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Generall Introduction 

Thee work described in this thesis starts with a description of the colonization 
patternn of the gastric pathogen Helicobacter Pylori in relation to the two dif-
ferentt mucins produced by gastric epithelial cells. In the subsequent chapter 
wee have quantified and localized the epithelial cells that respond to colo-
nizationn by this bacterium with activation of N F - K B , the downstream effec-
torr of a major intracellular inflammatory signal transduction pathway. While 
thee author of this thesis was (unsuccessfully) pursuing a possible relation 
betweenn N F - K B signal transduction and the expression of the classical mor-
phogenn Sonic Hedgehog1 he became increasingly intrigued by some of the 
similaritiess between renewal of gastrointestinal epithelium and the mecha-
nismss that pattern a developing embryo. The introduction of this thesis 
wil ll  focus on the implications of this similarity since most of the remaining 
chapterss of this thesis deal with this topic and this subject has not been ade-
quatelyy addressed in the literature. First the author wil l compare morpho-
genesiss and morphostasis of the gut, give a brief overview of the mechanisms 
thatt pattern an embryo and introduce the concept of extrinsic regulation of 
celll  fate. Hereafter the author wil l show that patterning events are not 
restrictedd to the development of the GI tract but remain important through-
outt life. Examples wil l be given of such patterning events in the stomach and 
colonn and epithelial metaplasias wil l be discussed as an example of deregulated 
patterningg in the adult. The author wil l then discuss the evidence for extrin-
sicc regulation of cell fate in the adult GI tract and review the available liter-
aturee on the role of extrinsic regulators in the adult gut. First he will focus on 
whatt is known about the role of these factors in normal physiology and 
nextt discuss their role in the development of colon cancer. Finally the 
Hedgehogg pathway wil l be introduced and its important role in morpho-
genesiss of the GI tract. 

11 Morphogenesi s versu s morphostasi s 
Thee gastrointestinal (GI) tract is a complex organ system with a rapidly 
renewingg epithelium that contains a large variety of highly specialized cell 
types.. Despite the high turnover rate the epithelial microarchitecture shows 
aa remarkable stability during our adult lives. The mechanisms responsible for 
thee maintenance of this homeostasis have been given littl e attention. The 
renewall  of adult epithelium has several interesting similarities with pat-
terningg events during development. We2 and others3 have therefore used the 
termm morphostasis for this ongoing postnatal tissue patterning (from the 
Greekk fJOptpr) -form- and lora^OCt -to stand-) in analogy with the develop-
mentall  process of morphogenesis. 
Thee gut arises from two invaginations at the anterior and posterior end of the 
embryoo that elongate and fuse to form a simple tubal structure. Initiall y this 
tubee is composed of two germ layers- endoderm (which later forms the 
epitheliall  lining) and mesoderm (which forms the lamina propria and smooth 
musclee layers). The gut is later invaded by neurons originating from the neu-
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CHAPTERR 1 

rall  crest. The gut tube is patterned along two major axes. It develops region-
allyy specific differentiation along the anterior-posterior (horizontal) axis des-
ignatingg the foregut (pharynx, esophagus, and stomach), midgut (smal! 
intestines),, and hindgut (colon). Along this axis the gut gives rise to sever-
all  GI tract derivatives; thyroid, trachea, lungs, liver, and pancreas. The 
termm radial axis is used to describe the cross sectional axis through the 
threee tissue layers (muscle, lamina propria and epithelium). Patterning of the 
gutt tube along both axes occurs in a setting of reciprocal signaling between 
thee endoderm and mesodermal derivatives.4 This type of interaction between 
thee epithelium and the mesenchyme remains of fundamental importance 
forr the renewal of epithelial cells in the adult4*  D and plays an important 
rolee in the development of epithelial cancers.6- 7 The molecular controls of 
suchh interactions are fairly well characterized for embryonic patterning 
eventss and remarkably conserved across species. What is still needed is 
translationall  work to apply the insights into developmental patterning 
eventss to adult human GI epithelial morphostasis and its deregulation. 

22 Patternin g the embryo , extrinsi c regulatio n of cell-fat e 

Buildingg of three-dimensional multicellular organisms requires intricate 
regulationn of gene expression that directs the fate of different ceil types in a 
temporallyy and spatially well-controlled manner. Understanding of the type 
off  molecules that regulate patterning of the body came from large-scale 
geneticc screens by embryologists. The first ground breaking work was per-
formedd by Nusslein-Volhard and Wieschaus8 who studied the process of seg-
mentationn of the Drosophila embryo. Several important types of patterning 
moleculess have emerged from these screens that are highly conserved 
betweenn species. These patterning molecules fall into two categories: intrin-
sic,, cell-autonomous regulators of cell-fate (that act at the level of the cell) 
andd extrinsic, cell-nonautonomous regulators of cell-fate (that act between 
cells).. Transcription factors are the most important intrinsic regulators 
whereass morphogens and the Notch signaling pathway have emerged the 
mostt important extrinsic regulators (see below). The presence of extrinsic 
regulatorss allows the building of complex multicellular organisms with spa-
tiall  regulation of gene expression. These molecules also allow controlled 
growthh of the embryo by controlling cellular census through the formation 
off  positive and negative feedback loops between groups of cells. 
Thee Notch pathway is a highly conserved pathway that determines precursor 
cell-fatee in many different organs during development.9 This pathway acts at 
aa short range in clusters of precursor cells and works by lateral specification 
off  cell-fate through direct cell-cell interactions. Notch and its ligand are orig-
inallyy expressed on all neighboring precursor cells at approximately equal lev-
els.. The mechanism ot lateral specification works through feedback ampli-
ficationn of small relative differences in the expression of Notch and its 
ligand.. This leads to high expression of the ligand in one cell and of Notch in 
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Generall Introduction 

