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SUMMARY Y 

Inn the first part of this thesis we describe the colonization pattern of a gas-
tricc pathogen, Helicobacter Pylori (chapter 2) and have localized inflamma-
toryy pathways in H. Pylori associated gastritis (chapter 3) and colonic ade-
nomatouss polyps (chapter 4). In chapter 5 we propose that a direct 
autogenicc action of leptin on colonic epithelial cells may provide a biologi-
call  explanation for the epidemiological̂ observed relation between obesity 
andd trie risk of colon cancer. During the course of the work on the stomach 
thee compartmental nature of the gastric units became a recurrent theme. 
Thesee units contain a stem cell somewhere halfway up from the base of the 
unitt towards the lumen of the stomach. From here cells can migrate two 
ways,, cells that migrate towards the lumen form the mucin (MUC5AC) 
producingg pit cell compartment. Cells that migrate from the stem cell com-
partmentt towards the base of the units form the gastric glands. Somewhat to 
ourr surprise very littl e attention has been given to the mechanisms that 
mayy underlie such compartmentalization. Since the gastric epithelial cells are 
believedd to originate from a tot i-potent stem cell that can generate each 
celll  lineage present in the unit, the molecular workings of gastric epithelial 
celll  renewal may have much in common with the generation of compartments 
inn the embryo such as during segmentation and left-right axis formation. 
Sincee the molecules involved in such patterning mechanisms have been the 
focuss of two decades of experimental embryology we decided to try to 
applyy some of the knowledge that has emerged about these developmental 
processess to our understanding of adult physiology. In experiments in 
chickss a link was suggested between N F - K B signaling and limb formation and 
moree specifically between N F - K B signaling and the expression of the polar-
izingg morphogen Sonic Hedgehog (Shh). Since we found that N F - KB signaling 
occurredd at one end of the axis of renewal in the gastric antral gland (chapter 
3)3) we were interested to examine if these cells would express Shh. Although 
wee did not find any Shh expression in the antral glands of the distal stomach 
(seee chapter 7) we did find Shh expression in the fundic glands of the proxi-
mall  stomach (chapter 6). We were also able to demonstrate expression of the 
Shhh receptor Patched and several putative Shh targets such as Isl-1, HNF3/Ï, 
BMP-2,, BMP-4. The kind gift of the specific Hedgehog (Hh) antagonist 
cyclopaminee by Dr W. Gaffield allowed us to study the relation of hedgehog 
signalingg to these molecules. This experiment also gave a first indication 
thatt Shh may indeed act as a polarizing factor as its receptor and targets 
weree found in the gland and not in the pit cells and inhibition of Hh signaling 
resultedd in a selective upregulation of the cyclin PCNA in gland cells but not 
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inn pit cells. In chapter 7 we present further evidence for an association 
betweenn Shh expression and fundic gland differentiation. 
Whenn screening the GI tract tor expression of Indian Hedgehog (Ihh), the 
otherr Hh family member with a role in the development of the gut, we 
foundd high expression of Ihh in epithelial cells of the colon (chapter 8). We 
thenn examined the expression of Ihh in relation to the adenoma to carcino-
maa sequence that is believed to represent the development of a colon carci-
noma.. We studied a series of sporadic adenomas and those from patients with 
familiall  adenomatous polyposis coli (FAP). Those patients are genetically 
predisposedd to colon cancer because of inherited mutations in the APC 
gene.. We observed that loss of Ihh expression is a consistent feature of 
epitheliall  cells that have lost their differentiation. The specimens from 
patientss with FAP allowed us to study Ihh expression in very early lesions 
andd we found that loss of Ihh expression is a very early event in this sequence 
andd even precedes apparent histological loss of differentiation (epithelial dys-
plasia).. We next performed in vitro experiments in HT-29 colon carcinoma 
cells.. These cells can be used as a model to study enterocyte differentiation. 
Thee cells have a relatively undifferentiated phenotype when cultured in glu-
cosee containing medium and can be differentiated either by depleting glucose 
fromm the medium or by adding the short-chain fatty acid butyrate. We 
foundd that induction of Ihh expression preceded differentiation of HT-29 
cellss after butyrate treatment, that differentiation of HT-29 cells by butyrate 
cann be blocked with the Hh inhibitor cyclopamine and that recombinant Hh 
proteinn is sufficient to induce differentiation of HT-29 cells. Together 
thesee data may suggest that loss of Ihh expression plays a causal role in the 
developmentt of epithelial dysplasia in the colon. 
