mechanisms of action. Furthermore they point 

towardss a role for Racl in the action of Aspirin in colon cancer. 
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Introductio n n 

Nonsteroidall  anti-inflammatory drugs (NSAIDs) are effective in preventing colon 

cancer.311 Currently available compounds, however, have side-effect profiles that make them 

unsuitablee for widespread use in the prevention of this commonly fatal disease. 

Understandingg the mechanisms of action of NSAIDs in preventing colon cancer is central to 

thee development of safer and more effective treatments for the chemoprevention of colon 

cancer.. Despite much research effort there is still much controversy over the mechanisms 

involvedd in the chemopreventative actions of NSAIDs.176 Most research has focused on the 

firstt described molecular target of NSAIDs, Prostaglandin Synthetase or Cyclooxygenase 

(COX).. Two COX isoforms have been described. COX-1 is constitutively expressed in almost 

alll  tissues and may perform housekeeping functions. COX-2 is an immediate early gene, 

undergoingg rapid transcriptional upregulation in response to tissue injury. COX-2 is induced 

inn colon cancer and may contribute to tumour growth by producing prostaglandins that inhibit 

apoptosis1855 and induce the formation of new blood vessels.186 Inhibiting COX-2 

pharmacologicallyy with COX-2 specific or non-specific COX inhibiting compounds reduces 

colonn cancer growth both in animal models187 and in an inherited form of colon cancer, 

Familiall  Adenomatous Polyposis.37 Knocking out COX-2 genetically in mice also lowers 

theirr susceptibility to colon cancer.36 

However,, there is increasing evidence that COX-independent actions of NSAIDs are 

importantt both for their anti-inflammatory and their chemopreventative actions. NSAID-

relatedd compounds with no COX-inhibitory activity retain their antitumour activity137 and 

cancerr cells lacking COX-2 enzyme are still sensitive to these compounds.138 At the same 

timee new molecular targets for NSAIDs continue to be identified. Among these the inhibition 

off  NF-KB1 and PPAR5155 provide alternative explanations for the tumour suppressive 

actionss of NSAIDs. Many other possible COX-independent targets of NSAIDs in colon 

cancerr have been suggested (reviewed in38). One of the criticisms of the COX-independent 

theoriess is that they require far higher drug concentrations than those needed to inhibit COX, 

concentrationss that may not be achieved in vivo?76 

AA relatively new method of drug target validation and the identification of alternative 

drugg targets is use of DNA microarrays.188 Here we used a commercially available array to 

studyy the effects of Aspirin on a large panel of cancer related genes. We hoped to find genes 

orr groups of genes that were significantly up or down regulated by the treatment of colon 

cancerr cell lines with Aspirin, and thus to determine targets of Aspirin relevant to neoplasia in 
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colonn cancer cells. We also addressed the question of drag concentration by performing 

parallell  arrays where different concentrations of drug were used. Genes were classified 

accordingg to function to look for patterns in the changes in gene expression induced by 

Aspirin. . 

Methods s 

Celll  culture 

Thee HT 29 colon cancer cell line was obtained from the ATCC, and cultured in 

Dulbeccoss Modified Eagles Medium (DMEM) (Gibco, Paisley, Scotland) with 4.5g/L 

Glucosee and 1-Glutamine. This was supplemented with penicillin (50U/ml) and Streptomycin 

(50ug/ml)) and, where serum was used, with 10% foetal calf serum (Gibco). Cells were grown 

inn monolayers in a humidified atmosphere containing 5% CO2. 

DNAA array 

Confluentt HT29 cells were treated by adding Aspirin or vehicle (DMSO) for 24 hours. 

Cellss were then washed in ice cold PBS x 3. Total RNA was extracted using the ATLAS Pure 

Totall  RNA labelling system (Clontech, Palo Alto, CA) according to the manufacturers 

instructions.. Briefly, cells were lysed and total RNA extracted with three rounds of 

phenol:chloroformm extraction. The resulting RNA was then treated with Dnase and analysed 

onn a denaturing agarose gel. Poly A+ Enrichment was performed using biotinylated oligo(dT) 

andd avidin coated magnetic beads with a magnetic particle separator. Probes were made using 

thee Atlas Human Cancer 1.2 array kit (Clontech) according to the manufacturers instructions. 

cDNAA probes were transcribed using a mix of primers specific for each of the genes on the 

arrayy and labelled with [ct-32P]dATP. Probes were purified by removing unincorporated 32P-

labelledd nucleotides and small cDNA fragments using an extraction column. Nylon cDNA 

expressionn array membranes were prehybidized with sheared salmon tested DNA and then 

hybridisedd with the probes overnight. Membranes were then sealed in plastic wrap and 

exposedd for 7 days to a phosphoimaging screen and then developed in a phosphoimager and 

analysedd using DNA array analysis software. A complete list of the genes and gene categories 

cann be found at http://atlasinfo.clontech.eom/genelists/huCal.2.xls. 
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Signalss were normalised between arrays using a correction factor calculated from the 

averagee expression of nine housekeeping genes. Spots were disregarded if neither treatment 

norr control levels were two times the average background level. Gene expression was 

consideredd significantly altered if the change was more than twice the standard deviation of 

thee signal of the housekeeping genes. 

Immunoblottin g g 

Treatedd cells were washed in ice cold PBS and scraped into 250ul of lysis buffer (Cell 

Signalling)) with the addition of ImM Pefabloc (Sigma). The lysates were sonicated and then 

centrifugedd at 20g for 10 minutes at 4°C and protein concentration measured with the BCA 

proteinn assay kit (Pierce chemical co., Rockford, IL). Sample buffer (125 mM Tris/HCl, pH 

6,8;; 4% SDS; 2% p-mercapto ethanol; 20% glycerol, lmg bromphenol blue) was added so as to 

equalisee protein concentrations. 75|ig of protein per lane was loaded onto SDS-PAGE and 

blottedd onto PVDF membrane (Millipore). The blots were blocked with 2% low fat milk 

powderr in TBST (Tris Buffered Saline with 1% Triton) for one hour at room temperature and 

washedd 3x 10 mins in TBST before overnight incubation at 4°C with primary antibody in 

TBSTT with 2% milk. Blots were then washed 3x 10 mins in TBST and incubated for 1 hour at 

roomm temperature in 1/2000 Horse Radish Peroxidase (HRP) conjugated secondary antibody 

inn block buffer. After a final 3x 10 mins wash in TBST, blots were incubated for 5 minutes in 

Lumilitee plus (Boehringer-Mannheim, Mannheim, Germany) and then chemiluminescence 

detectedd and quantified using a Lumi-Imager (Boehringer-Mannheim). 

Immunohistochemistry y 

44 |im sections were prepared from the formalin fixed, paraffin embedded tissue and 

mountedd on slides coated with polylysin. Sections were dewaxed and rehydrated in graded 

alcohols.. Endogenous peroxidase activity was quenched with 1.5% H2O2 in Phosphate 

Bufferedd Saline (PBS) for 30 mins and then washed in PBS. Antigen retrieval was performed 

byy boiling slides for 10 minutes in 0.01M Sodium Citrate Ph 6.0. Non-specific binding sites 

weree blocked with TENG-T (lOmM Tris, 5 mM EDTA, 0.15 M NaCl, 0.25% gelatin, 0.05% 

(v/v)) Tween 20, pH 8.0) for 30mins, and then washed ( 3 x5 mins in PBS). Slides were 

incubatedd with the primary antibodies overnight at 4°C in PBS with 0.1% Triton and 1% 
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bovinee serum albumin. After washing (3x10 mins in PBS), slides were then incubated with 

biotinylatedd secondary antibodies at room temperature for one hour in PBS with 10% Human 

serum.. Slides were washed ( 3 x 5 mins in PBS), incubated with streptavidin-biotin-

horseradishh peroxidase (Dako, Glostrup, Denmark) for 1 hour, washed again ( 3 x5 mins in 

PBS),, and peroxidase activity was detected with 'Fast DAB' (Sigma, St. Louis, MO). Finally, 

sectionss were counterstained with Mayer's haematoxylin, dehydrated and mounted in 

'Entellan'' (Merk, Darmstadt, Germany) under cover slips. 

Antibodies s 

Racll  mouse monoclonal antibody IgG2b clone 23A8 was from Upstate (Lake Placid, 

NY)) and was used for both immunoblotting and immunohistochemistry. Racl mouse 

monoclonall  antibody IgG2b clone 102 was from Transduction Laboratories (Lexington, KY) 

andd was used to confirm immunohistochemistry results (not shown). Cipl/WAFl mouse 

monoclonall  antibody IgG2a clone 70 was from Transduction Laboratories. HRP conjugated 

rabbitt anti-mouse antibodies were from Cell Signalling (Beverly, MA), and biotinylated 

rabbitrabbit anti-mouse antibodies were from Dako. 

Results s 

Mor ee genes are induced by Aspirin treatment than repressed 

Off  the 1176 genes whose expression was analysed, 249 were significantly upregulated 

andd 51 significantly downregulated. The ten most upregulated and ten most down regulated 

geness are shown in tables I and II. 

GenBankk Ace. 
AF019770 0 
L07633 3 
M80563 3 
M29870 0 
Y00711 1 
S74678 8 
M35663 3 
U83117 7 
D38551 1 
M60854 4 

No.. Gene Name 
prostatee differentiation factor 
proteasomee activator subunit 1 (PA28 alpha) 
S1000 calcium-binding protein A4 
rhoo family, small GTP binding protein Racl 
lactatee dehydrogenase B 
heterogeneouss nuclear ribonucleoprotein K 
Humann protein kinase inhibitor p58 
ubiquitin-likee 1 (sentrin) 
RAD211 (S. pombe) homolog 
ribosomalribosomal protein S16 

Meann fold induction 
2.26 6 
2.26 6 
2.25 5 
2.23 3 
2.08 8 
2.08 8 
1.90 0 
1.87 7 
1.82 2 
1.81 1 

Tablee I A list of the ten genes most highly induced by Aspirin treatment, together with their 
GeneBankk Accession numbers and the mean fold induction. 
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Genn Bank Ace. No 
X53587 7 
X92106 6 
M92287 7 
S85655 5 
M35543 3 
U65410 0 
X51521 1 
U58048 8 
X56681 1 
M93056 6 

Genee Name 
integrinn beta 4 
bleomycinn hydrolase 
cyclinn D3 
prohibitin n 
GTP-bindingg protein 
mitoticc feedback control protein MADP2 homolog 
villinn 2 (ezrin) 
procollagenn (type III) N-endopeptidase 
junn D proto-oncogene 
Humann mononcyte/neutrophil elastase inhibitor 

Meann fold repression 
1.50 0 
1.40 0 
1.39 9 
1.35 5 
1.34 4 
1.34 4 
1.30 0 
1.30 0 
1.28 8 
1.26 6 

Tablee II  A list of the ten genes most highly repressed by Aspirin treatment, together with their 
GeneBankk Accession numbers and the mean fold repression. 

Highh doses of Aspirin lead to a very different pattern of alteration in gene expression 

thann low doses 

Too look at the effect of Aspirin dosage on gene expression we compared the results 

obtainedd with each other as well as with the DMSO control to obtain a correlation coefficient 

forr the various comparisons. As might be expected, high dose (5mM) leads to bigger 

differencess in gene expression than the low dose (0.05mM), compared to control. However, 

whilee increasing the Aspirin dose by a factor of 10 from 0.05 to 0.5mM leads to very littl e 

differencee in gene expression, a further factor of 10 increase, from 0.5 to 5mM, results in a 

veryy different gene expression pattern. This is interesting as it agrees with data regarding the 

minimumm effective dose required to influence many of the new non-COX targets of NSAIDs. 

Thesee all require Aspirin doses in the 1-1 OmM range.38 Aspirin mediated effects such as 

inductionn of apoptosis189 19° and inhibition of angiogenesis191 m also need doses in this 

millimolarr range, doses that are at least 100 fold higher than those needed to inhibit 

prostaglandinn synthesis.193 Our results confirm that Aspirin has different actions in the 

millimolarr range than at doses below this. 
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dmsoo vs 0.05 dmso vs 5 0.5 vs 0.05 5 vs 0.5 

Aspiri nn doses (mM) 

Figuree 1 The list of values obtained for gene expression under the various treatments were compared 
too give a correlation coefficient between -1 and 1, representing the degree to which gene expression 
betweenn two treatments is linearly related. As expected, gene expression obtained with the lowest dose 
Aspirinn treatment (0.05mM) is more similar to gene expression in the dmso control than with a higher 
dose.. Surprisingly, while there was a very similar gene expression pattern between 0.05mM and 
0.5mMM Aspirin treatments, the gene expression pattern obtained with 5mM Aspirin was very different 
too that of 0.5 mM Aspirin treatment. 

Aspiri nn induces genes involved with DNA damage, nucleotide metabolism and stress 

response e 

Too analyse whether there was a pattern to the upregulated genes we analysed them by 

functionall  category to see if any categories were significantly over represented. As shown in 

tablee III genes involved with DNA damage signalling, stress response and nucleotide 

metabolismm were among the most significantly affected categories. 
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5 5 
10 0 
8 8 
3 3 
8 8 
39 9 
2 2 
1 1 
1 1 
3 3 
15 5 
7 7 
0 0 
5 5 
4 4 

12 2 
50 0 
39 9 
9 9 
43 3 
322 2 
6 6 
2 2 
2 2 
12 2 
109 9 
166 6 
42 2 
26 6 
19 9 

1.0 0 
4.2 2 
3.3 3 
0.8 8 
3.7 7 
27.3 3 
0.5 5 
0.2 2 
0.2 2 
1.0 0 
9.3 3 
14.1 1 
3.6 6 
2.2 2 
1.6 6 

0.00004 4 
0.003 3 
0.007 7 
0.007 7 
0.010 0 
0.012 2 
0.014 4 
0.016 6 
0.018 8 
0.020 0 
0.022 2 
0.024 4 
0.026 6 
0.028 8 
0.030 0 

Genee Category Upregulated Total Expected P value 
ribosomalribosomal proteins 
DNAA damage signalling/repair proteins 
stresss response proteins 
factorss of translation 
nucleotidee metabolism 
nuclearr proteins 
simplee carbohydrate metabolism 
otherr transcription proteins 
tRNA A 
otherss involved in protein turnover 
transcriptionn activators and repressors 
extracellularr secreted proteins 
otherr receptors (by ligands) 
DNAA replication 
mRNA A 

Tablee II I  A list of the gene categories significantly over represented among the genes induced by 
Aspirinn treatment. For each gene category the columns show the number of upregulated genes that 
belongedd to the category, the number of genes in the whole array belonging to the category, the 
numberr of genes in the category that would be expected to appear by chance among the upregulated 
genes,, and the probability of obtaining the number of genes observed. (Using the Chi-squared test) 

Aspiri nn represses genes involved with the cell cycle 

Wee further analysed whether there was a pattern to the significantly downregulated 

genes.. 51 of these were categorised and categories significantly over represented amongst the 

downregulatedd genes are displayed in table IV. Interestingly both of these are cell cycle 

related.. The effects of Aspirin and other NSAIDs on various cell cycle proteins are well 

documented.1 1 1944 195 

Genee Category Downregulated Total Expected P value 
cyclinss 3 8 0.47 0.00016 
otherr cell cycle proteins 4 33 1.58 0.049 

Tablee IV A list of the gene categories significantly over represented among the genes repressed by 
Aspirinn treatment. For each gene category the columns show the number of downregulated genes that 
belongedd to the category, the number of genes in the whole array belonging to the category, the 
numberr of genes in the category that would be expected to appear by chance among the downregulated 
genes,, and the probability of obtaining the number of genes observed. (Using the Chi-squared test) 

Thiss also fits well with some of the upregulated genes such as p21 CiplAVAFl , a 

cyclinn dependant kinase inhibitor that induces cell cycle arrest. This appears as high in the list 

off  most upregulated genes by 5mM Aspirin. This we checked by immunoblotting HT29 cells 

treatedd with Aspirin as shown in figure 2. This confirms that cell cycle inhibition is one of the 
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majorr effects of Aspirin in colon cancer cells, and also confirms the reliability of the array 

results. . 

OO 4 8 24 48 

p211 WAF 

Figuree 2 Immunoblot for p21 Cipl/WAFl in HT29 cells treated with Aspirin 5mM for various 
timess shown in hours. 75ug of total protein was loaded per lane. 

Racll  is induced by Aspirin treatment 

Thee gene most highly induced by Aspirin treatment is Prostate Differentiation Factor 

(PDF)) a gene otherwise known as Macrophage Inhibitory Cytokine or NSAID Activated 

Genee (NAG), which as the latter name suggests, has already been described as being 

upregulatedd by Aspirin treatment.157 Another interesting gene that is highly induced by 

Aspirinn is Racl, a molecule involved with differentiation of intestinal epithelial cells.196 These 

twoo spots are highlighted in the arrays shown in figure 3. This upregulation was also shown 

byy immunoblotting Aspirin treated HT29 cells. Racl expression was induced in a time and 

concentrationn dependant manner as shown in figure 4. 
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Figuree 3 False colour images of the arrays indicating the most highly upregulated gene Prostate 
Differentiationn Factor as well as Racl. Both spots show a change in false image colour indicative of a 
higherr signal while the housekeeping genes in the bottom row show equal signals. 
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Tim ee (hours ) 0 4 8 24 48 

[Aspirin ]]  (mM) 0 0.2 0.5 1 2 5 

Figuree 4 HT29 cells were treated with Aspirin 5mM for various times (A), or with various 
concentrationss of Aspirin for 24 hours (B). 75ug of total protein was loaded per lane and blotted for 
Racl.. A time and concentration dependant increase in Racl expression is seen. 

Racll  is expressed most highly by mature colonocytes in human and mouse colon 

Onee possible way to determine the function of Racl in the colon is to study its 

expressionn pattern by immunohistochemistry. Racl is expressed most highly at the intercrypt 

tablee in both mouse and human colonic epithelium. Thus Racl expression increases as the 

colonocytess differentiate and is highest in mature colonocytes about to undergo apoptosis. 

Thiss would support in vivo evidence that suggests that Racl is involved in differentiation of 

thee colonic epithelium. 

Figuree 4 Immunohistochemistry in sections of normal mouse (A) and human (B) colon showing 
Racll  expression (Brown) predominantly at the intercrypt tables. Strong staining for Racl is also seen 
inn the stroma in the human colon. Control staining where the primary antibody was omitted or an 
isotypee control antibody was used showed no staining (not shown). The same staining pattern was also 
seenn with a Racl monoclonal antibody from a different manufacturer (not shown). 
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Discussion n 

Thee investigation into the working mechanisms of NSAIDs in colon cancer has 

graduallyy become a field in its own right. Since the discovery that NSAIDs inhibit COX,33 

mostt of the work has concentrated on this as the working mechanism for NSAIDs in colon 

cancerr prevention. However, in the last few years a number of new molecular targets of 

NSAIDss have been reported and several of these have been suggested to provide alternative 

workingg mechanisms for NSAIDs in colon cancer.38 One of the criticisms of many of these 

COX-independentt mechanisms is that they require far higher doses of NSAIDs than required 

forr COX inhibition, concentrations that may be difficult to achieve in vivo.176 In this study we 

sett out to determine the changes in gene expression induced by Aspirin at three different 

concentrationss in the colon cancer cell line HT29 using a commercially available DNA 

microarrayy consisting of 1179 genes selected for their known or suspected roles in cancer. 

Thee problem as always with DNA array data is how to manage the wealth of data 

produced.. To look for general patterns within the complex changes induced in this large 

numberr of genes, we have grouped genes into functional groups and looked to see whether the 

affectedd genes fell into these groups more frequently than would be expected by chance. We 

alsoo compared the pattern of gene expression found at each of the three Aspirin 

concentrationss to see to what extent they overlapped. Finally we selected one of the most 

highlyy upregulated genes and investigated this in more depth. 