itss neighbors. Activation of Notch in the high expressing cell induces 
expressionn of transcription factors of the basic helix-loop-helix (bHLH) fam-
ilyy such as Hes.9 These bHLH genes in their turn function as transcriptional 
repressorss for a variety of differentiating genes (also bHLH genes) such as 
NeuroD/BETA2NeuroD/BETA2l0l0,Masb-l,Masb-luu and Matb-112 that drive the precursor cell into 
onee of two fate choices. 
Onee of the most important types of extrinsic information necessary to build 
aa tissue with many different cell types in their proper positions is spatial infor-
mation.. Some form of matrix needs to exist in a developing tissue to couple a 
cellss position to its appropriate developmental fate. This kind of matrix is pro-
videdd by morphogens. A morphogen is produced by a restricted number of 
cellss and forms a concentration gradient through a tissue. Morphogens exert 
aa concentration dependent effect on the developmental fate of a target cell, for 
examplee by concentration dependent regulation of the expression of tran-
scriptionn factors. The variety of gradients that exists in a given tissue provide 
informationn for a differentiating cell to couple cellular position to its appro-
priatee developmental fate.13, H Four major families of morphogens have 
beenn identified; the Hh, V/nt, Transforming Growth Factor (TGF)jS, and 
Fibroblastt Growth Factor (FGF) families (see below). The TGF/Ï family 
includess the Bone Morphogenetic Proteins (BMPs) and Activins.14 

33 Is ther e evidenc e fo r ongoin g patternin g event s in th e adult ? 

Inn contrast to the rapidly changing tissues of the embryo, adult tissues 
seemm remarkably static and stable. The rapidly renewing tissues of the adult 
GII  tract are however neither static nor necessarily stable. At each level of the 
gutt a common precursor cell produces a module of specialized cell types 
appropriatee for its position along the A-P axis. These modules display elab-
oratee patterns of differentiation along the radial axis. At some parts of the GI 
tractt precursor cells generate two functionally different compartments of 
cellss that migrate in opposite directions. Even among cells that migrate in the 
samee direction, opposite gradients of maturation can be observed for dif-
ferentt cell types. Although stability of the resulting complex epithelial 
microarchitecturee is the norm, instability is frequently observed in humans. 
Thee most frequently observed deregulation is the production of cell types not 
normallyy found at a given position along the A-P axis, a condition called 
metaplasia.. Here we wil l discuss the epithelial modules generated by pre-
cursorr cells of the colon and stomach as examples of ongoing patterning 
alongg the radial axis. We wil l use epithelial metaplasia as an example of 
deregulationn of modular patterning along the A-P axis. 

3.13.1 Patterning  in  the  co/o n 
Thee mucosa of the large intestine forms a flat luminal surface that contains 
numerouss invaginations or crypts. Epithelial renewal occurs from a pre-
cursorr cell compartment at the base of the crypts. Cells migrate towards the 
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Figur ee 1 . Epithelial cells of the rat distal colon are present in gradients along the 
radiall axis. The percent of total cells at a given position along the 
radiall axis is given on the y-axis. The x-axis depicts 11 segments from 
mucosall surface to the crypt base. Adapted from Chang and 
Leblond.16 6 

lumenn where they reach the flat surface ( in tercrypt tables) and undergo a 
deathh p rogram.15 Mucosal morpho logy gradual ly alters a long the A- P axis 
wit hh relat ively few short c ryp ts and large in tercrypt tables in the prox imal 
colonn towards longer crypts with less in tercrypt surface in the descend ing 
colon.. In the most distal part of the colon the crypts become shor ter again, 
thee in tercrypt tables increase in wid th and at the level of anus the co lumnar 
ep i the l iumm of the colon changes in to squamous ep i the l ium. T he co lon ic 
cryptt of the descending colon has a precursor cell popula t ion at its base and 
conta inss three different funct ional cell types.16 A gradient of di f ferent iat ing 
absorpt ivee enterocytes is found from the crypt base towards the lumen of the 
gutt whereas most mucus producing goblet cells are found in the middle of the 
cryptt and the endocr ine cells form a gradient towards the base of the c ryp t16 

(seee figure 1). These grad ients may suggest that while a cell migrates up 
fromm the base of the crypt it encounters factors that st imulate enterocyte dif-
ferentiationn while suppressing endocr ine cell migration or inducing endocr ine 
celll  death and that the presence of such factors may vary along the A- P axis. 

3.23.2 Patterning  in  the stomach 

Thee mucosa of s tomach conta ins tubular invaginat ions called uni ts. Gast r ic 
epithel iall  p recursor cells are found somewhere halfway the length of these 
un i ts.. F rom here the d i f ferent ia t ing cells can migrate e i ther towards the 
gastricc lumen to form the pit region or towards the base of the unit to form 
thee gastric gland. In the prox imal s tomach or fundus, long uni ts are found 
wit hh a short pit region and a large gland. The uni ts become gradual ly shor t-
err towards the distal s tomach or an t rum with an increased length of the pit 
regionn and a decreased length of the gland. Th roughout the s tomach, the pit 
regionn consists or mucin ( M U C 5 A C) produc ing pit cells.2- '7 The epithel ial 
makeupp of the gland region varies along the A- P axis. The glands of the fun-
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Generall Introduction 

duss contain parietal cells that produce acid, mucous neck cells that pro-
ducee mucin (MUC6),I S zymogenic (or chief) cells that produce digestive 
enzymes,, and endocrine cells. The short glands of the antrum contain main-
lyy endocrine cells. Similar to the colonic crypt, gradients of differentiating 
cellss are found in the fundic gland.19-21 No sharp delineation is found 
betweenn the two types of glands, instead there is a gradual transition of 
fundicc type glands to antrum type glands.22 Thus in the stomach patterning 
alongg the A-P axis involves the maintenance of a gradual transition of the 
fundicc type unit to the antrum type unit. Patterning along the radial axis 
involvess the maintenance of pit-gland asymmetry and graded differentiation 
off  epithelial cells of the fundic gland. 
Thee differentiation of gastric epithelial cells into pit and gland cell types sug-
gestss that polarizing factors are involved in the regulation of gastric epithe-
liall  cell-fate. Several independent lines of evidence indicate that there are 
indeedd polarizing signals in the gastric units that promote either pit or 
glandd cell-fate. Clear evidence comes from patients with hypertrophic gas-
tropathtes.. These gastropathies include Ménétner disease and hyperplastic 
hypersecretoryy gastropathy (HHG).23 Massive proliferation and differen-
tiationn of pit cells and concomitant loss of glandular epithelial cells charac-
terizee Ménétrier disease, whereas patients with HHG show an increased 
masss of gland cells. A pit cell-promoting factor with an important role in 
Ménétr ierr disease has been identified as Transforming Growth Factor 
(TGF)or,, a ligand for the EGF receptor.24"26 A negative regulator of gland cell 
fatee has been identified in mice. Mice that have high circulating levels of the 
TGF-/ÏÏ  family members activin A and B show loss of parietal cells, absence of 
zymogenicc cells and an increase in the amount of pit cells.27 