Inn the next chapter (chapter 9) we treated rats with the Hh signaling 
inhibitorr cyclopamine in an attempt to study the role of Hh signaling in the 
adultt colon in vivo and to identify possible targets of Hh signaling. Inhibition 
off  Hh signaling in vivo led to disturbed enterocyte maturation with villi n 
redistribution,, loss of carbonic anhydrase IV expression and induction of the 
goblett cell marker intestinal trefoil factor in colonic enterocytes. We found 
thatt several molecules related to Hh signaling during development but so far 
nott described with relation to the adult colon are expressed by colonic 
epitheliall  cells. The use of cyclopamine revealed a relation between Hh sig-
nalingg and some of these molecules. Together with the data in chapter 8 these 
experimentss suggest that Hh signaling plays an essential role in enterocyte 
maturationn in the colon that is disturbed during colorectal carcinogenesis. 
Inn chapter 10 we explore if there is a basis for our hypothesis that ectopic 
expressionn of morphogens in the chronic inflammatory infiltrate may be 
involvedd in the conversion of the module of cell types generated by the 
stemm cells of the esophagus in Barrett's metaplasia. We identify both Shh and 
BMP-22 expressing cells in the chronic inflammatory infiltrate and show 
thatt these morphogens are not normally expressed in the adult esophagus. 
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Discussion n 

Thee GI tract is patterned along two major axes during development, the ante-
rior-posteriorr (horizontal) axis and the vertical axis.1, - Its fully developed 
adultt epithelium contains stem cells that give rise to a large variety of 
epitheliall  cells. These cells remain in a constant state of renewal throughout 
life.. Patterning events along both the horizontal and vertical axis can be dis-
cernedd in this process of regeneration. Precursor cells generate a regionally 
distinctt repertoire or module of cell types at each level of the anterior-pos-
teriorr axis of the adult gut. Each module consist of several different spe-
cializedd cells that contribute to the local functions of the epithelium. An 
additionall  level of patterning exists along the axis of renewal (vertical axis) 
withinn each module of the adult gut. 
Ass in any dynamic homeostatic system, feedback loops should exist between 
thee functionally different cell types to assure stability in a state of con-
stantt renewal. Such signals should exist between the differentiated cells 
andd their precursors to preserve the appropriate number of differentiated cells 
butt for example also between the various differentiated cell types (or their 
immediatee precursors) to maintain their proper relative numbers. Signals 
betweenn the different functional compartments are most likely transmitted 
throughh soluble messengers. It has indeed been shown that cell fate of 
epitheliall  cells is extrinsically regulated (dependent on signals from their 
environment)) and coupled to the cells position along this axis,3 with spatial 
regulationn of the expression of transcription factors that determine the 
specializedd transcriptional make-up of each epithelial cell type. Although 
manyy transcription factors have been identified that regulate cell-type spe-
cifi cc gene expression in the adult gut the mechanisms that assure the appro-
priatee extrinsic regulation of cell fate remain obscure. 
Morphogenss are the most likely type of molecules to extrinsically regulate 
celll  fate of epithelial cells. These molecules have been identified as cell-
nonautonomouss (extrinsic) regulators of patterning events in the embryo. 
Theyy are soluble, are produced by a restricted region of tissue, can signal at 
longg range, form concentration gradients through a tissue and act in a con-
centrationn dependent manner to regulate cell fate.4 These molecules may 
thereforee be the ideal means to signal between for example differentiated cells 
andd their precursors and between different differentiated cell-types. We 
hypothesizee in this thesis that gradients of morphogens along the axis of 
renewall  may couple cell fate to cellular position. We have indeed shown 
thatt many of the same morphogens that provide extrinsic cues in the spatial 
regulationn of gene expression during development of the gut are expressed 
throughoutt the adult GI tract. Importantly, the expression of these mor-
phogenss varied along both the vertical and the anterior-posterior axis. 