Thee most highly upregulated gene has previously been identified by subtractive 

hybridisationn as the gene most highly upregulated by NSAIDs. Prostate Differentiation 

Factor,, otherwise known as NSAID Activated Gene or Macrophage Inhibitory Cytokine, is 

highlyy upregulated by NSAID treatment. It is a member of the TGF-beta family and has 

proapoptoticc properties.157 197 Our finding that this is the most highly upregulated gene 

confirmss the reliability of this technique. We further checked the reliability of our results by 

analysingg protein levels by immunoblotting of a number of highly affected genes. One 

interestingg gene never previously studied in this context is Racl. Racl is a small GTPase and 

partt of the Rho family that form part of the oncogenic RAS signal transduction pathway. As 

such,, activation of Racl or increases in its levels might be expected to be tumourigenic. It is 

thereforee perhaps counterintuitive to find an increase in Racl due to treatment of colon cancer 

cellss with Aspirin, as Aspirin clearly has antitumour activity in colon cancer. The principal 

mechanismss by which NSAIDs are felt to act on colon cancer are by cell cycle inhibition and 

inductionn of apoptosis. However, a third less well-studied mechanism is the promotion of 
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differentiation,1988 which will secondarily lead to cell cycle inhibition and increased sensitivity 

too apoptosis. Interestingly, detailed studies of Racl function in the intestines of mice have 

revealedd that Racl plays an important role in intestinal epithelial differentiation. Introduction 

off  a constitutively active form of Racl into mice under the control of an exclusively intestinal 

promoterr leads to precocious differentiation of the intestinal epithelial cells.196 Recent studies 

inin vitro have shown that Racl is essential for Cadherin-mediated cell-cell adhesion. The 

formationn of tight junctions between the epithelial cells of the colon is one of the organs 

hallmarks,, important for the barrier function of the colon preventing faecal bacterial invasion 

andd also enabling absorption of water.200 Loss of cell-cell adhesion is a feature of late stages 

off  colon cancer when tumours acquire invasive and metastatic capabilities and one of the 

familiess of molecules responsible for cell-cell adhesion, the Cadherins, can also behave as 

morphogenss influencing the differentiation and maturation of cells.201 202 Recent detailed 

observationss in human tumours also correlate behaviour at the 'invasive front' of a tumour 

withh loss of E-Cadherin expression and also suggest that this is reversible. 

Inn the adult the colonic epithelium is continually being renewed once every five days. 

Pluripotentt stem cells residing at the bottom of the crypts give rise to daughter cells that 

migratee up the crypt to the epithelial surface where they undergo apoptosis and /or are shed 

intoo the gut lumen.63 2M 205 Along this migratory path the cells differentiate. Thus mature, non-

proliferatingg cells, about to undergo apoptosis are found at the villus tip and this we show is 

alsoo the site of highest Racl expression in humans and mice. This provides supporting 

evidencee that Racl may be involved with colonocyte maturation and apoptosis. In conclusion 

wee find evidence that Aspirin at 5mM concentration has very different effects on cells than at 

twoo lower concentrations, 50uM and 500uM, a finding that supports clinical evidence that 

Aspirinn at low and high dose has different effects. We find that Aspirin predominantly 

inducess genes involved with DNA damage signaling, nucleotide metabolism, and the stress 

response.. On a single gene level a member of the TGFp family is the most highly induced 

genee and Racl is also highly induced. Racl plays an important role in cell-cell adhesion and 

itss induction by Aspirin may therefore underlie the beneficial effects of Aspirin in colon 

cancerr progression. 
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Abstract t 

BackgroundBackground and aims: The recent findings of BMP receptor la mutations in Juvenile 

Polyposiss and frequent SMAD4 mutations in colon cancer suggest a role for BMPs in the 

colonicc epithelium and colon cancer. We investigated the role of BMP2 in the colon. 

Methods:Methods: We assessed BMP receptor expression in cell lines using RT-PCR and 

immunoblotting.. We investigated the effect of BMP2 on cell lines using MTT and thymidine 

incorporationn assays and immunoblotting for markers of differentiation, proliferation and 

apoptosis.. We assessed the expression of BMP2, its receptors and signal transduction 

elementss in mouse and human colon tissue using immunohistochemistry. We also 

investigatedd the effect of the BMP antagonist noggin in vivo in mice by assessing colon tissue 

withh immunohistochemistry and immunoblotting. 

Results:Results: BMPRIa, BMPRIb and BMPRII are all expressed in colonic epithelial cell 

lines.. BMP2 inhibits cell growth, inhibiting proliferation and promoting differentiation and 

apoptosis.. BMP2, BMPRIa, BMPRIb, BMPRII, pSMADl and SMAD4 are expressed 

predominantlyy in mature colonocytes at the epithelial surface in normal adult colon. BMP2 

expressionn is lost in the microadenomas of familial adenomatous polyposis patients. 

Conclusions:Conclusions: These data suggest that BMP2 acts as a tumour suppressor with similar 

characteristicss to TGFp, a member of the same protein family. 
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Introductio n n 

Bonee Morphogenetic Proteins (BMP) belong to the Transforming Growth Factor p 

(TGFP)) family of proteins. TGFp is known to play a central role in colon cancer (reviewed 

inn ) but no role for other family members has so far been demonstrated. A possible role for 

otherr family members is suggested by the presence of inactivating mutations of SMAD4,206 a 

cytoplasmicc mediator central to the downstream signaling of all of the TGFp family members, 

whichh are found in a proportion of metastatic colon cancers.207 Further evidence pointing to a 

likelyy role for BMPs in colonic neoplasia is the recent finding that the BMP receptor la is 

frequentlyy mutated in Juvenile Polyposis of the colon.208 209 

Despitee this evidence for the importance of BMP signaling in colon cancer, the 

physiologicall  function of BMPs in the normal colon and in colon cancer cells has not been 

investigated.. In this study we set out to show that BMP, its receptors and major downstream 

signall  transduction elements are all expressed in the colon, and we investigate the function of 

BMP22 in colon cancer cells and normal colon. 

BMPss signal through a family of transmembrane serine-threonine kinase receptors210 

dividedd into types I and II. Two important type I receptors, BMP receptor la (BMPRIa)211 and 

BMPP receptor lb (BMPRIb),212 and a type U receptor specific for BMPs, BMP receptor II 

(BMPRII),, have been described.213 Unlike TGFp and activin, which bind first to a specific 

typee II receptor and then form a heterodimeric complex with a specific type I receptor, BMPs 

bindd cooperatively to both type I and type II receptors. The type I receptor is phosphorylated 

byy the type II receptor kinase and this activated type I receptor phosphorylates SMAD1. 

SMAD11 complexes with SMAD4 and mis heterodimeric complex then translocates to the 

nucleuss where it affects transcription of genes specific for the BMP pathway. 

Wee first determined the expression of BMP2, its receptors BMPRIa, BMPRIb and 

BMPRII,, and its signal transduction elements SMAD1 and SMAD4, in colon cancer cell lines 

andd in normal human colonic tissue. We then studied the effect of BMP2 on colon cancer cell 

lines.. Lastly, we studied the effects of the BMP antagonist noggin in the colons of mice and 

thee expression of BMP2 in colonic tissue from patients with familial adenomatous polyposis 

(FAP). . 
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Material ss and methods 

Celll  culture 

HTT 29, CACO-2, DLD-1, SW 480, HCT 116 and LS 174-T colon cancer cell lines 

weree obtained from the ATCC, and cultured in Dulbeccos Modified Eagles Medium (DMEM) 

(Gibco,, Paisley, Scotland) with 4.5g/L Glucose and 1-Glutamine. This was supplemented with 

penicillinn (50U/ml) and Streptomycin (50ng/ml) and, where serum was used, with 10% foetal 

calff  serum (Gibco). Cells were grown in monolayers in a humidified atmosphere containing 

5%% C02. 

Immunoblottin g g 

Treatedd cells were washed in ice cold PBS and scraped into 250ul of lysis buffer (Cell 

Signalling)) with the addition of lmM Pefabloc (Sigma). The lysates were sonicated and then 

centrifugedd at 20g for 10 minutes at 4°C. The pellet was discarded and the protein 

concentrationn of the supernatant was measured with the BCA protein assay kit (Pierce 

chemicall  co., Rockford, IL). Sample buffer (125 mM Tris/HCl, pH 6,8; 4% SDS; 2% p-

mercaptoo ethanol; 20% glycerol, lmg bromphenol blue) was added so as to equalise protein 

concentrations.. 50mg of protein per lane was loaded onto SDS-PAGE and blotted onto PVDF 

membranee (Millipore). The blots were blocked with 2% low fat milk powder in TBST (Tris 

Bufferedd Saline with 1% Triton) for one hour at room temperature and washed 3x 10 mins in 

TBSTT before overnight incubation at 4°C with primary antibody in primary antibody buffer. 

Thiss was TBST with 5% Bovine Serum Albumin for phospho-specific antibodies and 2% 

milkk for all other antibodies. Blots were then washed 3x 10 mins in TBST and incubated for 1 

hourr at room temperature in 1/2000 Horse Radish Peroxidase (HRP) conjugated secondary 

antibodyy in block buffer. After a final 3x 10 mins wash in TBST, blots were incubated for 5 

minutess in Lumilite plus (Boehringer-Mannheim, Mannheim, Germany) and then 

chemiluminescencee detected using a Lumi-Imager (Boehringer-Mannheim). 
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Immunohistochemistry y 

Normall  colonic tissue and colonic specimens from FAP patients were taken from the 

archivess of the Pathology Department at the AMC. 4 (im sections were prepared from the 

formalinn fixed, paraffin embedded tissue and mounted on slides coated with polylysin. 

Sectionss were dewaxed and rehydrated in graded alcohols. Endogenous peroxidase 

activityy was quenched with 1.5% H202 in Phosphate Buffered Saline (PBS) for 30 mins and 

thenn washed in PBS. Antigen retrieval was performed by boiling slides for 10 minutes in 

0.0IMM Sodium Citrate Ph 6.0. Non-specific binding sites were blocked with TENG-T (lOmM 

Tris,, 5 mM EDTA, 0.15 M NaCl, 0.25% gelatin, 0.05% (v/v) Tween 20, pH 8.0) for 30mins, 

andd then washed ( 3 x5 mins in PBS). Slides were incubated with the primary antibodies 

overnightt at 4°C in PBS with 0.1% Triton and 1% bovine serum albumin. After washing (3 x 

100 mins in PBS), slides were then incubated with biotinylated secondary antibodies at room 

temperaturee for one hour in PBS with 10% Human serum. Slides were washed (3x5 mins in 

PBS),, incubated with streptavidin-biotin-horseradish peroxidase (Dako, Glostrup, Denmark) 

forr 1 hour, washed again (3x5 mins in PBS), and peroxidase activity was detected with 'Fast 

DAB**  (Sigma, St. Louis, MO). Finally, sections were counterstained with Mayer's 

haematoxylin,, dehydrated and mounted in 'Entellan' (Merk, Darmstadt, Germany) under 

coverr slips. 

Antibodies s 

Antibody y 

BMP2 2 

BMPRIa a 

BMPRIb b 

BMPRII I 

SMAD4 4 

Phospho--
SMAD1 1 

Source e 

R&D D 

R&D D 

R&D D 

R&D D 

Santaa Cruz 

Celll  signalling 
(Beverly,MA) ) 

Catalogue e 
number r 
MAB355 5 

AF346 6 

MAB505 5 
Clone e 
88614 4 
AF811 1 

Sc-7966 6 
Clonee B8 

05-601 1 

Type e 

Mouse e 
monoclonal l 
IgG2b b 

Goat t 
polyclonal l 
Mouse e 
Monclonal l 
IgG2b b 
Goat t 
Polyclonal l 
Mouse e 
Monoclonal l 
IgG! ! 
Rabbit t 
polyclonal l 

WBB cone. 

0.5ug/ml l 

1.0ug/ml l 

2ug/ml l 

0.2ug/ml l 

1:500 0 

IHCC cone. 

0.5ug/ml l 

lOug/ml l 

10ug/ml l 

100 ug/ml 

1:50--
1:100 0 

1:50 0 
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(Ser463/465) ) 
Proliferating g 
Celll  Nuclear 
Antigen n 
P-catenin n 

P-actin n 

BrdU U 

Biotinylated d 
Goatt anti-
Rabbit t 
Biotinylated d 
Rabbitt anti-
Goat t 
Biotinylated d 
Goatt anti-
Mouse e 

MT TT  assay 

Boehringer--
Mannheim m 

Upstate e 
(Waltham, , 
MA) ) 
Santaa Cruz 

Roche e 

Dako o 

Dako o 

Dako o 

1486772 2 
Clone e 
PC10 0 
05-601 1 
Clonee 8E4 

Scc 1616 

11 170 376 
Clone e 
BMCC 9318 

Mouse e 
Monoclonal l 
IgG G 
Mouse e 
Monoclonal l 
IgGlK K 

Goat t 
Polyclonal l 
Mouse e 
Monoclonal l 
IgG! ! 
Secondary y 
antibody y 

Secondary y 
antibody y 

Secondary y 
antibody y 

1:4000 0 

1:1000 0 

1:2000 0 

N/A A 

N/A A 

N/A A 

1:100 0 

1:500 0 

1:250 0 

1:200 0 

Cellss were trypsinised and taken up in DMEM with 0.5% foetal calf serum. 10 cells 

weree seeded in flat-bottomed tissue culture treated 96 well plates (Falcon) and allowed to 

adheree for 6 hours. Cells were then stimulated with recombinant human BMP2 or 

recombinantt TGFp for 66 hours. 10 micro litres of MTT was added to all wells for 30 

minutes.. Medium was removed from the cells and cells were lysed in acidified 2-butanol and 

absorbancee measured at 600nM. 

RTPCR R 

Totall  RNA was isolated from HT 29, CACO-2, DLD-1, SW 480, HCT 116 and LS 

174-TT cells using a RNA extraction kit (Giagen, Hilden Germany). A one-step RT-PCR kit 

(Qiagen,, Hilden, Germany) was used according to the manufacturers instructions and 1 jag of 

RNAA added. Primers were designed with the aid of primer3 primer designing software to 

yieldd products that span one or more large introns. 

(http://www-genome.wi.mit.edu/genome_software/other/primer3.html.) ) 
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PCRR was performed for 25 cycles using a 60-s denaturising step at 94°C, 60-s 

annealingg step at 55°and a 90-s extension step at 72°C. The product was loaded onto agarose 

gell  and the fluorescence of the Ethidium Bromide stained band recorded. 

Nogginn treated mice 

Inn a protocol approved by the relevant animal ethics review board, seven six week old 

femalee C57BL/6 mice were treated with a two intraperitoneal injections of recombinant 

mousee Noggin/Fc chimera (R&D) at a dose of 0.5 mg/kg on day one and day seven. Eight 

micee received intraperitoneal vehicle as a control. After 14 days all mice received a single 

intraperitoneall  injection of BrdU at a dose of 150mg/kg and were sacrificed one hour later. 

Colonss were divided in two longitudinally. One halfwas fixed and embedded in paraffin, and 

thee other frozen in liquid nitrogen and later homogenised in cell lysis buffer (Cell signalling) 

withh ImM Pefabloc (Sigma). 

Results s 

Humann BMPs and their  receptors are expressed in colon cancer  cell lines 

Colonn cancer cells were investigated for the presence of three sequences using RT-

PCRR on RNA isolated from five different colon cancer cell lines. BMPRIa and BMPRII are 

foundd in all cell lines by RT-PCR of lug of RNA for 25 cycles (figure 1). BMPRIb is also 

seenn in all cell lines, but here only after 40 cycles, apart from DLD-1 and CACO-2 which 

weree also clearly seen after 25 cycles. This unequal expression of BMPRIb was seen with 3 

differentt primer pairs. This pattern of BMP receptor expression in human colonic cells 

concurss with BMP receptor expression studies in whole mice using in situ hybridisation 

wheree BMPRIa and BMPRIb were both found to be expressed in the colon.214 The SAOS-2 

osteosarcomaa cell line was used as a positive control as it has previously been shown by RT-

PCRR to express all BMP receptors.215 
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BMPRR II 

Figuree 1 RT-PCR for BMP receptors la, lb and II in five colon cancer cell lines. A product of the 
expectedd length (BMPRIa - 300bp; BMPRIb - 200bp; BMPRII - 400bp) was seen in all cell lines for 
alll  three receptors. The negative controls where RNA was omitted showed no product. The 
osteosarcomaa cell line SAOS-2 was used as a positive control. 

Receptorr expression was further investigated at protein level by immunoblotting. 

BMPRIa,, BMPRIb and BMPRII are expressed in all cell lines (figure2). 
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BMPRR la 70kd 
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Figuree 2 Immunoblot for BMP receptors la, lb and II in six colon cancer cell lines. 75ug of total 
proteinn from cell lysates were loaded per lane. SAOS-2 osteosarcoma cells were used as a positive 
control.. The calculated apparent molecular weights are shown. 

BMP22 leads to SMAD1 phosphorylation in colon cancer  cells 

Too demonstrate that these BMP receptors are functional, we assessed the activation of 

thee BMP-specific SMAD, SMAD1 by the addition of recombinant BMP2 to HT29 cells. As 

seenn in figure 3, SMAD1 phosphorylation increases after 1 minute and subsequently 

decreasess to sub basal levels. This demonstrates that BMP2 signalling is intact and likely to 

bee functional in human colonocytes. 
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Figuree 3 Immunoblot for phosphorylated SMAD1 in HT29 cells treated with BMP2 (I00ng/ml) for 
variouss times (shown in minutes). 

BMP22 inhibit s proliferatio n and induces differentiatio n and apoptosis in a colon cancer 

celll  line. 

BMPss are known to play a central role in the proliferation of several cell types 

includingg pancreatic and breast cancer cells216217 and also induces apoptosis in myeloma cells 

andd epidermis.218 219 We therefore investigated the effects of BMP2 on colon cell lines in cell 

growthh assays. For this we used four human colon cancer cell lines. The effects of BMP2 on 

celll  growth were assessed using MTT assays. BMP2 exerts a growth inhibiting effect in all 

thee colon cancer cell lines tested. The effects of BMP2 were similar to those of TGFp. Figure 

44 shows the effect of BMP2 on cell lines as assessed using the MTT assay. 

100--
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Ï Ï 
X X 
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BMP22 (ng/ml ) 

Figuree 4 MTT assay in four colon cancer cell lines treated for 72 hours with various concentrations of 
BMP2.. Values obtained with no BMP2 have been set at 100. Error bars represent the standard error of 
thee mean. 
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Wee further investigated this effect by immunoblotting of HT29 cells treated with 

BMP22 for various times. As seen in figure 5, addition of BMP2 leads to a reduction in the 

expressionn of Proliferating Cell Nuclear Antigen (PCNA), a proliferation marker, as well as 

ann increase in cleaved caspase 3, a marker for apoptosis. One of the major effects of TGFC3 is 

thee induction of expression of cell-cell adhesion molecules such as a,p, and y catenins and E-

cadherin.. We therefore investigated P-catenin expression in BMP2 treated cells. P-catenin 

expressionn is induced by BMP2 treatment suggesting that BMP2 has effects on the 

differentiation,, proliferation and apoptosis of HT29 cells in vitro. 

00 4 8 16 24 

((-catenin n 

Cleave dd Caspas e 3 

PCNA A 

" " 

|i-actin n 

Figuree 5 Immunoblots of HT29 cells treated with BMP2 (I00ng/ml) for various times (shown in 
hours).. 50ug of total protein from cell lysates was loaded per lane and blotted for PCNA, cleaved 
Caspasee 3 and p-catenin. Equal loading was confirmed by showing equal P-actin levels. 

BMP22 is expressed in mature colonocytes in normal mouse and human colonic 

epithelium m 

Wee investigated the expression of BMP2 in normal human colonic epithelium using 

immunohistochemistry.. We found an interesting pattern of expression similar to the 

expressionn of TGFP, namely increasing expression from crypt to epithelial surface with 

highestt expression in the mature colonocytes of the surface epithelium (figure 6). These cells 

aree known to be fully differentiated and no longer proliferating and are soon due to undergo 

apoptosiss and/or be shed into the gut lumen. This pattern of expression may indicate that 

BMP22 is involved with enterocyte proliferation, differentiation and apoptosis, supporting our 

inin vitro data. Double staining with PCNA in mouse colon demonstrates clearly that BMP2 
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expressionn increases away from the proliferative crypt compartment and TUNEL staining in 

mousee colon shows where apoptosis occurs. 