Withinn the fundic gland a further level of patterning can be recognized. Three 
celll  lineages are recognized in the fundic gland, the parietal cell, the mucous 
neckk cell that switches its differentiation into a zymogenic cell half way down 
thee gland and finally the endocrine cell (see figure 1 chapter 6). Like the cells 
off  the colonic crypt, these gland cell types are present in gradients (see figure 
2).. The parietal cell seems to play a central role in the regulation of gland cell-
fate.. In patients with autoimmune gastritis28 autoantibodies against the H + K + 

ATPasee result in cytotoxic T cell mediated parietal cell depletion.29 Although 
mostt of these patients lack antibodies against epitopes expressed by zymogenic 
cells,300 loss of parietal cells is followed by loss of zymogenic cells, suggesting 
thatt parietal cells secrete a factor important for zymogenic cell differentiation. 
Similarr findings have been described in parietal cell depleted mice.31 Thus; 
epitheliall  differentiation of the gastric units involves active patterning along 
bothh the radial axis and the A-P axis. Examples of deregulation of radial pat-
terningg exist in both human disease and animal models. 
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Figur ee 2. Gradients of cell types are present in the fundic glands of the stomach. 
Thee total number of cells at a given position along the radial axis of the 
fundicc gland is given on the y-axis. The x-axis depicts 4 segments from 
thee stem cell region in the isthmus of the gastric unit to the gland 
base.. Adapted from Karam et al.19"21 

3.33.3 Epithelial  metaplasia 

Thee most direct evidence for active pa t te rn ing mechan isms in the main te-
nancee of GI epi thel ial mo rphos tas is is the ex is tence of epi thel ial me ta-
plasias.. These metaplasias occur in a context of chron ic damage and inf lam-
mat ionn and involve the generat ion of at least one cell type by a precursor cell 
thatt should not p roduce this cell type at its pos i t ion in the body. 
Metaplasiass are f requent ly found in humans and present an impor tant c l in-
icall  p rob lem as some types of metap las ias are cons idered p rema l i gnant 
lesions.. A good example is metaplasia of the esophagus that can occur after 
p ro longedd reflux of gastr ic con ten t. The normal ly squamous ep i the l ium 
changess in to co lumnar epi thel ium, a cond i t ion called Barret t 's esophagus.32 

Barre t t 'ss esophagus is cons idered a p remal ignant lesion with an es t imated 
cancerr risk of around 0.5% per patient year.37 The molecular etiology of these 
metaplasiass is unclear and rarely addressed. An explanat ion for this phe-
nomenonn should address several important aspects. (1) The conversion of one 
t issuee module to another can be complete. This must involve complex repro-
g rammingg of the p recursor cells at the level of the t ranscr ip t ion factors 

Tabl ee 1 . Examples of metaplasias of the GI tract. 

locatio n n 

esophagus s 
stomach h 
pylorus s 
smalll intestine 
colon n 

metaplasi a a 

columnarr (Barrett's esophagus) 
intestinal l 

gastric c 
pyloric c 

Paneth-celll (small intestinal) 

referenc e e 

32 2 
33 3 
34 4 
35 5 
36 6 

18 8 



Generall Introduction 

thatt regulate tissue-specific gene expression. (2) The metaplasia is not 
alwayss complete, we have found that many types of intestinal metaplasia exist 
inn the stomach including exclusive intestinal metaplasia of the gland with a 
normall  gastric pit region, metaplasia of the whole gastric unit with mixed 
expressionn of gastric and intestinal markers and "pure" metaplasia with 
exclusivee expression of intestinal markers. We found that such different 
typess of metaplastic lesions exist next to each other in the same area of 
metaplasiaa (see for example figure 3d of ref. 3 8) . Even within a single meta-
plasticc unit careful characterization of differentiation markers suggest that 
epitheliall  cells can assume transient cell-fates that vary in their expression of 
tissuee specific markers.38» 39 In intestinal metaplasia of the stomach and 
gastricc metaplasia of the pylorus cells have been shown to co-express both 
gastricc type and intestinal type mucins close to the precursor cell region while 
theirr phenotype became more purely metaplastic as they migrated further 
awayy from the precursor cell region. (3) Initiall y differentiation of the 
metaplasticc cells is complete (there is no dysplasia). In types of metaplasia 
wheree dysplasia is found (such as Barrett's metaplasia) the dysplasia arises 
yearss after the conversion of the tissue type.40- 41 (4) Large areas of mucosa 
cann showr metaplastic change without obvious proliferative advantage of 
thee metaplastic precursor cells.42, 43 (5) Areas of metaplasia are often patchy 
andd multifocal.44 (6) As mentioned above in some types of metaplasia cells 
havee an enhanced propensity to acquire genetic mutations indicating an 
alteredd capability to guard genetic integrity. 4l> 45, 46 (7) The metaplastic 
lesionss are remarkably stable and can be found years after treatment of the 
causativee factor.47"49 

Somee researchers have proposed that somatic genetic mutations may initiate 
metaplasticc change. In the view of the author such a hypothesis does not seem 
too hold in the light of the seven points stated above. A genetic mutation could 
accountt for the stability of the metaplasia and the increased predisposition 
too genetic change. Knock out experiments of homeobox transcription factors 
inn mice suggest that in theory a single mutation could change one GI tissue 
typee into another.50 However somatic mutations in such homeobox genes 
havee rarely been described in humans. It would also be hard to explain why 
metaplasiass exist in varying degrees of completeness, as this would argue for 
thee existence several sequential mutations to cause complete metaplasia. 
Perhapss most importantly, lesions resulting from genetic mutations are 
clonall  and have a focal nature in contrast to metaplastic lesions. Indeed, 
mutationss that drive neoplastic change in areas of metaplasia seem to arise 
afterr the initial metaplastic change and are mainly found in patients with a 
diagnosiss of dysplasia.41-3l 