Wee have used the Hedgehog family of morphogens as a starting point in our 
investigationss since it has only three family members in most vertebrates and 
becausee only two of these -Sonic Hedgehog (Shh) and Indian Hedgehog 
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(Ihh)-- plav an important role in the development of the GI tract.3 We found 
thatt Shh is expressed most prominently in the glands of the proximal stom-
achh and that Ihh is expressed by the differentiated enterocytcs ot the colon 
inn the adult. The use of cyclopamine allowed us to get a first indication of the 
rolee of these proteins in epithelial homeostasis in vivo. As may be expected 
fromm extrinsic regulators of cell fate, we have shown that members of the Hh 
familyy of morphogens regulate the expression of several transcription factors 
withh a role in directing tissue specific gene expression in both the adult 
stomachh and colon. For a more definite answer as to the role of Hh signaling 
inn homeostasis of the epithelium a genetic approach is now warranted and 
suchh experiments are currently underway in the laboratory. 
Onee of the issues that deserves further attention in future experiments is 
whetherr these molecules really function as morphogens in the adult. 
Accordingg to the classical definition of a morphogen it should be soluble, 
producedd by a restricted region of tissue, form a gradient through the tissue 
andd have dose dependent effects on its target cells. We have been able to show-
thatt these molecules are expressed by defined populations of cells in the 
adult.. We have demonstrated gradients of expression for example for Shh and 
BMP-22 in the stomach but we have not yet studied if these molecules act in 
aa dose dependent manner on differentiating cells. 
Inn the last chapter of this thesis we touch upon a topic that deserves much 
moree attention, the origins of epithelial metaplasia. One of the remarkable 
aspectss of the module of cell types generated by a given precursor cell com-
partmentt is its stability. Despite the constant exposure of the epithelium to 
damagingg agents, precursor cells are typically able to maintain their appro-
priatee function. The resulting stability of the structural design of the epithe-
liall  cell layer is something that we propose to describe as morphostasis. It is 
nott known if precursor cells produce the appropriate cells because of an 
intrinsicc transcriptional makeup specified at birth or whether cell fate of their 
descendantss is continuously regulated by extrinsic signals that precursor cells 
receivee in their precursor cell niche. Although both intrinsic pre-birth pat-
terningg and extrinsic ongoing patterning are likely to play a role in adult pre-
cursorr cell fate specification, we like to stress the importance of the extrin-
sicc milieu. 
Inn order to explain the stability of the phenotype of a precursor cell it 
seemss likely that the differentiated descendants of the precursor cell produce 
signalss that play a role in the maintenance of its identity. Two important in 
vivovivo observations argue in favor of the presence of active extrinsic mainte-
nancee of the precursor cell phenotype. Firstly, bone marrow derived stem 
cellss generate the appropriate cell types after they occupy an epithelial pre-
cursorr cell niche/1- 7 Secondly, epithelial morphostasis is found disrupted in 
thee context of prolonged chronic damage and inflammation. In this setting 
epitheliall  metaplasias (the generation of one or more epithelial cell types not 
normallyy found at a given position along the anterior-posterior axis) are a fre-
quentt occurrence.s The existence of epithelial metaplasias argues that pre-
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cursorr cells have a certain plasticity in the extent of the cell fates they are 
capablee of generating and that this is controlled by extrinsic cues. In the last 
chapterr of this thesis we conjecture that morphogens produced bv differ-
entiatedd epithelial and stromal cells may be involved in the maintenance of the 
precursorr cell phenotype. We further hypothesize that the ectopic produc-
tionn of morphogens by the chronic inflammatory infiltrate that is found asso-
ciatedd with epithelial metaplasias may play a causal role in the observed 
switchh in the identity of precursor cell descendants. In this chapter we 
indeedd find the first evidence that inflammatory cells can be a source of 
bothh Shh and BMP2, two morphogens not normally found in the esophagus. 

Wee hope that further studies on the role of morphogens in the adult GI tract 
wil ll  help to clarify some of the mechanisms that underlie patterning mech-
anismss along both the anterior-posterior and the radial axis of the gut. 
Furthermoree we expect that such studies may help to better understand 
thee deregulation of morphostasis in epithelial metaplasias and for example 
colorectall  carcinogenesis. 
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