Figuree 6 Immunohistochemistry for BMP2 in mouse (B,C) and human (D) colon. BMP2 is 
expressedd predominantly in colonocytes at the epithelial surface. Strong staining is seen localised to 
thee cytoplasm. Control stainings performed by omitting the primary antibody (not shown) and using a 
controll  IgG2b (A) showed no staining. Double staining with PCNA (brown) and BMP2 (Red) 
illustratess that BMP2 is expressed away from the proliferative compartment (E). TUNEL staining in 
normall  mouse colon shows that BMP2 expression overlaps with that of a marker of apoptotis (F). 

-- 100-



BMF22 in human and mouse colon 

BMPRIaa and BMPRIÏ , SMAD1 and SMAD4 are expressed in normal mouse and human 

colon. . 

Wee further investigated the action of BMP2 in the colon by investigating the 

expressionn patterns of its receptors and elements involved in BMP signal transduction. We see 

strongg staining with BMPRIa, BMPRIb and BMPRII antibodies in mouse and human colon. 

Thee same pattern of expression is seen in both species with highest expression seen at the site 

off  BMP2 expression at the epithelial surface. The cellular staining pattern is both membrane 

andd cytoplasmic. This suggests that the BMP2 produced by the cells at the epithelial surface 

alsoo acts on the same cells in an autocrine manner. 

SMAD44 and SMAD1/8 expression have already been described in the colon,220 with 

SMAD44 expression at the villous tip and littl e or no SMAD1/8 expression. Nuclear staining, 

althoughh it would be expected, was not demonstrated. We show, using commercially 

availablee antibodies, that SMAD4 and phosphorylated SMAD1 are expressed in human and 

mousee colon at the epithelial surface with a gradient decreasing downwards towards the crypt 

base.. We see cytoplasmic staining as well as clear nuclear staining with both antibodies, as 

wouldd be expected with activated SMAD1 and 4. 
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Figuree 7 Immunohistochemistry for BMP receptors la, lb and II , phosphorylated SMAD1 and 
SMAD44 in normal human and mouse colon. All are expressed predominantly in colonocytes at the 
epitheliall  surface. Strong staining is seen localised to the cytoplasm and cell membrane in the receptor 
stainingss while both the SMAD stainings show cytoplasmic and clear nuclear staining. Controls 
performedd in human and mouse colon using isotype antibody controls (not shown), and human (not 
shown)) and mouse controls omitting the primary antibody (shown above), all showed no staining. 
BMPRIaa in human colon is not shown as extremely high signal in the stroma made the slides difficult 
too interpret. 

Thee BMP antagonist Noggin inhibit s proliferatio n and apoptosis and decreases p-

cateninn expression in vivo 

Nogginn is one of a number of endogenous proteins that binds BMPs with high affinity 

andd inhibits their bioactivity. We treated mice with recombinant mouse noggin/Fc chimera, a 
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proteinn with improved bioavailability compared to the wild type protein, and assessed the 

effectss of this on the colons of adult mice. This treatment succeeded in reducing SMAD1 

phosphorylationn suggesting that the BMP pathway was successfully blocked. Contrary to 

whatt we expected, proliferation decreased as judged by BrdU incorporation in the colon and 

PCNAA expression in immunoblots, and apoptosis, as judged by analysis of cleaved caspase 3 

levelss in immunoblots, was also decreased. 

Furtherr immunoblot analysis of the effects of Noggin in mouse colons showed that 

Nogginn leads to a reduction in the expression of total p-catenin in the colon, a molecule 

upregulatedd by TGFp,221 and leads to an upregulation of BMP2, presumably due to a 

feedbackk control mechanism. 

p=0.018 8 

contro ll  noggi n 

Figuree 8 Graph to show the mean number of BrdU labelled cells per crypt in the colons of control or 
Nogginn treated mice. Statistical analysis was performed with the students /-test. Error bars represent 
thee standard error of the mean. 

2.5-1 1 

I I 
11 1-0 
5. 5. 

11 Control 

II Noggin 

II  I 

i i i i 
b-actinn BMP2 b-catenin Caspase 3 PCNA pSMADI 

Figuree 9 Graph to show the relative mean expression of various molecules in colon lysates of mice 
analysedd by immunoblotting. Expression in control mice was set at 1. Error bars represent the standard 
errorr of the mean. Statistical analysis using the students ?-test gave the following p values: actin 0.17, 
BMP22 0.0024, P-catenin 0.018, Caspase 3 0.0006, PCNA 0.004, pSMADI 0.0003. 
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Figuree 10 Immunoblot analysis of lysates of mouse colon from 7 C57/BL6 mice treated with 
Noggin/Fcc chimera for 2 weeks and 7 controls. 50 ug of total protein was loaded per lane. Noggin 
treatmentt significantly decreased phosphorylated SMAD1 expression suggesting that BMP signalling 
wass blocked. PCNA expression was significantly decreased, as was cleaved caspase 3. P-catenin 
expressionn was also significantly reduced while BMP2 expression rose in treated animals. Equal 
loadingg was confirmed by assessing P-actin. 

BMP22 expression is lost at an early stage in early human FAP lesions 

Too investigate the possible role of BMP2 in human colon cancer we examined human 

tissuee using immunohistochemistry. We took specimens from patients with familial 

adenomatouss polyposis as these specimens have a high rate of very early lesions and TGFp 

expressionn is known to be lost in similar lesions in APCA716 knockout mice, a mouse model of 

FAP.1722 We found that BMP2 expression is lost in the dysplastic epithelial cells of aberrant 

crypts. . 
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Figuree 11 Immunohistochemistry for BMP2 in human colon from a patient with FAP (A). The 
strongg staining of the mature epithelial cells seen in normal tissue is lost in the epithelial cells of a 
microadenoma.. B and C are higher magnifications of the areas marked with a solid and dashed line 
respectively.. B shows the microadenoma at high magnification (x 200) and C nearby normal 
epitheliumm (x 200). Magnification of A = x 80 

Discussion n 

Bonee Morphogenetic protein 2 (BMP2) is one of at least fifteen known BMPs and 

belongss to the TGFp protein family. TGFp is a well-studied molecule in relation to colon 

cancerr since the discovery of frequent mutations of the TGFp receptor II in colon cancer, 

especiallyy in microsatellite unstable cancers found in patients with hereditary non-polyposis 

coli.23 3 

Sincee then mutations have been found in SMAD3 and 4, elements involved in TGFp 

signall  transduction, as well as repression of TGFp receptor expression, providing further 

evidencee for the importance of TGFp as a tumour suppressor whose loss of function may lead 

too colon cancer. (Reviewed in24) The involvement of other members of the TGFp family in 

colonn cancer has so far not been investigated. 

Severall  recent findings suggest the involvements of BMPs in colon cancer. Firstly, the 

mutationss in SMAD4 frequently found in colon cancer may implicate not only TGFp but also 

BMPss in colon cancer progression.222 SMAD4 is central to both BMP and TGFp signal 

transduction.. Secondly, BMPs have been implicated in other epithelial cancers such as 
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pancreaticc carcinoma216 and breast cancer.217 Thirdly, binding studies have revealed specific 

BMPP binding on colon tumour cells.223 However, the most convincing evidence was 

publishedd during the course of this study, namely that mutations in the BMP receptor type I 

aree implicated in Juvenile Polyposis.209 This is the first clear evidence of the importance of 

BMPss in the colon and colonic malignancy. 

TGF(3-11 is thought to act by inhibiting proliferation in normal colonic epithelium.224 

Escapee from this inhibition by inactivating mutations within the TGFp pathway occurs early 

inn the progression of many colon cancers. We set out to investigate the role of BMP2 in the 

colonn and its possible involvement in colon cancer. We hypothesised that as a TGFp family 

memberr its actions might be similar to those of TGFp in the colon. 

Firstlyy we investigated whether BMP2 and its receptors are expressed in human 

colonicc epithelial cells using RT-PCR and immunoblotting in human colon cancer cell lines 

andd immunohistochemistry in normal mouse and human colon tissue. We then investigated 

whetherr we could demonstrate BMP signalling in human colonic epithelial cells by analysing 

thee activity of SMAD1 on the addition of BMP2. We further investigated the influence of 

BMP22 on markers of proliferation and apoptosis in human colon cancer cell lines, as well as 

onn the expression of p-catenin, a molecule involved in cell-cell adhesion whose expression is 

knownn to be regulated by TGFp in the colon. In order to demonstrate the actions of BMPs in 

thee colon in vivo we treated adult mice with the BMP antagonist noggin and assessed the 

effectt of this on proliferation, apoptosis and P-catenin. Finally we looked at the expression of 

BMP22 in colonic tissue from patients with familial adenomatous polyposis. 

Ourr results show for the first time, that BMP2, it receptors and major signal 

transductionn elements are all expressed in the colon. Furthermore they all have a very similar 

patternn of expression, with surface colonocytes at the intercrypt table expressing these 

moleculess more highly than those in the crypt. This pattern of expression suggests that BMP2 

actss in an autocrine manner, influencing the same cells that produce it. The cells at the 

intestinall  surface are mature colonocytes that are no longer proliferating and are soon to 

undergoo apoptosis and/or be shed into the gut lumen. BMP2 and other TGFp family members 

aree often mediators of differentiation and apoptosis in other cells. TGFp and its 

receptorss are expressed in the colonocytes at the epithelial surface,226 as is the pro-apoptotic 

NAG-1,, a further member of the TGFP family.197 This pattern of expression also supports a 

rolee for BMP2 in differentiation and apoptosis of epithelial cells in the colon. 
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InIn support of this is our in vitro and in vivo data. We show in vitro, in four colon 

cancerr cell lines, that cell numbers are significantly reduced after treatment with BMP2. This 

iss in keeping with the effect of BMP2 in both pancreatic and breast cancer cell lines. We go 

onn to show that the treatment of colon cancer cells with BMP2 increases cleaved caspase 3 

expression,, increases p-catenin expression and decreases expression of the cyclin PCNA. 

Cleavedd caspase 3 is a marker of apoptosis and PCNA a marker of proliferation, p-catenin is 

onee of a family of structural proteins whose expression is regulated by TGFP as part of its 

effectss on cell-cell adhesion. Induction of E-cadherin and a,p and y catenin expression is one 

off  the hallmarks of TGFp.221 BMP2 acts on colon cancer cells in vitro to inhibit proliferation 

andd promote apoptosis, as well as upregulating the expression of P-catenin. This suggests that 

thee actions of BMP2 in colon cancer cells are similar to the known actions of TGFp. 

Wee investigated whether these actions of BMP2 were relevant in vivo by 

administratingg a protein inhibitor of BMPs, Noggin, to mice and investigating changes in 

proteinn expression in protein extracts of their colons. We also used BrdU staining of tissue 

sectionss to analyse the effects of Noggin specifically on proliferation in the colon. 

Wee demonstrated the effectiveness of our treatment by showing a significant decrease 

inn phosphorylated SMAD1 levels in the treated mice. Treated mice show reductions in the 

expressionn of markers of proliferation, decreased expression of a marker of apoptosis and 

decreasess in the expression of p-catenin. There is an interesting difference here with the in 

vitrovitro data. BMP2 decreases proliferation in vitro and increases apoptosis, whereas blocking its 

actionn in vivo with Noggin leads to reductions in both proliferation and apoptosis. This most 

likelyy reflects the integrated nature of cellular decisions to proliferate in the crypt in vivo 

wheree each cell senses its position along the crypt, a level of control lost in cell culture. These 

inin vivolin vitro discrepancies are also seen with TGFP where despite clear anti-proliferative 

effectss in vitro, no changes in proliferation are evident in mouse models of TGFP 

deficiency.225227 7 

Inn summary our data demonstrate the significance of the loss of BMP signalling, as 

foundd in juvenile polyposis through inactivation of BMP receptor la and in colon cancer 

throughh loss of SMAD4. Loss of BMP signalling may lead to reduced apoptosis and reduced 

cell-celll  adhesion, features BMP shares with its family member TGFp and which would be 

expectedd to be associated with increased tumourigenesis. 
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Abstract t 

BackgroundBackground and aims: In contrast to most of the intestine, gastric epithelial renewal 

iss an asymmetric process. A stem cell located halfway up the tubular unit gives rise to both a 

basall  gland region and a luminal pit compartment, but the mechanisms responsible for the 

maintenancee of this asymmetry are obscure. Here we investigated if Sonic hedgehog (Shh), an 

establishedd polarizing signal protein during development, is expressed and functional in the 

adultt human and murine stomach. 

Methods:Methods: Expression of Shh was investigated with imrnunoblot and 

immunohistochemistryy and compared with a linear system of differentiation, the small 

intestine.. Hereafter mice were treated with the Shh inhibitor Cyclopamine and we 

investigatedd both expression of downstream Shh targets and proliferation of gastric epithelial 

cells. . 

Results:Results: Shh was expressed in the stomach whereas no Shh was detected in the small 

intestine.. In Cyclopamine treated mice we observed decreased expression of HNF3J3, Islet 

(Isl)-ll  and BMP4, three Shh target genes. Inhibition of Shh markedly enhanced gastric 

epitheliall  proliferation and affected the cell cycle of gastric epithelial gland cells, whereas pit 

cellss remained unaffected. 

Conclusions:Conclusions: Shh controls the expression of at least three factors important for 

epitheliall  differentiation and is a negative regulator of gastric gland cell proliferation. Shh is a 

candidatee polarizing-signal in the maintenance of gastric pit-gland asymmetry. 
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Introductio n n 

Duringg organogenesis, intricate patterns of differentiated cells are formed. The 

mechanismss that govern subsequent pattern maintenance, or morphostasis, in the adult 

organismm have been given relatively littl e attention. Generally speaking a variety of 

differentiatedd cell types originate from a single stem cell in a series of tightly controlled 

differentiationn events. This is especially clear in the rapidly renewing epithelial cell 

populationn of the gut, where a clear topographical division exists between the regenerating 

unitt of proliferative cells containing one or several stem cells, and the location of 

differentiatedd cells. The molecular mechanisms, which determine cell fate specification along 

thee adult gastrointestinal tract, are still poorly understood. 

Alongg most of the intestinal mucosa, epithelial cells follow a unidirectional linear path 

fromfrom the proliferating to the differentiated compartment. In the small intestine and most of the 

colon,, proliferating cells are located at the base of tubular invaginations, the crypts of 

Lieberkühn.. With the exception of the Paneth cell, epithelial cells move towards the intestinal 

lumen.. In the small intestine, differentiated cells migrate towards the villus tip, where they are 

shedd into the intestinal lumen or undergo apoptosis. In the colon this occurs at the luminal end 

off  the crypts and the superficial epithelium between crypts, the intercrypt tables (for review, 

seee reference228). 

Inn contrast to this linear process, the differentiation of the glandular epithelium of the 

stomachh is bi-directional. Just as in the intestine, the epithelial cells of the gastric mucosa are 

organizedd in vertical tubular units. These consist of an apical pit region, and an isthmus just 

beloww the pit, whereas the actual gland region forms the lower part of the vertical unit. The 

glandd consists of a neck and a base. However, the life cycle of the various epithelial cells is 

nott a unidirectional process. The progenitor cell of the gastric unit is located somewhere in 

thee region of the isthmus, in the middle of the vertical tubular unit and gives rise to all gastric 

epitheliall  cells that migrate either up or down from this point.229 

Thee glandular epithelium of the stomach is divided into a proximal zymogenic zone 

(corpus)) and a distal mucous zone (antrum).230 This paper focuses on the organization of the 

gastricc units in the zymogenic region (see figure 1). The units contain a small pit zone and a 

relativelyy large glandular part. A single precursor cell can give rise to all epithelial cell types 

(seee reference231 for discussion). The mucus producing pit cells migrate up from the 

progenitorr cell towards the gastric lumen.232 The mucous neck cells migrate down towards the 

basee of the gland where they give rise to the pepsinogen producing zymogenic cell (or chief 
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cell).cell).233233 The acid secreting parietal cell and the endocrine cells migrate both ways although 

mostt are found in the gland region (see Figure I).234235 

Thee different epithelial cell types are found in gradients,233"236 which are most 

pronouncedd in the human stomach. The parietal cells are found in high numbers in the neck 

regionn whereas zymogenic and endocrine cells predominate at the base of the gland. Thus the 

stemm cell in the gastric unit gives rise to two compartments and several functional cell types 

presentt in quantitative gradients (see Figure 1). 

Althoughh these compartments and gradients are well described in histo-morphological 

termss the mechanisms that may underlie this complex patterning have been given littl e 

attention.. However, compartmentalization and polarization are phenomena that are well 

studiedd in the embryo. A small number of gene families are used repeatedly throughout 

developmentt in a wide range of organ systems. In most patterning events studied to date, the 

Hedgehog,, fibroblast growth factor (Fgf), Wnt and bone morphogenetic protein (Bmp) 

familiess of proteins play a key role. Although some plasticity seems to exist between species 

inn the use of this system (see64 for review), its players seem to be conserved from fly to 

humann and recently the term "morphogenetic code" was coined by Hogan. 

PIT T 

STEMM CELL 

GLAND D 

PITT CELL 

PARIETALL CELL 

M ll MUCOUS NECK CELL 
II I ENDOCRINE CELL 

 ZYMOGENIC CELL 

Figuree 1. The different cell types of the gastric tubular unit. After Karam and Leblond.229 

Memberss of the hedgehog family of proteins are prime regulators in many patterning 

processess throughout both vertebrate and invertebrate development.238 After the identification 
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off  Drosophila hedgehog in a genetic screen for segment polarity genes239 several hedgehog 

homologiess have been identified in vertebrates. Of these Sonic hedgehog (Shh) remains the 

mostt thoroughly studied to date. Shh is produced as a 47-49 kDa precursor protein. After the 

covalentt attachment of a cholesterol moiety to the precursor protein, a 19 kDa signaling 

proteinn is cleaved from the precursor by autoproteolysis. Whereas the remaining 29-31 kDa 

carboxy-terminall  fragment can freely diffuse from the cell, the signaling peptide remains 

tetheredd to the cell membrane by virtue of its cholesterol modification. Additional levels of 

controll  seem to determine if Shh acts short-range or is released from the cell and acts more 

distally.240*2422 Limited information is available about the role of Shh in the development of the 

humann gastrointestinal tract. However, in chicken and mice Shh has been shown to perform 

ann important signaling function in both regionalization along the longitudinal axis of the 

gastrointestinall  tract and radial patterning of the intestinal tube and interestingly, Shh null 

micee fail to develop gastric epithelium.243"248 Although it has been show by northern blot that 

thee Shh receptor "patched" (Ptc) is expressed in a variety of adult organs in the mouse,249 and 

thatt hedgehog family member Indian hedgehog (Ihh) is expressed in the adult human liver 

andd kidney,250 a possible role for hedgehog signaling in the maintenance of the complex 

organizationn of the adult gastrointestinal epithelium has so far not been examined. 