Metaplasiass show features of homeotic transformations (a change from a tis-
suee appropriate to one position in the body to a tissue appropriate to anoth-
err position during development).52 The similarity between metaplasia and 
homeoticc transformation is important and may point to an explanation that 
doess not involve genetic mutations. It has been shown that the intestine spe-
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cifi cc homeobox gene Cdx-1 is inappropriately expressed in areas of intesti-
nall  metaplasia of the stomach and esophagus in humans.53 And when the 
intestinee specific homeobox gene Cdx-2 was ectopically expressed in the 
stomachh of mice, their gastric units developed features of the intestinal 
metaplasiaa observed in the human stomach.54 The inappropriate induction or 
repressionn of transcription factors that regulate tissue specific gene expres-
sionn seems to provide a possible explanation for the etiology of metaplasias. 
Thee question remains then what is responsible for this inappropriate regu-
lationn of the expression of transcription factors? These metaplasias occur in 
aa context of chronic inflammation. We therefore hypothesize that soluble 
(extrinsic)) signals emanating from the chronic inflammatory cells (lym-
phocytess and macrophages) may be responsible for such coordinated changes 
inn expression. These signals may provide an altered instructive environ-
mentt to maturing epithelial cells. 
Inn conclusion, there is strong evidence for ongoing patterning events in the 
morphostasiss of the adult GI epithelium along both the radial and A-P axis. We 
lackk however, a good concept oi the type of molecules that may coordinate this 
patterningg or the way these may be deregulated in epithelial metaplasias. 

44 Is ther e evidenc e fo r extrinsi c regulatio n of cel l fat e in the 
adul tt  gut ? 

GII  epithelial cells undergo a well-controlled maturation process. A precur-
sorr cell descendant has to withdraw from the cell cycle and induce tran-
scriptionn of cell lineage specific proteins. When the cell is fully differentiated 
itt is shed into the gut lumen or undergoes apoptosis to maintain cellular cen-
sus.. This is a rapid process that is dependent on the cells position along the 
axiss of renewal. As may be expected it has been shown that such important 
decisionss are taken in a cell nonautonomous manner. Hermiston et at. per-
formedd an elegant experiment in chimeric mice in which some of the intesti-
nall  epithelial cells overexpressed the cell-cell adhesion protein E-cadherin.55 

InIn these mice the descendants of the transgenic precursor cells migrated con-
siderablyy slower along the axis of renewal than the progeny of normal pre-
cursorr cells present in the same chimeric animal. In spite of this difference in 
thee speed of migration, differentiation and cell death of the epithelial cells 
occurredd at the appropriate moment along the vertical axis and homeostasis 
wass maintained. This experiment demonstrated that, at least in the small 
intestine,, differentiation oi the epithelial cell is completely dependent on its 
positionn along the vertical axis ol renewal and therefore extrinsically regu-
lated.. Evidence also exist that the proliferative compartment of precursor 
cellss receives negative feedback information from cells in the differentiated 
compartment.'̂' Through such negative regulation the amount of differen-
tiatedd cells can regulate the pace of their own replacement. If differentiated 
cellss in the superficial epithelium are lost by damage such a mechanism 
allowss for increased proliferation to guard epithelial integrity. The media-
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tor(s)) of this negative feedback loop have not been identified to date. The 
identificationn of the extrinsic controls of cell fate is fundamental to the 
understandingg of the regulation epithelial homeostasis and its deregula-
tion.. Understanding of these mechanisms remains sketchy thus far. With our 
currentt knowledge we can therefore not answer the question of how home-
ostasiss is maintained. For example, transcription factors such as hepatocyte 
nuclearr factor Iff (HNF-la),5 7* 60 the caudal-related homeodomain (Cdx) 
proteins611 and the zinc finger containing GATA factors62- 63 have been 
identifiedd as important (intrinsic) regulators of intestinal epithelial differ-
entiationn but what are the mechanisms that time and direct the expression of 
thesee proteins? A differentiating colonic enterocyte produces the basement 
membranee protein Galectin-3, a necessary step for its own differentiation.64 

Whyy does it start to produce Galectin-3 as it moves up the colonic crypt? 
Ultimately,, this question of how cell position along the axis of renewal and 
cell-fatee can be coupled wil l have to be answered to truly understand the 
mechanismss that underlie the homeostasis of epithelial renewal and thus the 
molecularr nature of the stability of the microarchitecture of the GI tract. 
AA possible role for morphogens in the maintenance of morphostasis of 
adultt tissues has not been systematically examined. The presence of gradients 
off  morphogens in the adult GI tract would however provide an excellent 
frameworkk to better understand the molecular workings of ongoing tissue 
patterningg such as outlined above. Mutations in morphogen signaling path-
wayss have been found in GI epithelial cancers (see below) indicating that such 
factorss may play an important role in epithelial morphostasis. Importantly, 
deregulationn of the expression of such factors by chronic inflammatory 
cellss may also provide an explanation for the occurrence of metaplasia. This 
hypothesiss can provide an explanation for all of the features of metaplasia 
listedd above. (1) Experiments by embryologists have shown that misex-
pressionn of a single morphogen can cause homeotic transformation.65, 66 (2) 
Varyingg concentrations of the morphogen or its antagonist, produced by 
inflammatoryy cells throughout the tissue may account for varying degrees of 
completenesss of the metaplasia. (3) Although misexpression of a mor-
phogenn may alter the precursor cells perceived position along the A-P axis 
andd thus the nature of the differentiation of its progeny, it does not neces-
sarilyy affect the completeness of differentiation {no dysplasia). (4) The 
abundantt presence of chronic inflammatory cells in the mesenchyme may 
accountt for the large areas of metaplasia without the necessity of clonal 
spreadd of mutated epithelial cells. (5) Local differences in the composition of 
thee inflammatory infiltrate may explain the patchy and multifocal nature of 
metaplasias.. (6) The altered morphogenetic environment is not likely to 
completelyy recapitulate the environment of the tissue-type the metaplastic 
precursorr cell perceives to be in. This may result in conflicting maturation 
signalss that may compromise the normal cell cycle controls and make pre-
cursorr cells more sensitive to genetic change. (7) The stable nature of meta-
plasiass can be explained by the fact that chronic inflammatory cells are long 
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livedd and remain in the mesenchyme for years after treating the reason for 
theirr appearance.67 

Studyingg the role of morphogens in epithelial morphostasis may therefore not 
onlyy help us to understand patterning in the adult GI tract but also provide 
aa molecular explanation for the occurrence of metaplasia without the neces-
sityy of somatic mutations. 