Heree we show that Shh is expressed in the epithelium of the adult human and murine 

stomachh and that Shh controls gastric epithelial proliferation in a compartmentalized fashion 

inn the mouse. Hence Shh is a candidate polarizing-signal in the maintenance of pit-gland 

asymmetryy in the adult stomach 

Material ss and methods 

Antibodies s 

Thee antibodies used are listed below, concentrations given in normal font are all for 

immunohistochemistry,, concentrations in italic are as used for immunoblot. A goat polyclonal 

a-Shhh raised against and affinity purified with £.co//-derived recombinant mouse Shh N-

terminall  peptide (1:1000) a mouse monoclonal a-bone morphogenetic protein (BMP)2 (mAb 

355,, 1:1000, 1:2000), and a mouse monoclonal a-BMP4 (mAb 757, 1:500, 1:2000), were 

obtainedd from R&D systems (Minneapolis, MN). A goat polyclonal a-Shh antibody (N-19) 

producedd by immunizing with an amino acid sequence mapping to the amino terminus of the 

murinee Shh precursor (1:200, 1:2000), a goat polyclonal a-Ihh (1-19, 1:1000), a goat 
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polyclonall  a-Ptc (C-20, 1:50), a goat polyclonal a-HNF3p* (P-19, 1:500) and a goat polyclonal 

a-^Actinn (1-19,1:1000) were all from Santa Cruz (Santa Cruz, CA). A rabbit polyclonal a-Ptc 

(1:200)) was a kind gift of Dr R. Töftgard; specificity of this antibody was confirmed in mice 

over-expressingg GLI-1.251 A mouse monoclonal a-ir7K+-ATPase (1:6000) was from Affinit y 

bioreagentss (Golden, CO), a mouse monoclonal a-Isl-1 (40.2D6, 1:2000) and a mouse 

monoclonall  a-HNF3p (4C7, 1:10, 1:1000), both developed by Dr J.M. Jessell's lab, were 

obtainedd from the Developmental Studies Hybridoma Bank (Iowa City, IA). Mouse 

monoclonall  antibody 45M1 (1:100, Novocastra, Newcastle upon Tyne, England) was used to 

detectt MUC5AC.252 A mouse monoclonal a-proliferating cell nuclear antigen (PCNA, 

1:2000)) and a mouse monoclonal a-5-bromo-2'-deoxyuridine (BrdU, 1:100) were from Roche 

(Almere,, the Netherlands) Specificity of all antibodies used in immunohistochemistry was 

confirmedd on immunoblot. 

Immunoblottin g g 

Murinee stomach and small intestine were homogenized in lysis buffer (300 raM NaCl, 

300 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100, pH 7.4, supplemented with one 

tablett of protease inhibitor -Roche- per 50 ml). Protein concentration was measured using the 

Bradfordd method. Lysates were diluted 1:3 in protein sample buffer (125 mM Tris/HCl, pH 

6.8;; 4% SDS; 2% p-mercaptoethanol; 20% glycerol, 1 mg bromophenol blue) and 100-200 ug 

off  homogenate was loaded per lane on a SDS-PAGE gel. After protein separation the proteins 

weree blotted on to a PVDF membrane (Millipore, Bedford, MA). Membranes were blocked 

withh 2% protifar (Nutricia, Zoetermeer, The Netherlands) in PBS, supplemented with 0,1% 

Tween-200 for 1 hour at room temperature. After a brief wash in washing buffer (0.2% 

protifar;; 0.1% Tween-20), membranes were incubated overnight at 4°C with antibody diluted 

inn washing buffer at the indicated concentration. The following day, membranes were washed 

threee times for 5 min, and subsequently incubated with a secondary horseradish peroxidase 

(HRP)-conjugatedd antibody in a 1:2000 dilution. After enhanced chemoluminescence using 

Lumilight++ substrate (Roche, Mannheim, Germany), antibody binding was visualized using a 

Lumi-Imagerr (Boehringer Mannheim). 
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Immunohistochemistry y 

Formalinn fixed paraffin embedded human biopsy specimens of uninflamed gastric and 

smalll  intestinal mucosa, were obtained from the archives of the pathology department of the 

Academicc Medical Center. The gastric specimens were from patients that were Helicobacter 

pyloripylori negative both by culture and histopathology. Mouse material was obtained and 

processedd as described below. Immunohistochemistry was performed as described in detail 

previously.1366 253 Briefly, sections (4um) were dewaxed and rehydrated in graded alcohols. 

Endogenouss peroxidase activity was quenched, antigen retrieval was performed by heating for 

100 min at 100°C in 0.01 M sodium citrate, and non-specific staining was reduced by a 

blockingg step. For BrdU visualization sections were incubated in 2N HC1 at 37°C for 60 min 

andd thereafter washed in Boric acid pH 8.5 before the blocking step. The primary antibody 

wass applied in PBS containing 1% bovine serum albumin and 0.1% Triton and incubated 

overnightt at 4°C. The following day, for single staining, a three-step detection method was 

usedd as previously described, using a biotinylated goat a-rabbit Ig (DAKO, 1:500) ct-mouse Ig 

(DAKO,, 1:200) or rabbit a-goat Ig (DAKO, 1:250) antibody. Detection was performed either 

withh HRP or f$-galactosidase as an enzyme. Where HRP was used, sections were incubated 

withh HRP conjugated ABcomplex (DAKO) for 60 min and peroxidase activity was detected 

withh diaminobenzidine (fast DAB, Sigma, St. Louis, MO) used according to the 

manufacturerss instructions, resulting in the formation of a brown reaction product. 

Alternatively,, sections were incubated with streptavidin (3-galactosidase (1:40, Boehringer 

Mannheim)) at RT for 30 min. The streptavidin p-galactosidase was detected using 1% X-gal 

(DAKO)) in iron phosphate buffer (0.02% MgCI26H20, 0.099% potassium ferricyanide, 

0.127%% potassium ferrocyanide) at 37°C for 15 min, resulting in a blue color. If indicated, 

mucinss were stained by PAS stain to visualize the different epithelial cell types by incubating 

100 min in 1% periodic acid, briefly washing with water, a subsequent 10 min incubation with 

Schifff  s reagent (Merck, Darmstadt, Germany), and hereafter a 10 min wash in distilled 

water.. Sections were briefly counterstained with hematoxylline, dehydrated in graded 

alcoholss and mounted. Specificity of Shh staining was confirmed with a blocking peptide 

(Santaa Cruz). Further controls consisted of omitting the primary and secondary antibody and 

usee of an appropriate Ig control. 
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Doublee staining 

Doublee staining of MUC5AC and Shh. After overnight incubation with both primary 

antibodies,, sections were incubated for 60 min with a biotinylated rabbit a-goat Ig for 

detectionn of Shh and the blue P-galactosidase staining was developed as described above. 

Hereafter,, sections were incubated for 60 min with a HRP-conjugated goat a-mouse Ig 

(1:100)) to detect MUC5AC. The brown HRP precipitate was developed as described above. 

Doublee staining of the H+K+ ATPase and Shh. After overnight incubation with both 

primaryy antibodies, sections were incubated for 60 min with a biotinylated swine a-goat Ig 

(BioSource,, Nivelles, Belgium, 1:200). After developing the blue p-galactosidase staining, a 

HRP-conjugatedd rabbit a-mouse Ig (DAKO, 1:200) was applied and staining performed as 

described.. All double stainings were preceded and confirmed by staining of adjacent sections. 

Doublee staining of the H*! ^  ATPase and HNF3p. After overnight incubation with 

thee monoclonal a-HNF3P antibody, the sections were incubated for 60 min with a 

biotinylatedd goat a-mouse Ig (1:100), washed, incubated 60 min with HRP conjugated 

Abcomplex,, and the HRP precipitate was developed as described above. Hereafter the 

sectionss were heated to 100°C for 5 min in 0.01M sodium citrate to remove antibodies. 

Sectionss were blocked and the a- H+K+ ATPase antibody was applied overnight. The 

followingg day the P-galactosidase three-step detection method was used to visualize ^K"1" 

ATPasee expression as described above. 

InIn vivo administration of Cyclopamine 

Too assess a possible role of hedgehog signaling in the life cycle of gastric epithelial 

cells,, mice were treated with daily injections of Cyclopamine, a potent hedgehog signaling 

inhibitor254"2566 that inhibits hedgehog signaling somewhere downstream of patched and 

upstreamm of the transcriptional effectors of the Gli family, most likely at the level of 

Smoothened.2566 The Cyclopamine was a kind gift of Dr W. Gaffield. The study protocol was 

approvedd by the animal ethics review board of the University of Amsterdam. Cyclopamine 

wass administered complexed with 2-hydroxypropyl-p-cyclodextrin (HBC, Sigma). A 

Cyclopamine-HBCC stock solution was produced by suspending 1 mg Cyclopamine per ml of 

45%% HBC in sterile PBS and stirring for 60 min at 65°C. The Cyclopamine-HBC was stored 

att -20°C until administration. A total of eight, seven week old, female C57BL/6 mice were 

givenn daily intraperitoneal injections of 2 mg/kg Cyclopamine-HBC for 14 days. Eight mice 
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receivedd solvent only as a control. After 14 days mice were given a single intraperitoneal 

injectionn of 150 mg/kg BrdU to label cells in S-phase. One hour after BrdU administration 

micee were sacrificed by cervical dislocation. To allow optimal orientation of the gastric 

tissue,, flat stomachs were prepared according to the method described by Lee et al.230 and 

fixedd in this position with needles. The stomach was transected along the longitudinal axis, 

halff  of the stomach was homogenized and gastric lysates were produced as described above. 

Hereafterr the remaining stomach half and small intestine were fixed in 4% paraformaldehyde 

andd embedded in paraffin. 

Scoringg of BrdU/PCNA positive nuclei 

Too assess proliferation of gastrointestinal epithelial cells in the Cyclopamine treated 

mice,, gastric and small intestinal specimens were stained with antibodies against BrdU and 

PCNA.. Two pictures of each section were taken at lOOx magnification and positive nuclei 

counted,, blind to the treatment, in each microscope field with the use of an image analysis 

programm (EFM Software, Rotterdam, The Netherlands). In each field, 5 well-oriented vertical 

unitss were counted for the PCNA stain and 10 for the BrdU stain (this needs more counted 

cryptss because of the low amount of BrdU labelled cells). The average number of positive 

nucleii  per vertical unit was compared between groups. To be able to compare the results 

betweenn animals, it was ensured that all sections visualized the entire axis from the superficial 

epitheliumm to the muscularis mucosa. 

Statisticall  analysis 

Dataa are presented as mean  SEM. Comparisons between groups of data were made 

usingg the Student's Mest. P values < 0.05 were considered statistically significant. 

Results s 

Sonicc Hedgehog expression in the adult murine and human stomach 

Thee continuing regeneration of the adult gastric glands is a process with two 

compartmentss and several gradients. We investigated if the Shh signal protein, involved in 
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manyy patterning processes during development, is expressed in this system. The small 

intestine,, as a model of an intestinal linear differentiation process, was used for comparison. 

Ass shown in figure 2, both Shh precursor protein (Figure 2A) and large amounts of the 

cleavedd amino terminal protein (Figure 25) are present in the murine stomach when assessed 

byy immunoblot. In contrast, no Shh protein was detected in the murine duodenum. In 

accordancee with previous findings by Marigo et al. Indian Hedgehog (Ihh) expression was 

foundd in both adult liver and kidney.250 However, no Ihh was detected in either stomach or 

duodenum. . 

Figuree 2. Shh is expressed in murine stomach. Immunoblot, demonstrating that both Shh precursor (A, 
Santaa Cruz antibody) and cleaved amino terminal Shh signal protein (S, R&D antibody) are found in 
thee murine stomach but not in the duodenum. Ihh (Q is expressed in both kidney and liver, but not in 
eitherr stomach or duodenum. Both liver and kidney were Shh negative (R&D antibody). 

Thee antibody that recognizes Shh precursor protein was used for 

immunohistochemistry.. In accordance with the immunoblot, heavy staining was found in the 

fundicc glands of both murine and human stomach (Figure 3A,Q whereas no Shh was detected 

inn the duodenum of either species (Figure 3B,D). The specificity of the staining was 

confirmedd with the use of a blocking peptide (Figure 3E and F). 
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Figuree 3 Compartmentalized Shh expression in the stomach. The Santa Cruz a-Shh precursor 
antibodyy was used for all immunohistochemistry. Human stomach (A,B,E-GJJ). Murin e stomach 
(C,D,H).(C,D,H). Shh precursor protein is expressed in both human and murine stomach (brown precipitate, 
A,QA,Q whereas no expression was found in the small intestine of either species (B,D). A Shh blocking 
peptidee competed efficiently with binding of the a-Shh antibody (a-Shh without blocking peptide in E 
versuss a-Shh plus a 50 fold excess blocking peptide in F). Use of a PAS stain that stains the pit cells 
darkk purple combined with a Shh stain demonstrates that Shh is exclusively expressed in the gland 
compartmentt in both human (Shh stained blue, G) and murine (Shh stained brown, H) gastric units. 
Thee expression of the pit cell marker MUC5 AC (brown colour, I, J) demonstrates that Shh expression 
(bluee in / and J) shows no overlap with MUC5AC and is expressed exclusively in the gland region. 
Notee the graded Shh expression in the human stomach (A,J) from high at the pit-gland transition 
(arrows)) to low deeper in the gland (asterisks). Original magnifications: A, 25x; B-D, 50x; E,F, 40x; 
G,H,G,H, 200x; ƒ, 25x; J, lOOx. 

Identificatio nn of Shh expressing cell types 

Ass outlined in the introduction, the tubular units of the stomach consist of two 

compartmentss relative to the position of the epithelial stem cell. The pit region consists of 
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cellss migrating towards the gastric lumen whereas the gland proper is made up of cells that 

migratee in the opposite direction. As a biochemical marker, a periodic acid Schiff (PAS) stain 

forr mucins can be used to discriminate between both compartments. PAS stains pit cell 

mucinss dark purple, mucous neck cells pink, and zymogenic cells slightly grey/blue whereas 

parietall  cells clearly stand out because of the lack of stain. We have shown previously that 

gastricc mucins, the most important structural component of mucus,257 can be used as genetic 

markerss of either compartment. MUC5AC expression is a marker for gastric pit cells, whereas 

gastricc gland cells produce MUC6. Using both methods to discriminate between pit and gland 

cells,, it was found that Shh expression is restricted to the gland compartment in both human 

andd murine stomach (Figure 3G-J). In the human stomach, highest expression of Shh is 

clearlyy found at the pit-gland transition, whereas the staining intensity gradually diminishes 

towardss the base of the gland (Figure 3A and J). Morphologically the Shh seemed restricted to 

thee large triangular parietal cells in humans, and this observation was confirmed by double 

stainingg for Shh and a parietal cell marker, the FT7K+-ATPase (proton pump). As can be seen 

clearlyy from figure 4A-C, a complete overlap was found between Shh expression and H~7K+-

ATPasee staining, with high Shh expression in the parietal cells close to the pit-gland transition 

(Figuree 4B), and low Shh expression in the parietal cells near the base of the gland (Figure 

4C).4C). A difference in Shh distribution was found between human and murine glands. In the 

mouse,, parietal cells where Shh positive but the most intense immunoreactivity was observed 

inn the secretory granula of the zymogenic cells (Figure 4D,E) and its precursor cell, the 

mucouss neck cell (Figure 4F). Although the staining intensity of the parietal cells in the 

murinee stomach was lower than that of the mucous neck cells and zymogenic cells we feel 

thatt the staining is specific since the antibody detected a single band on immunoblot. 

Additionallyy no difference in specificity was found with the blocking peptide since all 

stainingg disappeared with similar efficiency (not shown). Hence, we feel that the differences 

inn staining intensity reflect differences in Shh expression rather than the recognition of 

differentt epitopes by the antibody. Thus Shh is expressed in both human and murine gastric 

glandd cells, with a clearly graded expression pattern in the human stomach. 
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Figuree 4 Identification of Shh expressing cell type. Human stomach (A-C). Double stain of Shh 
(blue)) and parietal cell marker H+/K+-ATPase (brown), performed as described in the method section, 
showingg complete overlap. Again a clear expression gradient is observed, parietal cells close to the pit 
expresss high Shh (arrows, B, blow-up of area boxed with continuous line in A), whereas this 
expressionn gradually diminishes towards the gland base (asterisks, C, blow-up of area boxed with 
stripedd line in A). Murin e stomach (D-F). Serial sections showing expression of Shh (brown, D) and 
thee H7K+-ATPase (brown, E). In the murine gland Shh is expressed by parietal cells (arrows) and 
zymogenicc cells (asterisks). As can be seen in the combined Shh (brown)/PAS (pink) stain in F, Shh is 
alsoo expressed in mucous neck cells. Arrows in F denote cells positive for both Shh and the PAS 
reaction.. Original magnifications: A, 25x; B,C lOOx; D,E, 200x; F, lOOOx. 
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Shhh targets 

Too establish the nature of the Shh target cell in the human and murine stomach we 

examinedd the expression of several indicators of Shh activity. The specificity of all antibodies 

usedd was confirmed on immunoblot (not shown). We began by examining the expression of 

thee Shh receptor, Ptc, to determine candidate Shh-responsive cells. Since Ptc is both Shh 

receptorr and a transcriptional target of Shh,249 expression of Ptc indicates both Shh 

receptivenesss and active Shh signaling. Staining patterns of two different ot-Ptc antibodies 

weree identical. In both the human and murine stomach Ptc is expressed on the epithelial cells 

off  the gastric gland region and some of the interstitial cells (Figure SEfflJ). Whereas pit 

cellss were Ptc negative, parietal cells in both human and mouse expressed Ptc (Figure 5EJi). 

Inn addition to the parietal cell staining, intense staining was also observed of the epithelial 

cellss at the base of the glands in both humans and mice (Figure 5E,H). Thus Shh signaling in 

thee gastric epithelium seems to be partially autocrine. 

Wee then examined the expression of three putative targets of Shh signaling, the TGFp 

familyy members BMP2 and BMP4,17 33 and the transcription factor HNF3p\ Whereas BMP2 

wass expressed in the epithelial cells (Figure 5 CJL), BMP4 expression was restricted to 

interstitiall  myofibroblast like cells in both human and mouse stomachs (Figure 5 K, human 

nott shown). The expression of HNF3|3 was investigated using two different antibodies. The 

monoclonall  antibody 4C7 stains nuclei of gastric epithelial cells of both humans and mice 

withh highest expression in the parietal cells, as can be seen in double staining of HNF30 and 

thee H+/K+-ATPase (Figure 5A,B,GJ). In addition to this nuclear epithelial staining we 

observedd cytoplasmic staining of interstitial myofibroblast-like cells. This staining is most 

likelyy an artifact because HNF3p is normally only found in endodermally derived cells and 

hass previously only been detected in the epithelial cells of the murine stomach by in situ 

hybridisation.2588 The epithelial cell expression was confirmed with a polyclonal a-HNF3(3 

antibodyy (not shown). This antibody stained the parietal cells of both humans and mice and 

didd not react with any epitope on interstitial cells suggesting that the interstitial cell staining 

withh the monoclonal antibody is indeed aspecific. Hence a variety of different putative Shh 

targetss are expressed in both epithelial and interstitial cells of the human and murine stomach. 
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Figuree 5 Expression of Shh transcriptional targets. Human stomach (A-F). Expression of HNF3fS 
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(A,B)(A,B) in parietal cells is evident in a double stain of HNF3P (brown) and parietal cells (blue) 
performedd as described in the methods section (arrows in B denote positive cells). BMP2 expression 
(C)) and Ptc expression (antibody from Dr. Töftgard, E) are both confined to the gland region as shown 
byy parietal cell staining in an adjacent sections (D,F), which help indicate the gland region. Murin e 
stomachh (G-L). Expression of HNF3P (GJ, arrows denote positive cells) in parietal cells is identical 
too the human stomach using the same double staining method as in A and B. Expression of Ptc (ƒƒ), 
andd the parietal cell marker Ff7K+-ATPase (I). Ptc is mainly expressed in parietal cells (arrows), and 
zymogenicc cells (asterisk). The expression pattern of BMP4 (K) and BMP2 (L) shows localization of 
BMP44 to stromal cells (arrows in K) whereas BMP2 is expressed in the epithelial cells (arrows in L). 
Originall  magnification: A, 200x; B, lOOOx; C-I, 200x; J, lOOOx; K£, 200x. 