55 Whic h extrinsi c regulator s have been identifie d in the adul t gut ? 
5.77 Notch signaling 

Inn the adult gut cell division occurs at one end of the axis of epithelial 
renewall  in a cluster of epithelial precursor cells. These precursor cells have 
too make important decisions such as when to multiply, what to become and 
whenn to mature. As discussed above the Notch pathway plays an important 
rolee in the regulation of such decisions during development. Two recent stud-
iess on small intestinal epithelial cell differentiation have now shown that the 
Notchh pathway is involved in GI epithelial precursor cell in lineage deter-
mination.. A study by Jensen ei al.10 provided the first important evidence that 
thee Notch pathway controls lineage determination. Jensen and colleagues 
showedd that mice lacking the bHLH gene Hes-1 have increased numbers of 
endocrinee cells and Goblet cells, whereas enterocyte maturation was dis-
turbed.. Their data were complemented by data from Yang et al,6S These 
investigatorss found that epithelial precursor cells of mice lacking the bHLH 
genee Math-I could only produce absorptive enterocytes. All three secretory 
lineagess were absent from these mice. The combined data suggested that the 
secretoryy lineage is the default phenotype of the intestinal epithelial cell and 
thatt if Notch suppresses this phenotype through upregulation of Hes-1, a 
precursorr cell wil l give rise to the enterocyte lineage. Although it is clear that 
thee Notch pathway is an (short range) extrinsic regulator of precursor cell 
fate,, we still have littl e notion of possible factors that influence the outcome 
off  notch signaling. 

5.25.2 Wnt signaling 

Itt is not known which Wnt genes are expressed in the colon, nor by what cell-
typess within the epithelium or mesenchyme they are expressed. Several 
memberss involved in the intracellular transduction of Wnt signals have been 
implicatedd in precursor cell homeostasis in the adult however. The critical 
componentt of the Wnt pathway is /?-catenin (see figure 3). /ï-catenin exists 
inn two functional pools in the cell; most is complexed with the intercellular 
adhesionn molecule E-cadherin in the so-called structural pool. Some /?-
catcninn is found in the cytoplasm where it is complexed with the 
Adenomatouss Polyposis Coli (APC) protein, axin or conductin/axin2 and 
Glycogenn Synthase Kinase (GSK)-3/?. In the absence of a Wnt signal this 
APCC bound 0-catenin is phosphorylated in its NH 2 terminus by GSK-3/Ï and 
subsequentlyy targeted for degradation in the proteasome by ubiquitination. 
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Figuree 3. The Wnt Pathway 

Wri tt signal ing in te r rup ts this constant b reakdown of cy top lasmic j8-catenin 
byy si lencing GSK-3/? t h rough an inact ivat ing phospho ry l a t i on. /?-catenin 
cann now t rans locate to the nucleus where it associates wi t h Lef-1/Tcf t ran-
script ionn factors and modulates t ranscr ipt ion th rough Lef-1/Tct specific a s-
act ingg D N A sequences .69 

Althoughh the expression of Wnt genes has not been localized in the adult gut, 
Wntt signal ing in the intest inal epi thel ium seems to occur in the precursor 
cellss at the base of the crypts. These cells express several established Wnt tar-
getss such as C d x l ,5 3 ' 70 cycl in D l , 7 1" 7 3 c -Myc, 74- 75 T c f l , 7 6 and C D 4 4 .7 7 A 
developingg small in test inal crypt init ial l y conta ins several mu l t i po tent pre-
cursorr cells dur ing its deve lopment a h ierarchy of p recursor cells is es tab-
lishedd with a single (monoclonal) mul t ipo tent cell that populates each crypt 
wit hh its descendants. In Tcj'4 null mice small in test inal cells s topped prolif -
erat ingg at E 16.5 ind icat ing that Tcf4//?-catenin media ted t ranscr ip t ion is 
involvedd in precursor cell survival at this s tage.78 Analysis of the adult phe-
no typee was impossib le in this mouse, however in ano ther exper iment an 
N H 2 - t e r m i n all  mu tant (GSK-3/? res is tant) 0-catenin was expressed in the 
smalll  intest inal crypt cells of chimer ic mice. In these mice crypts devel-
opedd normal ly. P recursor cells expressing the t ransgene prol i ferated three 
t imess faster than adjacent control cells. The morpho logy of the crypt-v i l lus 
axiss remained unaltered because of a compensatory increase in precursor cell 
apop tos is .7 99 In conc lus ion, in the normal co lon Wnt s ignal ing occurs in 
thee epithelial precursor cells where it controls precursor cell homeostasis and 
seemss to s t imula te p recursor cell pro l i ferat ion. 
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Figur ee 4. The TGF/? pathway 