Cyclopaminee decreases Shh target gene expression in vivo 

Furtherr confirmation of the function of the Shh signal in the adult stomach was 

obtainedd by experiments in which mice were treated with the hedgehog inhibitor 

Cyclopaminee for 14 days. Cyclopamine is a veratrum alkaloid that was suspected to be a Shh 

inhibitorr because the birth defects that occurred in animals that ingested the lil y Veratrum 

CalifornicumCalifornicum were identical to the holenprosencephaly observed in humans and mice with 

Shhh mutations.259 260 Subsequently, Cyclopamine has indeed been shown to interfere with Shh 

signalingg downstream of the Shh receptor complex.254"256 After 14 days treatment with daily 

intraperitoneall  injections of 2mg/kg Cyclopamine-HBC, the expression of four putative Shh 

targett genes was studied in gastric lysates by immunoblot. As shown in figure 6, the 

expressionn of HNF3p\ Isl-1, and BMP4 was significantly diminished in Cyclopamine treated 

micee whereas we were unable to detect any decrease in BMP2 expression. This validates both 

thee activity of Shh signaling and the fact that HNF3p\ Isl-1 and BMP4 are indeed downstream 

targetss of Shh in the stomach. 
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Figuree 6 Reduced expression of HNF3P, Isl-1 and BMP4 in Cyclopamine treated mice. Immunoblots 
showingg HNF3p, Isl-1, BMP2, BMP4 and Actin expression (A) in whole gastric lysates from 7 control 
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(lanee 1-7) and 7 Cyclopamine treated (lane 8-14) mice. Signals where quantified with a 
Phosphorlmager,, corrected for the pActin signal, and expressed in relative units in figure B. Values 
aree means plus standard error. Asterisks denote statistically significant differences between control 
andd Cyclopamine treated animals (p = 0.005 for HNF30, p = 0.006 for Isl-1, p = 0.001 for BMP4, 
student'ss Mest). 

Shhh controls gastric epithelial cell proliferatio n 

Sincee Shh and its downstream target BMP4 are likely to affect the life cycle of 

receptivee cells, epithelial proliferation was studied in the Cyclopamine treated mice. We 

comparedd proliferation in the Shh expressing gastric gland with that in the crypts of the 

duodenum.. Murine stomach and small intestine were examined for PCNA expression and 

BrdUU incorporation as two different measures of epithelial proliferation. Epithelial 

proliferationn was significantly altered compared to control. Interestingly, while in the crypts 

off  the small intestine proliferation was approximately 10% lower in Cyclopamine treated 

micee than in controls (11% as judged by PCNA stain, p = 0.02, and 9% as determined by 

BrdUU incorporation, p = 0.03, see Figure 7 panel B), gastric epithelial proliferation increased 

considerablyy in the treated animals. Proliferation of gastric epithelial cells was 169% of 

controll  as assessed by PCNA stain (p = 0.0002, Figure 1C-H and panel B) and 164% with 

BrdUU incorporation as a measure (p = 0.025, Figure 1A,B and panel B). BrdU only 

incorporatess in cells in S phase but PCNA is a proliferation marker that is more broadly 

expressedd throughout the cell cycle and can thus be used to study the effect of Cyclopamine 

onn (partly) differentiated cells. We observed in our experiment that PCNA expression in the 

pitt cells did not change (Figure 1C,E) but was enhanced in the gland cells especially the 

zymogenicc and parietal cells (Figure 1D,F). Thus inhibition of Shh increases gastric epithelial 

celll  cycling in the gland compartment. We concluded that both Shh expression and its activity 

aree restricted to the gland compartment of both the human and murine gastric tubular units, 

indicatingg that Shh is indeed involved in compartmentalization in the adult. 
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Figuree 7 Inhibition of Shh increases gland cell proliferation in the murine stomach. Panel 1. BrdU 
stainn (A,B), arrows denote BrdU positive cells. Compared to controls {A) BrdU incorporation is 
substantiallyy increased in the precursor cells in the isthmus in Cyclopamine treated mice (5). PCNA 
expressionn (C-H). Whereas PCNA staining in the pit cells remained unaltered in treated animals (E) 
comparedd to control (Q, gland cell expression increased considerably (D and F, control and treated 
respectively).. As can be seen at higher magnification (G,H), expression increased especially in 
zymogenicc cells (see ƒ/versus control in G). Panel 2. Graphs depicting the mean number of BrdU and 
PCNAA positive nuclei per crypt/gland in the stomach and duodenum of Cyclopamine treated mice 
(openn bars, n=8) and controls (black bars, n=8). Error bars indicate the standard error. Values in 
treatedd mice were significantly different from controls (stomach: p = 0.2 for BrdU, p < 0.001 for 
PCNA;; duodenum: p = 0.02 for BrdU, p = 0.03 for PCNA, student's Mest). Original magnification: 
A,B,A,B, 200x; C,D, 250x; Ef, 400x. 

Discussion n 

Thee mechanisms that maintain intricate patterns of differentiation in the adult 

organismm have been given littl e consideration. We set out to investigate whether the signaling 
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moduless used during morphogenesis of the stomach remain active in morphostasis throughout 

life.. Here it is shown that Shh may play a role in this process in the human and murine gastric 

epithelium.. A first indication of active Shh signaling is the expression of Shh itself and Ptc, 

BMP2,, BMP4, and HNF3p\ four established transcriptional targets of Shh signal transduction 

inn the stomach of both humans and mice. We investigated whether the signal is functional by 

blockingg Shh in vivo with Cyclopamine in mice. We found decreased expression of the Shh 

transcriptionall  targets HNF3p\ Isl-1 and BMP4 and markedly enhanced proliferation in the 

glandd compartment of the gastric units in these mice. Hence we propose that hedgehog 

signalingg is not only important in gastric organogenesis but remains important for organ 

structuree throughout life. 

Interestingly,, careful examination of the gastrointestinal phenotype of Shh null mice 

revealedd that these animals do not develop gastric epithelium.248 The stomachs of these mice 

containn intestinal epithelium. Apparently, Shh is essential in the induction of the epithelial 

phenotypee during gastric organogenesis. Thus, since Shh seems necessary for gastric 

epitheliall  differentiation during organogenesis, our finding that Shh is still expressed and 

functionall  in adult gastric epithelium is interesting and, although our data offer no direct 

evidencee for such a role, we speculate that Shh may play a role in epithelial differentiation in 

thee adult. 

Inn the mouse, Shh, Ptc, HNF3p, and BMP2 are all expressed in the epithelial cells of 

thee gland. BMP4 is expressed in interstitial myofibroblast like cells. In the human stomach a 

similarr distribution pattern is observed for all these molecules. The main difference between 

thee expression patterns found in mice and humans is that Shh is more restricted in the human 

stomach,, with exclusive expression in the parietal cells. This kind of difference in cell type 

specificc expression between humans and rodents is not uncommon; for example, intrinsic 

factorr is exclusively expressed and produced in parietal cells in humans but mainly produced 

byy zymogenic cells in rats261 and mice.262 

Treatmentt of mice with the hedgehog inhibitor Cyclopamine demonstrates that 

HNF3p\\ Isl-1 and BMP4 expression are regulated by Shh in the gastric glands because all 

threee putative targets were found to be decreased in treated mice. BMP2 expression remained 

unalteredd in treated mice. Thus it may be that BMP2 and BMP4 are differentially regulated in 

thee adult stomach. Indeed some data in the literature suggest that these two BMPs are 

regulatedd independently to a certain extent. In the vertebrate limb bud for example, BMP2 but 

nott BMP4 can be induced by ectopic expression of Shh,263 whereas BMP4 can be induced by 

Shhh in gut mesenchyme.245 
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Thee increase in BrdU incorporation and enhanced PCNA expression found in treated 

micee suggests that Shh is a negative regulator of gastric gland cell proliferation, whereas 

proliferationn in the crypts of the duodenum is diminished by inhibition of Shh. The strong 

stimulationn of gastric proliferation observed upon Shh inhibition by Cyclopamine is 

somewhatt surprising since Shh usually stimulates epithelial proliferation. Activating 

mutationss in almost any part of the Shh signaling machinery have been found to have an 

oncogenicc effect in skin and neural cells (see reference264 for review). Also, overexpression of 

Shhh has been shown to oppose cell cycle arrest in human epidermis grafted on to immune-

compromisedd mice.265 The enhanced proliferation observed upon Shh inhibition is therefore 

likelyy to be a downstream effect and possibly caused by the decreased expression of BMP4, 

whichh is downstream of Shh in the stomach. Bone morphogenetic proteins are well known to 

inhibitt cellular proliferation and stimulate differentiation and apoptosis,266 over expression of 

BMP-44 leads to inhibition of epithelial proliferation in the lung.267 Also, in mice with a 

targetedd mutation in the transcription factor Fkh6, decreased expression of BMP-2 and BMP-

44 correlates well with increased proliferation in the gastrointestinal tract.268 BrdU 

incorporationn only occurs in the undifferentiated precursor cells in S phase in the region of the 

isthmus,, thus the enhanced BrdU labeling found in this study suggests that Shh directly or 

indirectlyy negatively regulates precursor cell proliferation. PCNA expression was enhanced in 

bothh zymogenic and parietal cells of the gland compartment, indicating that Shh negatively 

regulatess the cell cycle of these cells. PCNA expression of the pit compartment was not 

affected,, thus the effect of Shh seems compartmental, and this is in line with a possible 

functionn for Shh as a morphostat. Although the Shh null mouse shows no alteration in 

proliferationn of the epithelial cells in its stomach,248 it is hard to extrapolate from the findings 

inn the Shh null mouse. Since this mouse never develops gastric epithelium it is difficult to tell 

fromm this animal what the effect of Shh on fully differentiated gastric epithelial cells could be. 

Thee small but significant decrease in proliferation in the duodenum is intriguing since 

wee did not detect any Shh or Ihh in the duodenum either by western blot analysis or 

immunohistochemistry.. Although we cannot exclude that the decreased proliferation observed 

inn the duodenum is due to aspecific effects of the Cyclopamine, an alternative explanation 

mayy be that Sonic Hedgehog and/or Indian Hedgehog expression, in an organ other than the 

duodenum,, controls the production and/or release of one or more of the many endocrine 

factorss that are known to influence intestinal proliferation. Several other possibilities exist, 

suchh as duodenal expression of smoothened and its activation by a ligand other than Sonic or 
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Indiann hedgehog. Again, we cannot exclude that the effect on the duodenum is aspecific, 

howeverr we hope to address these possibilities in future experiments. 

AA function of Shh as a morphostat is further supported by the graded hedgehog signal 

thatt is especially clear in the human stomach. Highest Shh expression was detected in the 

parietall  cells at the gland-pit boundary, with gradually declining expression along the axis of 

thee gland. This is reminiscent of the graded Shh signaling during organogenesis, when cells 

determinee their fate based on their position relative to organizing centers. These organizing 

centerss function by secreting diffusible signals that form a concentration gradient. 

Interestingly,, previous experiments in mice by the laboratory of Dr J.I. Gordon269 have 

suggestedd that parietal cells indeed function as an organizing center. In these experiments 

parietall  cell ablation was achieved by expressing a toxin behind a parietal cell specific 

promoter.. In these mice, mucous neck precursor cells accumulated and failed to mature into 

differentiatedd neck and zymogenic cells. Also a large increase was seen in the proliferation of 

alll  types of precursor cells, suggesting that parietal cells produce or induce a negative 

regulatorr of gastric precursor cell proliferation. The results of this experiment are mimicked in 

patientss with autoimmune gastritis, who produce autoantibodies against parietal cells. 

Althoughh the autoantibodies are exclusively directed toward parietal cells, zymogenic cells 

aree also depleted together with the parietal cells, and both cell types are replaced by cells with 

ann intestinal phenotype, causing intestinal metaplasia (see reference270 for review). Thus 

parietall  cells seem to determine cell fate of the other gland cell types and have organizer 

centerr properties in the adult. 

Inn conclusion, Shh hedgehog and its target genes are expressed in a 

compartmentalizedd fashion in the adult human and rodent stomach. Shh positively regulates 

expressionn of BMP4, HNF3p\ and Isl-1. Shh is a negative regulator of precursor cell and 

glandd cell proliferation. Our data support the idea that the "morphogenetic code" is utilized 

nott only during organogenesis of the stomach but remains important to maintain complex 

tissuee organization, or morphostasis, in the adult. 
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Abstract t 

BackgroundBackground and aims: Sonic Hedgehog (Shh) is an important endodermal 

morphogeneticc signal during the development of the vertebrate gut. It controls gastrointestinal 

patterningg in general and gastric gland formation in particular. We have previously shown that 

Shhh regulates gastric gland proliferation in the adult, but detailed analysis of its expression 

alongg the adult gastrointestinal (GI) tract has never been undertaken. We therefore studied 

Shhh expression along the normal human and rodent adult GI tract as well as in intestinal 

metaplasiaa of the stomach, gastric and intestinal metaplasia of the oesophagus and gastric 

heterotopiaa in Meckel's diverticulum. 

Methods:Methods: The studies were performed with in-situ hybridisation and by 

immunohistochemistryy using an antibody that recognizes the Shh precursor form. 

Results:Results: We found that in the normal GI tract, high levels of Shh are expressed in the 

fundicc glands of the stomach. Shh expression was also found in fundic gland metaplasia and 

heterotopia.. However, Shh expression is lost in intestinal metaplasia of the stomach. 

Conclusions:Conclusions: We found a strong correlation between Shh expression and fundic gland 

differentiation.. Our current study therefore provides evidence that in addition to its role in 

gastricc epithelial development Shh plays a unique role in gastric epithelial differentiation in 

adults. . 
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Introductio n n 

Duringg organogenesis the cells of the endodermal layer give rise to the liver, pancreas 

andd epithelial cells of the lung and gastrointestinal tract. The differentiation of these different 

organss with their respective functional cell types occurs through complex mesenchymal-

endodermall  interaction. In this interaction, the Hedgehog (Hh), Fibroblast Growth Factor 

(Fgf),, Wnt and Transforming Growth Factor (TGF)-P families of secreted proteins play a key 

role.237 7 

HhHh was initially identified in a genetic screen for segment polarity genes in 

Drosophila.Drosophila.229229 In vertebrates three hedgehog genes have been identified, Shh, Indian 

HedgehogHedgehog (Ihh) and Desert Hedgehog. All three Hhs bind to the same receptor, Patched (Ptc) 

whichh controls the activity of a second receptor, Smoothened (Smo).271 Both Shh and Ihh play 

aa role in endodermal/ectodermal-mesodermal interactions in the gut.243"248 272 

Expressionn of Shh in the gastrointestinal tract has been described during development 

inn many vertebrate systems including mouse,243 chick,245 human,250 and frog.273 In all species 

examined,, Shh is expressed from the earliest time points of gastrointestinal development 

restrictedd in its expression to the endoderm. The murine gut has been well examined for Shh 

mRNAA expression throughout development. At a late stage of development, 18.5 days post 

coitumm (d.p.c), one day prior to birth, Shh mRNA is detected in the glandular epithelium of 

thee stomach, the small intestine and the colon.248 However, although this is a late stage of 

intra-uterinee development, the murine GI tract undergoes major morphological and functional 

changess during the first three postnatal weeks, including formation of intestinal crypts and 

maturationn of the gastric glands.228 274 It is therefore difficult to infer from these data what 

happenss to Shh mRNA expression in the adult. 

Severall  studies have addressed the functional role of Shh expression in thee developing 

gut.. Studies in chick and mouse using either overexpression or inactivation of Shh suggest 

thatt during development Shh is a critical endodermal signal in the epithelial/mesodermal 

signalingg involved in specification of differentiation along the anterior-posterior as well as the 

radiall  axis of the vertebrate gut.244"248 25° 272 273 Shh null mice display gastrointestinal 

malformationss including a failure of the trachea and oesophagus to separate normally,244 gut 

malrotation,, small intestinal and anus atresias.248 The gastric epithelium of Shh null mice 

showss epithelial hyperplasia and alkaline phosphatase expression, a sign of intestinal 

differentiation.2488 The critical role of Shh in gastric epithelial development is further 
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supportedd by the finding that the Hh inhibitor Cyclopamine causes pancreatic transformation 

off  the stomach in embryonic chicks. 

Thee lack of information about Hh expression in the adult is unfortunate as these 

proteinss are likely to play an important role in the orchestration of the complex patterns of 

epitheliall  proliferation and differentiation in this rapidly regenerating system. Since Shh is an 

importantt polarizing signal during development we previously investigated whether Shh is 

involvedd in the maintenance of asymmetry of epithelial differentiation in the tubular units of 

thee adult fundic stomach.275 In this part of the gut the stem cell is located in the midportion or 

isthmuss of the tubular unit. From the isthmus cells migrate either up towards the lumen and 

becomee Mucin (MUC)5 AC expressing pit cells or migrate downward to become one of the 

celll  types of the fundic gland (mucous neck cell, parietal cell, zymogenic/chief cell, endocrine 

celll  and caveolated cell).236 We showed that Shh is expressed in the fundic gland of the adult 

humann and rodent stomach. Inhibition of Shh led to enhanced epithelial proliferation and 

diminishedd protein levels of Bone Morphogenetic Protein-4, Islet-1, and Hepatocyte Nuclear 

Factorr 3p, all of which are proteins involved in differentiation and tissue specific gene 

expression.2755 Thus Shh appears to be involved in the regulation of GI epithelial homeostasis 

inn the adult but a systematic study of the expression of Shh along the adult GI tract has not 

beenn performed. 

Becausee of the important role of Shh in intestinal development it is important to know 

iff  Shh expression is specific for the fundic glands or also occurs in other tissues along the GI 

tract.. These considerations prompted us to investigate the expression pattern of Shh along the 

adultt human and murine GI tract. Since loss of Shh expression in the developing stomach 

resultss in intestinal or pancreatic transformation of the gastric epithelium, we also examined 

intestinall  metaplasia of the adult stomach for possible loss of Shh expression. Hereafter we 

examinedd Shh expression in ectopic fundic glands of both developmental origin (heterotopia) 

andd postnatal origin (metaplasia). Our studies identify Shh as a fundic gland specific protein 

andd thus provide important evidence for a unique role of the Shh morphogen in fundic gland 

homeostasis. . 

Methods s 

Antibodies s 

AA goat polyclonal a-Shh antibody (N-19, 1:250) produced by immunizing with an 

aminoo acid sequence mapping at the amino terminus of the murine Shh precursor was 
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obtainedd from Santa Cruz Biotechnology (Santa Cruz, CA). We have shown previously that 

thiss antibody specifically recognizes the 49 kDa Shh precursor protein.275 A mouse 

monoclonall  o>H7K+-ATPase (1:6000) was from Affinit y Bioreagents (Golden, CO). A 

mousee monoclonal anti-MUC5AC (1:50, clone 45M1) was from Lab Vision (Fremont, CA). 

AA mouse monoclonal anti-MUC2 (1:100, clone CCP58) was from Novocastra (Newcastle 

uponn Tyne, England). 

Tissues s 

Too study Shh expression in the human GI tract we used specimens from the archives 

off  the department of pathology of the Academic Medical Center and the Department of 

Pathologyy of the Massachusetts General Hospital and Brigham and Women's Hospital. We 

examinedd tissue with normal histology of at least 6 different patients to investigate each site 

alongg the normal GI tract for Shh expression. Other specimens included: tissue from 16 

differentt patients with intestinal metaplasia of the stomach, 13 resection specimens of 

Meckel'ss diverticulum and 6 resection specimens of patients with Barrett's oesophagus. 

Inn situ hybridisation 

Humann Shh cDNA, a gift of Dr C. Tabin, was used to transcribe a digoxigenin-

labelledd (Roche, Mannheim, Germany) mRNA probe as previously described.250 Paraffin 

sectionss (4-6 um) of archival human tissue were used for in situ hybridisation using 

previouslyy published methods.250 

Immunohistochemistry y 

Methodss used for staining of a single epitope on paraffin sections have been described 

inn detail previously.253 275 For double staining of Shh and MUC5AC sections were incubated 

withh a mixture of the anti-Shh and anti-MUC5AC overnight. The following day sections were 

incubatedd with a mixture of HRP coupled rabbit anti-goat Ig (1:100, Dako) and biotinylated 

rabbitt anti-mouse Ig (1:250). First the HRP was detected with fast DAB as described253 275 

andd hereafter sections were incubated with streptavidin P-galactosidase (strep (3-gal, 1:50 in 

PBS,, Roche, Almere, The Netherlands) for 30 min at RT. The 0-gal was detected with 40 
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Hg/mll  X-Gal (Gibco, Breda, the Netherlands) in iron phosphate buffer (0.02% MgCl2 6H20, 

0.099%% potassium ferricyanide, 0.127% potassium ferrocyanide) at 37°C for 15 min, resulting 

inn a turquoise colour. 