5.35.3 TGFb signaling 

Memberss of the TGF/? family bind to a heterodimeric complex of a type I and 
typee II receptor, resul t ing in the phosphory la t ion and subsequent activation 
off  a receptor regulated Smad (Smad2 and 3 for the TGF/? and Activi n recep-
torr complexes and Smadl, 5 and 8 for the BMP receptor complex). These acti-
vatedd Smads then form a complex with the co-Smad Smad4. The Smad dimer 
noww t rans locates to the nuc leus where it b inds specif ic D N A sequences 
andd directly modulates transcr ipt ion. This process is antagonized by inhibi to-
ryy Smads. TGF/?I, TGF/?2 and TGF/?3 are all expressed in the adult co lon. 
TGF/?11 is expressed by the differentiated enterocytes,82 TGF/?2 by endocr ine 
cellss and TGF/?3 in the cells of the crypts .81 Most ly based on in vitro exper-
imentss in colon cancer cell l ines it has long been thought that TGF/? signal-
ingg mainly acts as a negat ive regulator of cellular pro l i ferat ion in the colon, 
thiss seems highly unl ikely as its type II receptor is exclusively expressed by 
thee differentiated epithelial cells that do not prol i ferate.80 Indeed recent evi-
dencee shows that mice heterozygous for either TGF/?2 or TGF/?3 displav sub-
stantial lyy reduced epithelial apoptos is whereas precursor cell prol i ferat ion is 
unaffected.81Thiss corroborated earlier findings in TGF/?1 - /- mice that do not 
displayy increased pro l i ferat ion e i ther .82 

5.45.4 Fgf  signaling 

AA comprehensive analysis of the expression and funct ion of members of the 
largee Fgf family and their ty ros ine kinase receptors a long the gast ro in tes t i-
nall  tract has not been per fo rmed. An in terest ing role in in test inal home-
ostasiss is played by Fgf-7 (Kerat inocyte Growth Factor ). Kgf-7 is expressed 
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Figuree 5. The Fgf pathway 

byy myof ibrob last - l ike cells in the lamina propr ia under ly ing the di f ferent i-
atedd epithelial cells whereas its receptor is expressed on the epithelial cells in 
thee c r y p t .8 3 , 84 In te res t ing ly t rea tment of animals with recombinant Fgf-7 
specif ical lyy increases the number of goblet cells in the small in tes t ine and 
colonn while leaving the absorpt ive en te rocy te lineage unaffected suggest ing 
thatt Fgf-7 provides a cel l- l ineage specific signal to the intest inal p recursor 
cells.85'' 86 Because of the critical role of No t ch signaling in precursor cell-l in-
eagee determinat ion and the interact ion of the No tch and Fgf pathways in sev-
erall  systemsS 7~S 9i t would be in te res t ing to examine if Fgf-7 acts t h rough 
ext r ins icc regulat ion of the ou t come of no tch signal ing in the in test ine. 

5.55 Hedgehog signaling 

Al thoughh the important role of hedgehog signaling dur ing embryogenesis of 

thee gut has been fairly well character ized, a possible function of this pathway 

inn the adult GI tract had not been examined to date and is the focus of several 

chapterss of this thesis. 

Inn conc lus ion, several mo lecu les /pa thways known from their role dur ing 
developmentt as extrinsic regulators of cell fate have been shown to play a role 
inn the maintenance of epithelial homeostasis in the adult gut. The notch, Wnt 
andd Fgf pathways regulate precursor cell decis ions whereas TGF/? signaling 
actss on di f ferent iated epithel ial cel ls. 
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66 Extrinsic regulators of epithelial homeostasis and colon cancer 
6.11 The Wnt pathway and reversal of the axis of renewal 
Ass may be expected from the critical role of extrinsic regulators of cell-fate 
inn the maintenance of epithelial homeostasis summarized above, several oi 
thesee pathways have been implicated in epithelial carcinogenesis. Colon 
cancerr develops in a morphologically recognizable sequence from normal 
humann tissue to a precursor lesion, the adenomatous polyp and finally car-
cinoma.9C-- 9l Genetic mutations in members of the Wnt pathway, have been 
establishedd as important initiators of this sequence of events.9- Mutations in 
APCAPC are thought to render APC incapable of binding and inactivating /?-
cateninn whereas mutations in fl-catenin can make /3-catenin insensitive to 
phosphorylationn by GSK-3/Ï and thus resistant to breakdown by ubiquiti-
nation.. Both mutations would lead to activation of /?-catenin-Lef-l/Tcf 
targett genes. It is however not clear how or why these mutations are involved 
inn colorectal carcinogenesis. In this respect it may be important to realize that 
bothh APC and jS-catenin are most highly expressed in cells that normally lack 
Wntt signaling. 0-catenin levels are highest in the differentiated cells at the 
luminall  end of the crypt where it localizes to the cell-cell junctions (in the 
structurall  pool), APC expression also gradually increases as the cell moves 
upp the colonic crypt.93 It seems that the high level of/ï-catenin in the dif-
ferentiatedd cells is normally not involved in gene transcription, as these 
cellss do not express any Wnt targets. 
Thee distribution patterns of both j0-catenin and APC protein suggest that the 
mostt dramatic effect of mutations in their genes may be expected in the dif-
ferentiatedd epithelial cells and not so much in the precursor cells region. The 
highh levels of APC in differentiated cells may be important to scavenge 
anyy j3-catenin that leaks from the structural pool into the cytoplasm to pre-
ventt Wnt signaling. Absence of APC may therefore deprive the differentiated 
cellss of this safeguard and lead to ectopic Wnt signaling (at the wrong end of 
thee crypt axis of renewal). The resulting nuclear localization of /ï-catenin and 
aberrantt expression of Wnt target genes such as c-Myc and cyclin Dl is 
likelyy to interfere with the appropriate induction of differentiation and cell 
deathh at the luminal end of the colonic crypt. It is indeed at this position that 
mostt nuclear 0-catenin,94 c-Myc95 and Cyclin Dl (GR van den Brink and JJ 
Kellerr unpublished observations), is observed in adenomas. In agreement 
withh this concept is the fact that APC mutant human colonic cell lines are 
resistantt to apoptosis96 and mice heterozygous for a truncated APC mutant 
thatt no longer binds /ï-catenin (Min/+ mice) display substantially reduced 
apoptosiss but not increased proliferation.80 This finding correlates with the 
factt that small adenomas do not display increased proliferation.97 Expression 
off  a stabilized /7-catenin construct in conditionally immortalized normal 
murinee colonic epithelial cells similarly protected these cells from apopto-
sis.988 It may be that this inhibition of apoptosis is more important in col-
orectall  carcinogenesis than induction of proliferation. 
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6.22 The TGFp family and colon cancer 