Simultaneouss immunohistochemical detection of three different epitopes was 

performedd largely as described previously.253 For triple staining of Shh, MUC5AC and MUC2 

thee following protocol was developed. Sections were rehydrated and blocked as described and 

incubatedd with the anti-MUC5AC monoclonal overnight. The following day sections were 

incubatedd with an alkaline phosphatase (AP) coupled goat anti-mouse Ig (1:20, Dako) in PBS 

containingg 10% human AB serum for one hour. After washing in Tris Buffered Saline, AP 

activityy was detected using Fast Red (Dako) resulting in a red precipitate. Hereafter sections 

weree heated to 100°C for 5 min to remove antibodies and enhance antigen retrieval for the 

anti-Shhh antibody. Sections were blocked and incubated with a mixture of monoclonal anti-

Muc22 and goat polyclonal anti-Shh overnight. On day 3 sections were incubated with a 

mixturee of rabbit anti-mouse-HRP (1:50) and rabbit anti-goat-biotin (1:200) in PBS 

containingg 10% human AB serum for one hour. First the HRP was detected with DAB as 

describedd above and hereafter sections were incubated with strep p-gal for 30 min at RT. The 

P-gall  was detected as above. We used three different negative controls, omission of the anti-

Shhh antibody, control Ig and an anti-Shh blocking peptide (Santa Cruz). As a positive control 

wee used embryonic tissues of both chick and zebrafish. 

Results s 

Fundicc glands express high levels of Shh 

Wee have previously shown that Shh protein is expressed in the fundic glands of 

humanss and rodents.275 We have now examined the length of the human GI tract for both Shh 

mRNAA and protein expression. In the adult GI tract Shh mRNA was abundantly expressed in 

thee fundic part of the stomach and at low levels in the crypts of the small intestine (as has 

beenn described in the human fetus250) (Fig 1). To investigate expression of Shh protein we 

havee used an antibody that recognizes the Shh precursor protein.275 In the human, mouse and 

ratt GI tract Shh staining was exclusively detected in the fundic glands of the stomach. By 

contrast,, no Shh staining was observed in the oesophagus or the intestine (Fig 2). The 

omissionn of the primary antibody or use of control Ig did not result in any visible staining and 
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thee staining with the anti-Shh antibody was efficiently blocked with the blocking peptide. The 

anti-Shhh antibody reacted with endoderm of both chick and zebrafish used as positive control. 

Figuree 1 Shh mRNA expression along the human GI tract. Shh expression is detected (blue stain) in 
thee fundic glandular region (B) of the adult stomach. Shh is not detected in the esophageus (A) or the 
antrumm of the stomach (C). A few positive cells are found at the base of the crypts in the small 
intestinee (arrows in D and in blow up of boxed area in E) and some of the crypts of the colon (F, 
arrow). . 
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Figuree 2 Shh protein expression along the human and murine GI tract. (A-G) Sections of the human 
GII  tract, Immunohistochemical staining with an antibody against the Shh precursor protein. We found 
intensee staining in the fundic glands (B) whereas no staining was found in esophageus (A), antrum 
(C),, Brunner's glands (D), duodenum (E), ileum (F) or colon (G). Sections of the murine GI tract (H-
N)) give the same results. Shown are: forestomach (H), fundic glands (I), antral glands (J), duodenum 
(K),, jejunum (L), ileum (M), and colon (N). No signal was found in the human fundic gland with 
isotypee control antibody (O) and the signal detected with the anti-Shh antibody (P) was efficiently 
blockedd with a blocking peptide (Q). 

Shhh expression is lost in intestinal metaplasia of the fundus 

Duringg development of the stomach, absence of Shh leads to intestinal transformation 

off  the stomach.248 In humans, replacement of gastric epithelium by epithelium of intestinal 

phenotype,, or intestinal metaplasia, is commonly observed in patients with chronic gastritis. 

Thiss metaplasia is an important risk factor for the development of gastric adenocarcinoma.276 

Too evaluate the possibility that alterations in Shh expression may be involved in intestinal 

metaplasiaa in humans, we studied whether Shh expression is lost in intestinal metaplasia of 

thee fundic gland region. To optimally localize Shh expression relative to the intestinal 

metaplasiaa in these specimens we used an immunohistochemical triple staining method. This 

methodd visualizes cytoplasmic and extracellular MUC5AC, the mucin produced by gastric pit 

cells,2533 cytoplasmic MUC2, a mucin specifically expressed by the goblet cells of the 

intestine,2777 and Shh. This triple stain has the additional advantage that intestinal absorptive 

enterocytess are readily identified in specimens with intestinal metaplasia due to the typical 

thinn staining of the brush border that contains intestinal alkaline phosphatase. 
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Noo overlap between MUC5AC and Shh was found since MUC5AC marks pit cells 

thatt migrate up from the precursor cell and Shh is exclusively expressed by the downward 

migratingg parietal cells of the gastric glands.275 Using this method we found that the 

expressionn of Shh and MUC2 is mutually exclusive in all specimens investigated (n=16). This 

clearlyy demonstrates that in areas of intestinal metaplasia Shh expression is completely lost. 
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Figuree 3 Shh expression is lost in intestinal metaplasia of the stomach. Immunohistochemical triple 
stainn of Shh (blue) MUC5AC (red) and MUC2 (brown). (A-C) Specimens of two different patients 
withh intestinal metaplasia. (A) This specimen shows normal glands with MUC5AC expressing pit cells 
(arrowhead,, red stain), Shh expressing gland cells (arrow, blue stain) and adjacent metaplastic glands 
withh MUC2 expressing goblet cells (asterisks, brown stain). (B) Blow-up of boxed area in A, note the 
MUC5ACC expression by goblet cells around the pit-gland transition. (C) Another example of 
metaplasticc gland (asterisks) amidst normal Shh expressing glands (arrow). (D) Although most cases 
showedd replacement of only the glands or both pits and glands by intestinal cells, in this patient we 
observedd a mix of intestinal MUC2 expressing goblet cells (brown) and gastric MUC5AC expressing 
pitt cells (red) in the pit region. (E-G) Three types of goblet cells were observed in this study, goblet 
cellss that express exclusively MUC2 (arrow in E), goblet cells that co-express MUC2 and MUC5AC 
(arroww in F), and goblet cells that express only MUC5AC (arrow in G). 
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Althoughh not the primary aim of our study, we were also able to identify three types of 

intestinall  metaplasia on the basis of mucin expression, in the specimens that allowed good 

visualizationn of the full gastric unit. The first type was characterized by MUC2 positive goblet 

cellss and intestinal-type absorptive cells with an alkaline phosphatase positive brush border 

(seee unit marked with asterisks in fig 3D). In the second type, only the gland cells were 

replacedd by MUC2 expressing goblet cells whereas the pit cells where still of the MUC5 AC 

expressingg gastric phenotype (see fig 3A-C). The third type consisted of cases where the 

glandd contained MUC2 positive goblet cells whereas the pit consisted of a mix of MUC5AC 

expressingg pit cells and MUC2 positive goblet cells (see unit marked with arrow in Fig 3D). 

Threee types of goblet cells were observed in this study. Most goblet cells were found to 

expresss MUC2 exclusively (Fig 3E) as is the case in a normal intestinal goblet cell,277 

howeverr we also found more rarely that goblet cells can display exclusive expression of 

MUC5ACC (Fig 3G) or co-express MUC2 and MUC5AC (Fig 3F). The MUC2-MUC5AC co-

expressingg goblet cells were found in the region of the isthmus, whereas goblet cells that had 

migratedd further from here were invariably found to express only MUC2 indicating a 

transitionn from a mixed gastric-intestinal to a purely intestinal phenotype. 

Figuree 4 Shh is expressed in fundic gland ectopies. (A-C) Three different cases of Meckel's 
diverticulum.. (A) No Shh is detected in a Meckel's specimen with purely intestinal histology. (B) Shh 
stainingg (brown precipitate, arrow) in a gastric fundic gland adjacent to a region of goblet cell 
containingg intestinal histology (asterisks). (C) Double stain of the gastric mucin MUC5AC (blue, 
arrow)) and Shh (brown, asterisks) in a Meckel's diverticulum with fundic gland histology. (D,E) 
Oesophageall  metaplasias. (D) No Shh is detected in the intestinal metaplasia of Barrett's mucosa. (E) 
AA case of fundic gland metaplasia of the esophageus with Shh expressing cells (brown precipitate, 
asterisks). . 
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Shhh is expressed in fundic gland heterotopia 

Too investigate if Shh is expressed in gastric heterotopia of the small intestine, we 

examinedd human resection specimens of Meckel's diverticulum (n=13). Meckel's 

diverticulumm is a common abnormality of the small intestine that occurs in 1-3% of the 

population.2788 This remnant of the omphalomesenteric duct often contains heterotopic tissue 

off  various endodermal derivatives. We stained all specimens examined for both the ff'X* 

ATPasee to identify acid producing parietal cells of the fundic gland and for Shh. All 

specimenss that contained parietal cells (n=8) were also positive for Shh (Fig 4B,C), whereas 

specimenss that lacked fundic glands (4 with intestinal and 1 with antral mucosa) also lacked 

Shhh staining (Fig 4A). Thus Shh is expressed in fundic gland heterotopia, indicating that 

aberrantt development of intestinal epithelium into gastric epithelium with fundic glands is 

accompaniedd by Shh expression. 

Shhh is expressed in fundic gland metaplasia of the esophagus 

Inn patients with chronic acid reflux the resulting inflammation of the oesophagus can 

leadd to columnar metaplasia of the normally squamous epithelium of the oesophagus, a 

conditionn called Barrett's oesophagus. While these patients frequently develop intestinal 

metaplasiaa in die columnar lined segment, a mixture of gastric and intestinal-type epithelium 

iss commonly observed.279 To see if Shh expression is also induced postnatally in areas of 

gastricc metaplasia we examined oesophageal resection specimens of 6 patients witii Barrett's 

oesophaguss for expression of bom the H+K+ ATPase and Shh. We found one resection 

specimenn with areas of gastric metaplasia of fundic type glands. A complete overlap of H+K+ 

ATPasee expression and Shh expression was found in this specimen (Fig 4E), whereas all 

oesophageall  (including the submucosal glands) and intestinal tissue in the resection 

specimenss was negative for Shh (Fig 4D). This indicates that the switch in differentiation 

fromfrom squamous to gastric epithelial tissue with fundic glands is accompanied by induction of 

Shhh expression. 

Discussion n 

Shhh is an important endodermal signal in endodermal-mesenchymal cross talk during 

developmentt in both anterior-posterior and radial patterning of the gut tube. Mice deficient in 
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Shhh lack gastric epithelium.248 We have shown previously that Shh is expressed in the fiindic 

glandss of the adult GI tract.275 However, the distribution of Shh along the GI tract has so far 

nott beenn addressed systematically. Here we have examined its expression in normal tissue and 

inn various conditions characterized by loss and gain of fundic gland differentiation along the 

GII  tract. Our data show that Shh protein expression is closely correlated with fundic gland 

differentiationn in the adult. 

Thee stem cells of the glandular stomach are situated approximately halfway up the 

tubularr invaginations that contain the gastric glands. Cells that migrate up from this point 

(towardss the lumen) form the mucus producing or pit cells of the so-called pit region. Cells 

thatt migrate down from the stem cell region form the gland proper with a variety of functional 

celll  types. Several independent lines of evidence indicate that there are polarizing signals in 

thee gastric units that promote either pit or gland cell proliferation and differentiation. Initial 

evidencee for the existence of polarizing signals in the fundic units comes from patients with 

hypertrophicc gastropathies. These gastropathies include Ménétrier disease and hyperplastic 

hypersecretoryy gastropathy (HHG).280 Massive proliferation and differentiation of pit cells 

andd concomitant loss of glandular epithelial cells characterize Ménétrier disease, whereas 

patientss with HHG show an increased mass of gland cells. The pit cell-promoting factor that 

causess Ménétrier disease has been identified as Transforming Growth Factor (TGF)a, a 

ligandd for the EGF receptor.281"283 

Untill  recently no glandular epithelial cell-type promoting factor had been identified. 

However,, we have previously shown that Shh selectively influences the cell cycle of gastric 

epitheliall  gland cells and in this manner may act as a polarizing signal. Indeed, the exclusive 

expressionn of Shh in the fundic glands along the normal adult human and rodent GI tract as 

observedd in the current study suggests a specific role for Shh in fundic gland differentiation. 

Apartt from the above-mentioned patients with HHG, the pathology observed in 

patientss with autoimmune gastritis284 provides additional evidence for the existence of a gland 

cell-typee promoting factor and suggests that the parietal cell may be the source of this factor. 

Inn these patients, autoantibodies against the FTK+ ATPase result in cytotoxic T cell mediated 

parietall  cell depletion. Although most of these patients lack antibodies against epitopes 

expressedd by zymogenic cells,285 loss of parietal cells is followed by loss of zymogenic cells, 

suggestingg that parietal cells secrete a factor important for zymogenic cell differentiation. The 

losss of gland cells in autoimmune gastritis is in the end often followed by intestinal 

metaplasia.. Findings similar to the histopathology observed in patients with autoimmune 

gastritiss have been described in parietal cell depleted mice.269 Finally, evidence from the 
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mousee suggests that Activin antagonizes the gland cell type promoting polarizing signal.286 

Micee deficient for a-Inhibin develop gonadal sex-cord-stromal tumours producing large 

quantitiess of Activin A and B. The gastric (epithelial) histology of these mice resembles that 

off  patients with autoimmune gastritis the parietal cell depleted mouse. The fundic glands of 

thesee mice show increased amounts of pit cells, loss of parietal cells and absence of 

zymogenicc cells. 

Thiss antagonism of the hypothesized gland cell-promoting factor by Activin is 

intriguingg in the light of our finding that this factor may be Shh. Activin has been shown to 

represss Shh expression in Hensen's node during the establishment of chick left-right 

asymmetrŷ^ and notochord derived Activin antagonizes endodermal Shh expression in the 

areaa of the prospective pancreatic buds,288 which is essential for normal pancreas 

development.2899 Thus, previous work in the literature is consistent with a role for Shh in the 

mechanismss that promote polarized gastric epithelial gland cell differentiation. 

Thiss notion is further strengthened by the Shh expression pattern observed in several 

pathologicc human conditions in this study. Loss of fundic glands in gastric intestinal 

metaplasiaa is accompanied by loss of Shh expression, whereas gain of Shh expression is 

observedd in fundic gland ectopies, making Shh a fundic gland specific factor. Although gene 

expressionn in intestinal metaplasia of the stomach has been extensively characterized, these 

studiess have mostly addressed markers of intestinal differentiation that are unlikely them 

selvess to play a role in the conversion of a gastric to intestinal epithelial phenotype. Silberg et 

al.al. have previously identified the intestine-specific transcription factor Cdxl as a factor that 

mayy play a role in the induction or maintenance of intestinal metaplasia of the oesophagus 

andd stomach.290 The present study, however, is to the best of our knowledge the first report of 

thee loss of a fundic gland specific soluble morphogen in intestinal metaplasia. It is not clear 

fromfrom these results whether Shh loss precedes or is necessary for the development of intestinal 

metaplasia.. Theoretically, the loss of expression of a morphogen that is known to control 

gastricc gland morphogenesis may be a relevant step in the sequence of events that lead to 

intestinall  metaplasia. This is especially so in the case of Shh in view of the intestinal 

metaplasiaa observed in the stomach of the Shh null mouse.248 

Anotherr observation made using simultaneous immunohistochemical detection of 

MUC22 and MUC5AC is that goblet cells can display several phenotypes. These findings 

confirmm results obtained by Reis et al. who have shown that goblet cells can express 

MUC5ACC in intestinal metaplasia of the stomach291 and results from Shaoul et al. who found 

thatt goblet cells in gastric metaplasia of the duodenum can co-express MUC2 and 
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MUC5AC.. Similar to the findings by Shaoul et al. the co-expression of MUC2 and 

MUC5ACC seemed to be a transitory phenotype since goblet cells at greater distance from the 

precursorr cell region lost MUC5AC expression and expressed only MUC2 thus representing a 

moree pure intestinal phenotype. This finding seems consistent with a process of 

transdifferentiationn of epithelial cells in an altered environment of differentiation specifying 

solublee signals due to the inflammatory infiltrate. 

Inn conclusion, we have presented evidence that Shh is a fundic gland specific factor in 

thee normal stomach and in several human diseases characterized by aberrant gastric epithelial 

differentiation.. These results support the hypothesis that Shh may be an essential polarizing 

signall  for fundic gland differentiation, an idea that is supported by the existing literature. 
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Abstract t 

BackgroundBackground and aims: In the colon, differentiated epithelial cells are continuously 

replacedd from a pool of precursor cells at the base of the colonic crypts. We still have only 

limitedd insight into the lineage-instructive mechanisms that regulate differentiation of colonic 

epitheliall  precursor cell descendants. Here we investigate a possible role of Hedgehog 

signallingg herein. 

Methods:Methods: We examined expression of Indian Hedgehog (Ihh) in adult human and 

rodentt colon and in HT-29 colon carcinoma cells. We treated rats with the hedgehog inhibitor 

Cyclopaminee to examine the role of Hh signalling in the colon in vivo. 

Results:Results: We show that Ihh is expressed by the differentiated absorptive enterocytes of 

thee adult colon. Ihh expression can be induced in HT-29 colon carcinoma cells upon 

differentiationn with butyrate. Inhibition of Hh signalling in vivo identified several Hh 

regulatedd proteins and resulted in reduced expression of a marker of the absorptive enterocyte 

lineagee and induction of the expression of a marker of the goblet cell lineage. Cyclopamine 

treatmentt increased precursor cell proliferation. 

Conclusions:Conclusions: Ihh is a novel regulator of colonic epithelial homeostasis in the adult 

thatt differentially regulates cell lineage maturation and negatively regulates precursor cell 

proliferation. . 
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Introductio n n 

Continuouss renewal of colonic epithelial cells in the adult occurs along a single 

verticall  (or radial) axis. A common progenitor cell in the colonic crypt can give rise to a 

varietyy of epithelial cell types with digestive, absorptive, protective and endocrine functions.63 

2044 293 294 -ĵ g epithelial cells differentiate as they move towards the intestinal lumen and 

undergoo a death program thus maintaining homeostasis.205 The factors that regulate epithelial 

differentiationn still remain to be identified. 