Whereass mutations in the Wnt pathway seem to function as an initiating event in 
thee adenoma to carcinoma sequence, several lines of evidence suggest that TGF/Ï 
signalingg is involved in both the probability and speed of progression of this 
sequence.. Resistance to TGFjS confers a more aggressive phenotype to human 
colonn cancer cell lines,99-10G Mutations in the TGFfiRlI are found in sporadic and 
hereditaryy human colon cancers with genetic instability. 1C1, 102 Also, muta-
tionss in the downstream SMADs (see figure 4), SMAD2 and SMAD4 (but not in 
otherr SMAD genes)103 have been described in human colon cancer.134-'06 In mice, 
absencee of Smad3 leads to metastatic colon cancer107 and Smad4 heterozygosity 
wass shown to potentiate the effect oi Ape heterozygosity.108 Additional evidence 
forr the importance of TGF/Ï signaling in the progression of colon carcinogene-
siss was found in Ragl-I- TGF01-I- double mutant mice. 82 Ragl-I- mice lack both 
BB and T cells, on a 129S6 background these mice develop epithelial hyperplasia of 
thee colon shortly after weaning associated with granulocytic infiltration of the 
laminaa propria. This hyperplasia progresses to carcinoma in 20% of the mice by 
66 months of age. When crossed with the TGF01-I- mutant, this hyperplasia 
progressess to adenoma and carcinoma much more rapidly and more frequently 
withh carcinomas developing in 100% of mice aged 6 months. 
Becausee of the in vitro growth inhibitory effects of TGF/3 on cultured colon car-
cinomaa cells it is often assumed that this loss of growth inhibition may play a 
rolee in the development of colonic adenoma and carcinoma. The in vivo evi-
dencee for such a growth inhibitory role however is scarce, limited to the 
effectss on the small intestine and much less convincing.1C9- 110 As discussed 
abovee the TGF/J RII is expressed by the differentiated epithelial cells of the 
colonn and not by the precursor cells, making a direct growth inhibitory effect 
unlikely.. Indeed in the Ragl-I- TGF01-I- mice, the loss of TGF/Ï1 did not result 
inn increased proliferation nor did loss of TGF/Ï2 or TGF/Ï3 in mutant mice dis-
cussedd above.81 It is not clear what does underlie the inhibitory effect of 
TGF/ÏÏ  signaling on the progression to adenoma and carcinoma in the colon and 
thiss remains an important area of research. 

Anotherr class of TGF/0 family members was also recently implicated in 
colonn cancer when it was found that a hereditary colon cancer syndrome. 
Juvenilee Polyposis is caused by germline mutations in the BMP receptor IA 
inn some families.111 The distribution of BMPs and their receptors or the 
effectt of BMPs on GI epithelial cells have not been studied however. 

Inn conclusion, two morphogenetic signaling pathways have been estab-
lishedd to play a role in the development of colon cancer. The underlying 
mechanismm remains poorly understood for both pathways. The fact that 
thesee pathways are normally involved in the regulation of position dependent 
celll  fate may indicate that these mutations alter the cells perceived position 
alongg the axis of renewal. The conflicting information such a cell wil l receive 
mayy compromise the cells' cell cycle control and response to DNA damage. 
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77 Developmen t of th e Gl tract , th e rol e of Hh signal in g 

7.17.1 Hedgehog  signaling 

DrosophilaDrosophila has a single hedgehog prote in that was ident i f ied in a genet ic 
screenn for pat tern ing genes performed by Nussle in-Volhard and Wieschaus. 
Thee Drosophila embryo develops into a dist inct number of segments, each 
segmentt has an an te r ior part wi t h br is t les and a s m o o th pos te r i or par t. 
HedgehogHedgehog was identi f ied as one of the genes involved in estab l ish ing this 
polar i tyy within segments and is necessary for the poster ior end to develop in 
eachh segment. In the Hedgehog mutant fly , segments only conta ined anter i-
orr type cells with their character ist ic br ist les, hence the name. Three hedge-
hogg pro te ins are found in most ver tebra tes; Sonic Hedgehog (Shh, named 
afterr the hedgehog that stars in a Sega computer game), Ind ian Hedgehog 
( Ihh)) and Desert H e d g e h og ( D h h ). The Hh pathway is conserved from 
DrosophilaDrosophila to humans and plays an impor tant role in pa t te rn ing of the gut 
t ubee a long bo th the A - P and radial ax is .1 1 2" 1 16 The Hh p ro te i ns signal 
th roughh a common receptor complex (see figure 6): Patched (P tc ), a Hh 
b ind ingg receptor and Smoo thened (Smo) a receptor that signals th rough 
thee Gli family of t ranscr ip t ional e f fectors .1 1' - I 1S T ranscr ip t ional targets 
includee transcript ion factors such as HNF3/? ,I | V specific Hox genes'-c- '2I and 
secretedd morphogens such as Bmp4.1 21 Because of its impor tant role in pat-
te rn ingg events in the developing gut tube, the Hh pathway may be an excel-
lentt s tar t ing point for a systemat ic approach in the s tudy of morphogens in 
adultt epithelial pa t tern ing events. This approach is facil i tated by the l imited 

Figur ee 6. The hedgehog pathway 
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amountt of Hh family members. Importantly, the continued expression of 
bothh Shh and Ihh until just before birth in the mouse suggests that both may 
indeedd be expressed in the adult.' '6 We wil l therefore now discuss the role of 
Hhh signaling in the developing gut in more detail. 