Differentiationn of the epithelial cells is a cell non-autonomous process that seems to be 

criticallyy dependent on positional information along the vertical axis of renewal.295 2% Several 

tissuee and cell lineage-specific transcription factors have been identified that regulate the 

expressionn of cell type specific markers of differentiation.204 However, the molecular 

mechanismss that time and direct the induction of these transcription factors at the appropriate 

positionn along the vertical axis remain largely unresolved. During embryogenesis cells receive 

thee positional information that determines their developmental fate from their relation to 

gradientss of secreted morphogens.68 We have hypothesized that morphogens play a similar 

rolee in the ongoing patterning events of GI epithelial homeostasis.275 

Duringg development the GI tract is patterned through endodermal-mesenchymal 

interactions.. In mis interplay Sonic Hedgehog (Shh) and Indian Hedgehog (Ihh) are 

endodermallyy derived morphogens.293 297298 Both have partially overlapping functions and act 

throughh the same receptor complex: Patched (Ptc), an Hh binding receptor and Smoothened 

(Smo)) a receptor that signals through the Gli family of transcriptional effectors.299 Hh 

signallingg plays an important role in thee development of the hindgut and this role is conserved 

fromfrom fly to mice.67 245 300"303 We have previously shown that although a few cells at the base of 

somee of the colonic crypts produce Shh mRNA, Shh protein is undetectable in the adult 

colon.3044 However Ihh mRNA is produced in die colonic epithelium until at least one day 

priorr to birth in mice67 and the adult colon has so far not been examined for expression of this 

Hhh family member. Here we show (/) that Ihh is expressed by the absorptive enterocytes in 

thee adult colon, (if) provides a lineage-instructive signal to the differentiating epithelial cells 

andd (Hi) negatively regulates precursor cell proliferation. These results suggest that Ihh is an 

importantt factor in the maintenance of colonic epithelial homeostasis. 
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Material ss and methods 

Antibodies s 

Antibodiess used are listed below, concentrations for immunohistochemistry are in 

normall  font those used for immunoblot are italicized. An anti-BMP2 mouse monoclonal 

antibodyy (mAb) (355; 1:1000; 1:2000), and an anti-BMP4 mAb (757; 1:500; 1:2000) were 

fromfrom R&D systems (Minneapolis, MN). A goat polyclonal anti-Shh (N-19) that recognizes 

thee Shh precursor protein275 (1:200; 1:2000), a goat polyclonal anti-Ihh that recognizes the 19 

kDaa active N-terminal peptide275 (1-19; 1:50; 1:500), a Rabbit polyclonal anti-GATA6 (H-29; 

1:50;; 1:500), a goat polyclonal anti-Villi n (C-19; 7.7000) and a goat polyclonal anti-p-actin 

(1-19;; 1:1000) were all from Santa Cruz (Santa Cruz, CA). An anti-HNF3p mAb (4C7; 1:10; 

1:1000),1:1000), and an anti-Engrailed-1 mAb, both developed by Dr J. M. Jessell's laboratory, were 

obtainedd from the Developmental Studies Hybridoma Bank (Iowa City, IA). An anti-PCNA 

mAbb (1:5000) and an anti-BrdU mAb (1:50) were from Roche (Almere, the Netherlands). An 

anti-cyclinn Dl mAb (DCS6) was from Neomarkers (Fremont, CA). Two different anti-Ptc 

antibodiess were used, a goat polyclonal anti-Ptc (C-20, 1:50) from Santa Cruz and A rabbit 

polyclonall  anti-Ptc305 (1:200), a kind gift of Dr R. Toftgard. A rabbit polyclonal anti-ITF was 

aa kind gift of Dr D.K. Podolsky. Specificity of all antibodies used in immunohistochemistry 

wass confirmed on immunoblot and in experiments using the appropriate control Ig or by 

omissionn of the primary antibody. Secondary antibodies used were all from Dako (Glostrup, 

Denmark). . 

Immunohistochemistry y 

Formalinn fixed paraffin embedded human biopsy and resection specimens of 

uninflamedd colonic mucosa, were obtained from the archives of the pathology department of 

thee Academic Medical Center following institutional standards for human subject research. 

Immunohistochemistryy was performed on 4um sections using a three-step diaminobenzidine 

(DAB)) detection method with antigen retrieval as described in detail previously.136 For BrdU 

visualization,, sections were incubated in 2N HC1 at 37°C for 60 minutes after 

deparaffinizationn and then washed in 0.1 M boric acid pH 8.5. Sections were counterstained 

withh Mayer's hematoxylin, except when stained for HNF3p or engrailed-1 to allow optimal 

visualizationn of nuclear staining. Two different negative controls were used for the 
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immunohistochemicall  staining, omission of the primary antibody and use of an appropriate 

controll  Ig. 

Inn situ hybridisation 

Humann Ihh cDNA, a gift of Dr C. Tabin, was used to transcribe a digoxigenin-labelled 

(Roche)) mRNA probe according to Marigo et al.306 Following deparaffinization 4um sections 

weree treated with 10 mg/ml Proteinase K for 8 minutes and postfixed in 4% 

paraformaldehyde.. Prior to application of the mRNA probe, sections were incubated in 0.1 M 

triethanolamine/0.25%% acetic anhydride and rinsed in 0.1M Tris-buffered glycine. Ihh probe 

hybridisedd at 70°C overnight. Post-hybridisation washes were carried out in (1) 50% 

formamide,, 5X SSC, pH 4.5, 1% SDS, (2) 0.5M NaCl, lOmM TrisHCl, pH 7.5, 0.1% Tween-

20,, 10 mg/ml RnaseA, (3) 50% formamide, 2X SSC, pH 4.5, (4) TBST. Sections were 

blockedd for 30 minutes RT in 5% sheep serum and incubated for 2 hours RT in anti-

digoxigeninn (Roche) antibody solution. After additional washes in TBST, Ihh expression was 

detectedd using purple AP substrate (Roche, Mannheim, Germany). Tissue was mounted with 

Ultramountt (DAKO). 

Cyclopaminee treatment 

8-week-oldd female Wistar rats (w=7) were treated with daily intraperitoneal injections 

off  1 mg/kg of the Hh inhibitor Cyclopamine complexed with 2-hydroxypropyl-p-cyclodextrin 

(HBC;; Sigma) as described.275 Control rats (w=7) received solvent only. After 14 days, rats 

weree given a single intraperitoneal injection of 150 mg/kg BrdU one hour before being killed. 

Thee distal half of the colons was dissected along the longitudinal axis one half was fixed in 

paraformaldehydee and paraffin embedded the other half was homogenized to produce a 

proteinn lysate. The experiment was approved by the animal ethics review board of the 

Universityy of Amsterdam. 

Scoringg BrdU positive cells 

Ann investigator blind to the treatment performed BrdU scoring. To score BrdU 

positivee cells in Cyclopamine treated rats and controls three pictures were taken of each rat 

colonn at 100*  magnification and positive nuclei were counted in each microscope field with 
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thee use of an image analysis program (EFM Software, Rotterdam, The Netherlands). In each 

field,field, 5 well-oriented crypts were counted for the BrdU stain. The average numbers of 

positivee nuclei per crypt were compared between groups. To enable comparison of the results 

betweenn animals, all sections visualized the entire axis from the superficial epithelium to the 

musculariss mucosa. 

Immunoblot t 

Thee distal colon was homogenized in lysis buffer (300 mmol/L NaCl, 30 mmol/L Tris, 

22 mmol/L MgC12, 2 mmol/L CaC12 , 1% Triton X-100, pH 7.4, supplemented with 1 tablet of 

proteasee inhibitor 307 per 50 mL). Protein concentration was measured using the Bradford 

method.. Lysates were diluted 1:3 in protein sample buffer (125 mmol/L Tris/HCl, pH 6.8; 4% 

sodiumm dodecyl sulfate; 2% (3-mercaptoethanol; 20% glycerol, 1 mg bromophenol blue), and 

100-2000 ug of homogenate was loaded per lane on a sodium dodecyl sulfate-polyacrylamide 

gell  electrophoresis gel. After protein separation, the proteins were blotted on to a PVDF 

membranee (Millipore, Bedford, MA). Membranes were blocked with 2% protifar (Nutricia, 

Zoetermeer,, The Netherlands) in phosphate-buffered saline (PBS), supplemented with 0,1% 

Tween-200 for 1 hour at room temperature. After a brief wash in washing buffer (0.2% 

protifar;; 0.1% Tween-20), membranes were incubated overnight at 4°C with antibody diluted 

inn washing buffer at the indicated concentration. The next day, membranes were washed 3 

timess for 5 minutes each and subsequently incubated with a secondary horseradish peroxidase 

(HRP)-conjugatedd antibody in a 1:2000 dilution. After enhanced chemoluminescence using 

Lumilight++ substrate (Roche, Mannheim, Germany), antibody binding was visualized and 

relativee expression levels quantified using a Lumi-Imager (Boehringer Mannheim, 

Mannheim,, Germany). 

Celll  culture 

HTT 29 colon cancer cell lines were cultured according to routine procedures in the 

presencee of 10% foetal calf serum (GIBCO). Butyrate (Sigma) was used at a 5mM 

concentration. . 
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Results s 

Ihhh is expressed in the adult colon 

Wee first examined Ihh mRNA expression in the histologically normal human colon 

(Fig.. la) and Ihh protein expression in humans, rats and mice (Fig. \b and c). In all three 

speciess the terminally differentiated absorptive enterocytes expressed Ihh. No signal was 

detectedd when leaving out the primary antibody or when using control Ig. To see if Ihh 

correlatedd with the differentiation state in an in vitro model of enterocyte differentiation, we 

nextt examined Ihh expression in butyrate-treated HT29 cells.308 Induction of Ihh protein 

expressionn correlates well with expression of the differentiation marker Villi n in this model 

(Fig.. Id). 

Ihhh regulates the expression of BMP-4 and transcription factors involved in tissue 

specificc gene expression 

Too begin to understand the role of Hh signalling in the adult colon we focused on the 

vertebratee homologs of four Drosophila genes with an established role in hindgut formation. 

Thesee are Dpp (vertebrate homologs BMP2 and BMP4), Fork Head (homolog 

HNF3$/FoxA2),HNF3$/FoxA2), Serpent (vertebrate GATA factors) and Engrailed (vertebrate Engrailed-1 

andd i).301 302 We localized the expression of these proteins by immunohistochemistry and 

determinedd their relation to the Hh signal in vivo in the rat using the Hh inhibitor 

Cyclopamine.. Cyclopamine is a potent Hh signalling inhibitor309 that inhibits Hh signalling at 

thee level of Smo310. Since only Ihh protein is detectable in the adult colon, we presume that 

thee effects of Cyclopamine relate principally if not entirely to the inhibition of Ihh signalling. 
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Figuree 1 Ihh is expressed by terminally differentiated enterocytes. (A) In situ hybridisation using an 
Ihhh probe on normal human colon, detection with purple AP Substrate. The terminally differentiated 
enterocytess at the tips of the crypts (arrow) produce Ihh mRNA. (B,C) Immunohistochemistry on 
humann (B) and rat (C) adult colon using the anti-Ihh antibody and DAB detection. Ihh protein is 
expressedd by the terminally differentiated enterocytes in both species (arrows). (D) Western blot 
showingg expression of Villin , Ihh and loading control P-Actin in HT-29 cells treated with 5 mM 
butyrate.. Ihh expression is induced as the HT-29 cell differentiates. Original magnification: A-C: 80x. 
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Figuree 2 Expression of Ptc, BMP2, BMP4, HNF3P and Engrailed-1. Immunohistochemistry on 
normall  rat colon, using DAB as a substrate. Expression of (A) the Hh receptor Ptc is detected in the 
epitheliall  cells throughout the crypt and in several stromal cell types (arrows). (B) BMP-2 is expressed 
byy the terminally differentiated enterocytes (arrow). (C,D) Myofibroblast-like cells (arrow, C) and 
somee epithelial cells in the proximal colon with endocrine cell morphology (arrow, D) express BMP-4. 
(E)) The transcription factor HNF30 is detected at highest levels in the nuclei of the epithelial cells at 
thee base of the crypt and (E). Engrailed-1 is expressed by the epithelial cells and in lamina propria 
lymphocytess (F). Original magnification: A,B: 80x; C: 200x; D: 80x; E,F: lOOx. 

Wee used two different anti-patched antibodies with the same results. We found that 

thee Hh binding receptor and transcriptional target Ptc was broadly expressed in the epithelial 

cellss along the crypt axis and on mesenchymal cells (Fig. 2d). Thus Ihh may directly affect a 

widee range of target cells both within the epithelium and in the mesenchyme. Hh genes are 

oftenn co-expressed with BMP-2 and BMP-4.^ 275 We found that the expression of both 

morphogenss in the adult colon was similar to that found during embryonic and foetal 

development,666 BMP-2 is expressed by the differentiated enterocytes (Fig. 2b), whereas we 

detectedd BMP-4 in myofibroblast-like mesenchymal cells and in some epithelial cells in the 

proximall  colon with endocrine cell morphology (Fig. 2c and d). Whereas no effect was found 

onn the expression levels of BMP-2 upon Cyclopamine treatment, levels of BMP-4 were 

markedlyy induced in response to Hh inhibition. Since the colon homogenates were from the 

distall  colon this result reflects an effect of Hh signalling on BMP-4 expressed by the 

mesenchymall  cells and not the endocrine cells found in the proximal colon. This finding 

supportss the known interaction between the Hh and BMP signalling pathways. 

Thee transcription factor HNF3P is highly expressed in the epithelial cells at the base 

andd middle of the crypt, but this expression is down regulated towards the Ihh expressing cells 

att the intercrypt tables (Fig. 2/). Engrailed expression was more generalized in the epithelial 

cellss and also detected in lymphocytes in the lamina propria (Fig. 2e). Both HNF3P and 

engrailed-11 are dramatically upregulated in response to Cyclopamine treatment (Fig. 3). Of 

thee GATA factors only GATA-6 has previously been found in colon cancer cells.3" In vivo, 
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wee observed GATA-6 expression in the terminally differentiated enterocytes at the intercrypt 

tabless (not shown). Upon Cyclopamine treatment GATA-6 was significantly downregulated 

(Fig.. 3). Ihh signalling is not necessary for maintenance of its own expression (Fig. 3). 
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Figuree 3 The effect of Cyclopamine treatment on the expression of putative Hh targets. (A) Western 
blotss showing protein levels of putative Hedgehog regulated proteins. The first seven lanes represent 
colonicc homogenates of seven individual control animals whereas the seven lanes on the right are 
Cyclopaminee treated animals. The molecular weight is indicated in kDa on the right of each blot. (B) 
Quantificationn of blots shown in (A), mean and standard error of the relative expression compared to 
thee mean of the seven controls, p values (student's t-test): Ihh, p=0.08; BMP-2, p=0.25; BMP-4, 
^=0.0001;; HNF3p,p=0.001; En-l,p=0.002; GATA6,p=0.005. 

Cyclopaminee treatment affects both differentiation and proliferation //; vivo 

Sincee the Cyclopamine treatment altered the expression of several transcription factors 

involvedd in tissue specific gene expression, we examined the expression of two markers of the 
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mainn epithelial cell lineages of the colon, the enterocyte and the goblet cell. We observed a 

strongg induction of Intestinal trefoil factor (ITF/TFF3), a goblet cell lineage marker (Fig. 

4).. In contrast, Cyclopamine treatment reduced the expression of Villin , a cytoskeletal 

proteinn that is specific for microvilli and is a marker of enterocyte differentiation.313 314 

Inhibitionn of Hh signalling therefore seems to interfere with enterocyte differentiation in vivo, 

andd promote the differentiation of the goblet cell lineage. Finally we used three markers of 

proliferationn to assess the effect of Cyclopamine treatment on the precursor cell compartment. 

Cyclopaminee treatment increased both the expression of the cyclin PCNA and cyclin Dl as 

assessedd by western blot (fig 4) and the number of 5-bromo-2'-deoxyuridine (BrdU) labelled 

epitheliall  precursor cells. These results show that Hh signalling may negatively regulate 

precursorr cell proliferation in the adult colon. 
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Figuree 4 The effect of Cyclopamine treatment on proliferation and differentiation. (A) Western blots 
showingg protein levels of markers of differentiation and proliferation. The first seven lanes represent 
colonicc homogenates of seven individual control animals whereas the seven lanes on the right are 
Cyclopaminee treated animals. The molecular weight is indicated in kDa on the right of each blot. (B) 
Quantificationn of blots shown in (A), mean and standard error of the relative expression compared to 
thee mean of the seven controls, p values: Villin , />=0.02; ITF, p=0.008; Cyclin Dl p=0.01; PCNA, 
/KO.0001.. (C) Graph showing the number of BrdU labelled cells per crypt in controls and 
Cyclopaminee treated animals. Student's t-test:/>=0.036. 
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Discussion n 

Thee mechanisms that determine position-dependent differentiation of colonic 

epitheliall  cells during their migration along the crypt axis remain among the least understood 

aspectss of intestinal physiology. In the current study we show that Hh signalling stimulates 

differentiationn of cells of the enterocyte lineage and negatively regulates precursor cell 

proliferation.. We propose that a gradient of Ihh protein along the crypt axis may provide 

positionall  information for the differentiating epithelial cells. 

Endodermal-mesenchymall  interactions dictate the patterning of the developing gut 

tubee and both Shh and Ihh have been shown to be critical endodermally derived factors in this 

cross-talk.677 293 297 298 315 316 Here we show that Ihh has a conserved expression pattern in the 

adultt colon. Both Ihh mRNA and protein are expressed by the terminally differentiated 

enterocytess with highest expression in the most differentiated enterocytes and Ihh expression 

iss induced in HT-29 cells during butyrate induced differentiation. 

Too examine the function of Ihh in the adult colon in vivo, we made use of the Hh 

signallingg inhibitor Cyclopamine.309 31° Treatment of rats with Cyclopamine led to a 

substantiallyy increased expression of HNF3P, preferentially expressed at the basal part of the 

crypt,, and Engrailed-1. In contrast, GATA-6 expression by the differentiated enterocytes on 

thee intercrypt table was decreased. Ihh therefore seems to differentially modulate the 

expressionn of transcription factors with a role in tissue specific gene expression. 

Blockingg Hh signalling increased PCNA and cyclin Dl expression and increased the 

numberr of epithelial precursor cells in S-phase. We previously noted a similar effect in the 

adultt stomach.275 This contrasts with the proliferative effect of Shh observed on both 

keratinocytee and neural precursor cells and the role of activating mutations in the Hh pathway 

inn tumours derived from these cell types.317"319 The role as a negative regulator of GI 

epitheliall  precursor cell proliferation has important implications since it suggests that Hh 

signallingg may actually have a tumour suppressive action in the adult gut. The role of the Hh 

pathwayy in tumourigenesis may thus depend on the tissue context. 

Thee Cyclopamine treatment had a differential effect on differentiation of the two main 

epitheliall  cell-lineages of the colon. Expression of the enterocyte differentiation marker villi n 

wass decreased whereas the expression of the goblet cell marker ITF was increased, suggesting 

thatt Ihh is a positive regulator of enterocyte differentiation and negative regulator of the 

Goblett cell lineage. Our results therefore suggest that Hh signalling provides lineage-specific 

instructivee signals in the adult colon. Interestingly, an opposite effect has been described in 
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ratss treated with recombinant Fgf-7 (keratinocyte growth factor),320 suggesting that both 

signalss may have opposing effects on the regulation of cell fate in the colon. 

Takenn together, our data suggest that Ihh exerts an inhibitory influence on 

proliferationn and differentiation of cells at the base of the crypt whereas it stimulates 

differentiationn of cell on the intercrypt tables. The effects of Ihh therefore seem to be 

compartmental.. In conclusion, we provide evidence that Ihh provides a cell-lineage specific 

instructivee signal that is important for adult colonic enterocyte differentiation. 
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Summary y 

Thee aim of this thesis is the further understanding of the origins of colon cancer. Much 

off  what we understand about this disease has been the result of looking for factors that lead to 

aa high risk of developing the disease. This might be being a member of a certain family, 

wheree you live, what you eat, whether you are overweight, taking certain medications, etc. 

Thesee risk factors in turn give clues to the possible underlying causes; for example inherited 

geneticc mutations, hormones, or eating toxic compounds. The original work described in the 

firstt half of this thesis continues investigation along these lines, outlining new molecular 

mechanismss to explain these risk factors in order to better understand how and why colon 

cancerr occurs. 

Chapterr  II  propounds a new theory to explain why colon cancer is commoner in 

obesee people and those who do no physical exercise. We show that the hormone, Leptin, 

whosee levels are greatly increased by obesity and reduced by exercise, is a growth factor for 

colonicc epithelial cells. We show for the first time that colon cells produce at least two forms 

off  the receptor for Leptin, and that Leptin enhances the growth of colon cancer cells in 

culture.. We also show that colonic cells in normal mice grow faster when the mice are treated 

withh Leptin, and that mutant mice with high Leptin levels have higher rates of colonic cell 

divisionn than normal mice. 

Chapterr  II I  uses a new method to investigate why people who regularly take Aspirin 

orr other similar anti-inflammatory drugs seem to be protected from colon cancer. We took 

threee molecules central to inflammation, molecules that are likely to be directly or indirectly 

influencedd by these drugs, and looked at where they were found in the early precancerous 

stagess of colon cancer, colonic polyps. Interestingly we found that they were all found at 

highestt levels not in the cancer cells themselves but in the surrounding inflammatory cells, 

supportingg other evidence that these play an important role in the progression of these polyps 

too cancers. 

Chapterr  IV also deals with anti-inflammatory drugs and why they are effective in 

preventingg colon cancer. Here we investigate a new possible mechanism of action of these 

drugs,, showing that they directly affect the most important colon cancer causing pathway, the 

Wnt/p-cateninn pathway. This pathway was discovered through genetic studies of patients with 

ann inherited form of colon cancer, Familial Adenomatous Polyposis (FAP). Most colon 

cancers,, despite not being clearly inherited like FAP, also have mutations in elements within 

thiss pathway leading to its over activity, and these are felt to be an early and essential step in 
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thee development of colon cancer. We show that anti-inflammatory drugs suppress this 

overactivee pathway, counteracting the effects of the mutations. This may be important in the 

searchh for new safer drugs for the prevention of colon cancer. 

Chapterr  V investigates the working mechanism of anti-inflammatory drugs in colon 

cancerr using new technology. Here we use a so-called gene array to assess the effects of anti-

inflammatoryy drugs on hundreds of genes at once. We took cultured colon cancer cells, 

treatedd them with Aspirin and compared gene expression from these cells to untreated cells. 

Inn this manner we show that Aspirin leads to similar changes in gene expression at low doses, 

butt to very different changes in gene expression at a high dose, suggesting that high doses 

mayy work in a different way, something that has long been suggested by clinical findings. We 

alsoo show that Aspirin increases the expression of RAO, a protein linked to maturation of 

colonn cells, and we show that RAC1 is most highly expressed in mature colonic cells in both 

humann and mouse colon. This suggests that Aspirin may encourage the maturation of cancer 

cells,, which are often immature by nature, and thus reduce the chances of cancer progression, 

throughh increasing RAC1 expression. 

Chapterr  VI  looks at one of a family of proteins, the Bone Morphogenetic Proteins 

(BMPs),, never before studied in relation to colon cancer. This protein belongs to the same 

familyy of proteins as TGFP a molecule central to the development of colon cancer in patients 

withh an inherited form of colon cancer, hereditary non-polyposis colorectal cancer. It has also 

recentlyy been reported that the receptor for BMP is frequently mutated in a further form of 

inheritedd colon cancer, juvenile polyposis. We show that BMP and its receptors are found in 

thee colon and that BMP functions to control colonic cell maturation and cell death. Aberrant 

celll  maturation and programmed cell death ('apoptosis') are felt to be central to the 

developmentt of cancer. 

Thee second half of this thesis looks at the mechanisms controlling the complex 

patterningg of the adult gastrointestinal tract as it continually renews itself. We hypothesised 

thatt the molecules involved in controlling the embryonal development of the gut and other 

organs,, continue to play similar roles in the renewal of the adult gastrointestinal epithelium. 

Wee therefore studied the role of Hedgehogs, one of the most important families of 

developmentall  proteins, in morphostasis of the stomach and colon. 

Chapterr  VI I  shows evidence for the involvement of Sonic Hedgehog in thee control of 

thee organisation of the lining of the stomach. We show how Sonic Hedgehog, a diffusible 

proteinn that controls organ development in the embryo, is expressed in acid producing parietal 

cellss in a compartmentalised fashion and in a gradient within the tubular units that make up 
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thee stomach epithelium. Blocking the action of Hedgehogs leads to increases in the 

proliferationn of cells in the bottom glandular compartment suggesting that Hedgehogs 

continuee to regulate the organisation of the stomach in adult life. This loss of Hedgehog may 

alsoo be brought about by loss of the parietal cells that produce it. This occurs in autoimmune 

gastritiss and the resulting loss of Hedgehog may explain why cells other that the parietal cells 

aree affected in this disease. 

Chapterr  VII I  takes the Sonic Hedgehog story a stage further by showing that its 

expressionn along the intestine correlates with the appearance of ectopic gastric tissue in 

Meckel'ss diverticulum, and in gastric metaplasia of the oesophagus. In addition loss of Sonic 

Hedgehogg expression correlates with loss of a gastric phenotype in intestinal metaplasia of the 

stomach.. This suggests that Sonic Hedgehog is involved in the control of the development of 

gastric-typee epithelium. 

Chapterr  IX shows that the colon preferentially expresses a different Hedgehog 

protein,, Indian Hedgehog. Indian Hedgehog is produced by mature epithelial cells at the top 

off  the colonic crypts. Blocking the action of Hedgehog proteins in the colon leads to an 

increasee in colonocyte proliferation. It also leads to a decrease in the expression of a mature 

colonocytee marker, Villin , and to an increase in the expression of a goblet cell marker, 

Intestinall  Trefoil Factor. This suggests that Indian Hedgehog suppresses colonocyte 

proliferationn while promoting colonocyte differentiation and inhibiting goblet cell 

differentiation,, and thus may be an important regulator of the maintenance of the normal 

colonicc epithelium in adult life. 

Cancerr results from defects in the control of the ordered regeneration of tissues with 

uncontrolledd cellular proliferation, failure of normal cellular differentiation and cell death. We 

havee shown that Hedgehog proteins function to exert this sort of control in the adult stomach 

andd colon. We have therefore hypothesised that Indian Hedgehog is involved in colon cancer 

andd our research is continuing along these lines. 
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Chapterr XI 

Summaryy in Dutch 

Hett doel van het onderzoek beschreven in dit proefschrift is het beter begrijpen van de 

onderliggendee mechanismen die het ontstaan van colonkanker verklaren. Veel van ons begrip 

vann zulke mechanismen is te danken aan epidemiologische studies waarbij gezocht is naar 

risicofactorenrisicofactoren voor deze ziekte. Zo is het gebleken dat het risico op colonkanker onder andere 

beïnvloedd wordt door genetische factoren, dieet, geografie, lichaamsgewicht, medicatie, etc. 

Ditt soort risicofactoren vertelt iets over de mogelijke onderliggende veroorzakers van 

colonkanker,, zoals genen, hormonen of toxische bestanddelen van ons dieet. Het werk 

beschrevenn in de eerste helft van dit proefschrift maakt gebruik van deze associaties om 

nieuwee factoren te identificeren die een rol spelen in het ontstaan van colonkanker en 

beschrijftt een aantal nieuwe moleculaire mechanismen die hier bij betrokken kunnen zijn. 

Inn Hoofdstuk II  toetsen wij een nieuwe hypothese om de sterke epidemiologische 

relatiee tussen overgewicht en colonkanker te verklaren. We tonen in dit hoofdstuk aan dat 

leptinee (een hormoon waarvan de bloedspiegels sterk samenhangen met lichaamsgewicht) een 

groeifactorr is voor epitheelcellen van het colon. In dit hoofdstuk laten we voor het eerst zien 

datt colon epitheelcellen twee verschillende receptoren voor leptine maken en dat leptine de 

groeii  van colonkanker cellen in vitro stimuleert. Vervolgens tonen we aan dat het injecteren 

vann muizen met recombinant leptine ook in vivo de groei van colon epitheelcellen vergroot. 

Tenslottee laten we zien dat muizen met spontaan hoge leptine bloedspiegels sneller delende 

colonn epitheelcellen hebben. Deze resultaten roepen sterk de suggestie op dat de hogere 

leptinespiegelss in het bloed van mensen met overgewicht verantwoordelijk kunnen zijn voor 

hett verhoogde risico van deze groep mensen op het oplopen van colonkanker. 

Hoofdstukk II I  probeert een nieuwe hypothese te ontwikkelen om te verklaren waarom 

regelmatigg gebruik van aspirine of andere anti-ontstekingsmiddelen bescherming lijk t te 

veroorzakenn tegen colonkanker. We namen drie moleculen met een centrale plaats in het 

ontstekingsprocess (en waarvan de activiteit beïnvloed wordt door anti-ontstekingsmiddelen) 

enn we onderzochten of deze ontstekings-gerelateerde moleculen detecteerbaar worden in een 

voorstadiumm van colonkanker (poliepen). Opmerkelijkerwijze detecteerden we deze 

moleculenn (doelwitten voor anti-ontstekingsmiddelen) niet in de kankercellen zelf, maar in 

hett de kankercellen omringende infiltraat. Dit resultaat wijst er op dat dit infiltraat een 

belangrijkee rol zou kunnen spelen bij de progressie van colonkanker. 

Ookk in Hoofdstuk IV was het moleculaire mechanisme dat verklaart waarom anti-

ontstekingsmiddelenn effectief zijn als chemo-preventica in colonkanker het onderwerp van 
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onderzoek.. Meer specifiek hebben we een verklaring voor dit opmerkelijke effect gezocht in 

eenn mogelijk direct effect van ontstekingsremmende middelen op de Wnt/p-catenin signaal 

transductiee weg. Het belang van deze signaal transductie weg is ontdekt door genetisch 

onderzoekk in patiënten met een erfelijke vorm van colonkanker, zogenaamde familiare 

adenomateuzee polyposis (FAP). Ook in niet-erfelijke colonkanker werden dezelfde genetische 

afwijkingenn (welke overactivatie van de Wnt/p-catenin signaal transductie weg veroorzaken) 

gevonden,, wat geleid heeft tot de gedachte dat overactiviteit van de Wnt/p-catenin signaal 

transductiee weg een cruciale stap is in het ontstaan van colonkanker. In dit hoofdstuk wordt 

aangetoondd dat ontstekingsremmende middelen een direct inhibitoir effect hebben op de 

overactiviteitt in colonkanker cellen van deze sinistere Wnt/p-catenin signaal transductie weg. 

Vanzelfsprekendd kan deze bevinding van relevantie zijn in de queeste naar nieuwe veilige 

chemopreventicaa m.b.t. colonkanker. 

Inn hoofdstuk V worden de effecten van ontstekingsremmende middelen op het 

genetischh profiel van colonkanker cellen in detail gekarakteriseerd met behulp van DNA array 

spitstechnologie.. Gekweekte colonkanker cellen werden blootgesteld aan aspirine of 

onbehandeldd gelaten. Het blijkt dat verschillende lage concentraties van aspirine een min of 

meerr vergelijkbaar effect hebben op het tot uitdrukking komen van genen, terwijl een hoge 

dosiss plotseling een heel ander effect resulteert, iets wat klinische bevindingen al lang 

suggereerden.. We tonen ook aan dat het Racl eiwit (een eiwit wat geassocieerd wordt met de 

rijpingrijping van coloncellen) na aspirine behandeling hoger tot uitdrukking wordt gebracht, terwijl 

wee dit eiwit ook zien in de meest uitgerijpte cellen in het colon van zowel de mens als de 

muis.. Deze bevindingen suggereren dat aspirine het ui trijpen van kanker cellen (die van 

naturee juist weinig volgroeid zijn) bevordert, mogelijk door het tot uitdrukking brengen van 

Racl.. Op deze wijze zou aspirine de kans kunnen verminderen op verdere voortwoekering 

vann nieuwvormingen. 

Hoofdstukk VI  richt zich op de bestudering van een groep van eiwitten, de 

zogenaamdee Been Morfogenetische Proteïnen (BMPs). Deze eiwitten behoren tot dezelfde 

familiee van eiwitten als TGFp, een molecuul waarvan het belang voor de ontwikkeling van 

colonkankerr onmiskenbaar is in patiënten met erfelijke non-polyposis colorectale kanker. 

Daarbovenopp is het nu duidelijk geworden dat in een andere erfelijke vorm van colonkanker, 

juvenielee polyposis, de receptor voor BMPs gemuteerd is. Desalniettemin was de mogelijke 

relatiee tussen BMPs en colonkanker nog niet eerder onderzocht. In dit hoofdstuk laten we zien 

datt zowel BMP als haar receptor in het colon aanwezig zijn en daar de rijping alsook de 
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geprogrammeerdee celdood van de coloncellen beïnvloeden, suggererend dat BMPs nauw 

betrokkenn kunnen zijn bij het ontstaan van nieuwvormingen. 

Hett tweede gedeelte van dit proefschrift handelt over de controlerende mechanismen 

diee de complexe patroonvorming in de zich immer vernieuwende tractus digestivus in goede 

banenn leiden. Het was onze hypothese dat de moleculen die gedurende de embryogenese 

betrokkenn waren bij de vorming der ingewanden, ook in het volwassen darmepitheel 

betrokkenn zouden blijven bij het handhaven van de histoarchitectuur. Deze gedachte leidde er 

vervolgenss toe om de rol van hedgehogs (één der belangrijkste families van 

ontwikkelingsbiologischh relevante eiwitten) in de morfostase van maag en colon te 

onderzoeken. . 

Inn hoofdstuk VI I  presenteren we bewijs dat Sonic Hedgehog een controlerende 

invloedd uitoefent op de organisatie van het maagepitheel. We laten zien dat dit 

ontwikkelingsbiologischh actieve hormoon binnen de tubulaire eenheden die samen het 

maagepitheell  vormen, zowel ruimtelijk begrensd als in een gradiënt tot uitdrukking komt in 

dee zuur producerende pariëtale cellen. Als de werking van hedgehogs in volwassen dieren 

geremdd wordt, geeft dit aanleiding tot een verhoogde celdeling in het onderste 

kliercompartiment.. Blijkbaar blijven hedgehogs actief tijdens de volwassenheid. Wanneer de 

pariëtalee cellen van de maag ten gronde gaan, zoals tijdens autoimmuun gastritis, zal dit 

leidenn tot verlies van lokale hedgehog productie, wat op haar beurt dan weer zo haar effect 

kann hebben op andere celtypen. 

Inn hoofdstuk VII I  wordt het Sonic Hedgehog verhaal verder uitgewerkt. Op deze plek 

inn de dissertatie laten we zien dat in het maag-darm kanaal Sonic Hedgehog louter tot 

uitdrukkingg komt in maagachtig weefsel, zoals geïllustreerd wordt door de specifieke 

aanwezigheidd van het morfogen in het ectopisch maagweefsel aanwezig in Meckels 

diverticulumm en in maagmetaplasie van de slokdarm. Bovendien verdwijnt Sonic Hedgehog 

uitt de maag ter plaatse van intestinale metaplasie. Deze bevindingen suggereren dat Sonic 

Hegehogg betrokken is bij de vorming van maagachtig weefsel. 

Inn hoofdstuk IX wordt laten zien dat het colon een ander hedgehog tot uitdrukking 

brengt,, namelijk Indian Hedgehog. Dit eiwit wordt geproduceerd door de uitgerijpte 

epithelialee cellen op de toppen tussen de crypten van het colon. Wanneer hedgehog eiwitten 

inn hun functie geremd worden, heeft dit een verhoogde colonocyt proliferatie tot gevolg. 

Daarnaastt komt villin , een gidseiwit voor uitgerijpte colonocyten, in deze situatie veel lager 

tott uitdrukking terwijl een gidseiwit voor slijmbeker cellen (Intestinal Trefoil Factor) juist een 

veell  hogere uitdrukking vertoont. Dit suggereert dat Indian Hedgehog colonocyt proliferatie 
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enn slijmbekercel differentiatie onderdrukt en tegelijkertijd colonocyt uitrijping bevordert. We 

veronderstellenn dan ook dat Indian Hedgehog een belangrijke sturende factor is bij het in 

standd houden van de histoarchitectuur van het colonepitheel. 

Defectenn in de normaal zo gecontroleerde vernieuwing van het weefsel kunnen tot het 

ontstaann van kanker leiden. We hebben laten zien dat hedgehogs belangrijke spelers zijn in 

dezee controle, zowel wat betreft de maag alsook het colon. We veronderstellen dan ook dat 

Indiann Hedgehog van belang is bij het ontstaan van colonkanker en we zullen in verdere 

navorsingenn deze hypothese testen. 
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Whatt is an Englishman doing here in Amsterdam? This is a question I have frequently 

endedd up trying to answer during my time in the Lab at the AMC. How it came about is a 

longg story, but one that figures most of those who I wish to thank for my stimulating time at 

thee Laboratory of Experimental Internal Medicine. 

Inn 1995 I decided, after 3 gruelling years as a junior doctor in the UK, that it was time 

forr a change of scene and I applied for a job with the humanitarian aid agency Médicins sans 

Frontièress (MSF) to work as an emergency aid doctor. MSF UK is a recruitment office for 

MSFF Holland, so my first contact with the Dutch was working for MSF Holland in 

Azerbaijan.. My ties to Holland became more intimate through meeting Eva Mireill e while in 

Centrall  Asia and she moved with me to London for a couple of years while I began my 

Specialistt Gastroenterology training. During this time I visited the AMC for a live endoscopy 

coursee and first became interested in the possibility of undertaking the research part of my 

trainingg at the AMC. It soon became apparent that two years amongst the eccentric English 

wass as much as a Dutch girl can take, and hence I looked further into working at the AMC 

andd moving to Holland. Thus it is to my wife Eva Mireille that I owe my greatest thanks. 

Forr advice about who to approach at the AMC and how, I contacted Ivo, a fellow 

participantt in a curiously British yearly sporting event involving a motley selection of runners 

inn a one day long 80 mile relay race along one of the more precipitous of the long distance 

walkingg paths around England. Ivo has since been a stalwart running companion during my 

timee at the AMC and has tried to introduce me to the beauty of the polder landscape, 

somethingg not immediately apparent to an Englishman, and has agreed to act as one of my 

'paranymphs'. . 

AA letter enquiring about the possibilities of research at the AMC lead eventually to my 

makingg a very brief email enquiry to Sander van Deventer and, typically, received an even 

shorterr positive reply. Prepared for a searching interview as to why I wanted to work at the 

AMCC and what my qualifications were, my job interview with Sander lasted all of two 

minutess whereupon I was introduced to Maikel Peppelenbosch. I'm thus much indebted to 

Sanders'' lightning appraisal of me and subsequent support and interest in this thesis. 

II  owe special thanks to Maikel for entrusting me with his hard-won funding and giving 

mee the chance to follow some of my own ideas while providing a veritable fountain of his 

ownn married with an unwavering optimism so vital in research to counterbalance my British 

tendencyy to cynicism. Maikel took me on a brief tour of the Lab facilities and then left me in 
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thee hands of Gijs who proceeded to show me, in his pleasantly manic way, the essence of 

somee of the bewildering array of projects that he was busy with. As co-author of all the 

articless in this thesis, critical sounding-board and unbridled source of enthusiasm I am very 

fortunatee to have been able to work with Gijs. 

Leavingg full time clinical medicine in London on Friday evening and beginning full 

timee basic research in Amsterdam on Monday morning was in retrospect more of a shock than 

II  had imagined. The transition was made easier by the warm welcome I received at the Lab 

andd by everyone's consideration in speaking English around me while I understood no Dutch. 

II  was soon taken in hand by Gijs, Bemt, Henri and Maikel for an initiation evening in the 

salubriouss atmosphere of the 'Oude Gasthuis' where I sadly failed to live up to the Dutch 

expectationss of British ale-quaffing abilities. Nevertheless I was lucky to be considered fit for 

ann introduction by Bernt and Gijs to the delights of an evening at the 'Sociëteit' and am 

indebtedd to them for a thorough 'inburgerings cursus' (introduction to Dutch society) that 

wouldd have satisfied the late P. Fortuyn. 

Whatt began as one year of research, possibly two, has stretched to three and a half and 

I'vee had the chance to complete a full PhD thesis. I have learned a lot about research and 

Hollandd and enjoyed my time at the lab. Here I should particularly like to thank the rest of 

Maikelss sub-group and all our many students. I've also enjoyed being part of the larger lab 

andd joining in the friendly banter of the AIO kamer. 

I'dd like to thank my mother and father for their support and understanding in being 

separatedd from their only grandchild, even if by only a short hop over the North Sea, and my 

Dutchh mother and father in law. 
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