7.22 Hedgehog signaling and gross morphological patterning of the gut tube 

Bothh Shh and Ihh are endodermal signals with a partially overlapping role in 
grosss morphological pattern formation of the gut. A central feature of the 
Shhh mutant mouse is the abnormal development ot the foregut. The observed 
phenotypee is remarkably similar to esophageal atresia or stenosis with asso-
ciatedd tracheoesophageal (TE) fistula, a developmental abnormality found in 
humans.. This is the most frequently observed component of the so-called 
VACTERLL association in humans. The acronym VACTERL stands forver-
tebrall  defects (V), anal atresia (A), cardiac defects (C), tracheoesophageal fis-
tulaa (TE), renal anomalies (R) and limb defects (L).122- 123 This associa-
tionn is not recognized as a specific syndrome, its different components are 
foundd together in varying constellations123 and have been assigned various 
acronymss (such as VATER, VATERL etc). One study that examined 
2,493,9999 births only reported a single case with combined recognized 
deformitiess in all six organs.123 However, all of these defects have been 
foundd in one or more of the several known human and murine mutants of the 
Hhh pathway by a variety of observers.113- 116, '-4-1-9 TE malformations are 
observedd in approximately 1 in 2000-5000 live births.122- 13Q This anomaly can 
bee found in association with other GI malformations also observed in several 
off  the mutants of the Hh pathway such as imperforate anus, midgut malro-
tation,, duodenal atresia and annular pancreas.116' 131 

7.37.3 The Hedgehog pathway and epithelial morphogenesis 

Apartt from the gross morphological deformities described in several of the 
mutantss of the Hh pathway, Hh signaling also plays an important role in the 
determinationn of differentiation at the cellular level, both of the endoderm 
andd the mesenchyme. Initiall y Shh mRNA is expressed in the endoderm 
throughoutt the gut tube, however at 10.5 days post coitum (d.p.c.) Shh is 
downregulatedd in two small domains of the prospective pancreatic buds.132 

ShhShh expression is further downregulated around 14.5 d.p.c. and becomes 
restrictedd to the glands of the proximal stomach and the base of the vill i in 
thee intestine.116, 133 This mRNA expression pattern remains stable until at 
leastt one day prior to birth in the mouse at 1 8.5 d.p.c. Ihh is expressed in the 
epitheliumm of the stomach, the epithelial cells at the base of the vill i in the 
smalll  intestine and throughout the epithelium of the colon at 18.5 d.p.c.116 

Inn conclusion, twro phases of Shh downregulation have been recognized. 
Thee first very restricted downregulation is found in two small domains of the 
prospectivee pancreatic buds. This phase of downregulation seems dependent 
onn signals from the notochord.134 The signal from the notochord seems to 
consistt largely of Activin since Activin can replace the notochord in explant 
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studies1144 and ectopic Shh expression is observed in the pancreatic domain in 
micee carrying mutations in the type II Activin receptors.133 The relevance of 
thee antagonism is clear from mice with forced expression of Shh in the 
nascentt pancreatic endoderm. These mice display a switch of pancreatic 
mesodermm development to an intestinal phenotype (presence of smooth 
musclee cells and cells of Cajal) and mixed pancreatic/intestinal differentia-
tionn of the pancreatic endoderm.13- Data from Xenopus further support 
thiss concept.136 Xenopus injected with a constitutive active form of the 
Hhh receptor Smo completely lack a pancreas, a phenotype more severe than 
thatt described by Apelqvist et al. This may be due the fact that their trans-
genicc mouse expressed Shh behind a pancreas specific promoter and that the 
ectopicc Shh transcription therefore starts after the initial specification of a 
pancreaticc domain has already been completed. What underlies the second 
phasee of Shh downregulation in the esophagus, small intestine and colon 
aroundd 1 4.5 d.p.c. is not known. In the intestine it seems to follow a restric-
tivee influence exerted by the mesoderm around 13.5 d.p.c. with concomitant 
downregulationn of Foxa2 (HNF3beta) and GATA factors.137 The experi-
mentss in Xenopus with constitutively active Smo suggest that the loss of Shh 
expressionn may be especially important in the midgut, since intestinal epithe-
liall  differentiation was completely disrupted specifically in the midgut in 
thesee experiments.136 Sonic Hedgehog is critical for the normal development 
off  gastric epithelium. In the Shh null mouse gastric epithelium is hyperplastic 
andd expresses alkaline phosphatase, a sign of intestinal transformation.116 In 
conclusion,, during development the Hh pathway not only plays an important 
rolee in gross morphological patterning but also in the regulation of pat-
terningg of cell-types along both the A-P and radial axis. 

88 Concludin g remark s 
Inn this introduction I have pointed to the similarity between patterning 
eventss during development and some aspects of the continuous epithelial 
renewall  that is characteristic of the adult GI tract. I have alluded to some of 
thee molecular controls of patterning in the embryo and stressed the differ-
encee between intrinsic and extrinsic regulation of cell fate. I have reviewed 
thee data available in the literature that show a role for extrinsic regulators of 
celll  fate in morphostasis of the GI epithelial microarchitecture and its 
deregulationn in colon cancer. I have pointed to the fact that of the four 
mostt important morphogenetic pathways only the Hh pathway remained 
completelyy unexplored with respect to adult epithelial (patho)physiology. 
Also,, although defects in BMP signaling are now implicated in Juvenile 
Polyposiss we still know nothing with respect to the cells that produce BMPs 
orr those that express their receptors nor how this pathway may control 
epitheliall  cell fate in its target cells. I have reviewed the available data for the 
importancee of Hh signaling in the establishment of the GI tract. Four of the 
chapterss of this thesis wil l deal with a first exploration of the role tor Hh sig-
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A b s t r a c t t 

Background Background 

Thee bacterium H. pylori is able to adhere to and to colonize the human 
gastricc epithelium, yet the primary gene product responsible as a receptor tor 
itss adherence has not been identified. 

Aims Aims 
Too investigate the expression of the gastric mucins MUC5AC and MUC6 in 
thee the gastric epithelium in relation to H. pylori colonization in order to 
examinee their possible roles in the binding of H. pylon. 

Patients Patients 
Seventyy two consecutive patients suspected of having H. pylori infection. 

Methods Methods 

MUC5AC,, MUC6, and H. pylori were detected in single sections of antral 
biopsyy specimens using immunohistochemical triple staining. 

Results Results 

MUC5ACC was expressed in the superficial epithelium, and the upper part of 
thee gastric pits. MUC6 expression was detected in the lower part of the 
gastricc pits. The expression of both mucins in the epithelium was comple-
mentary.. In each patient, there was a sharply delineated transition between 
MUC5AC-- and MUC6-producing cell populations. In all H. pylori -positive 
patientss there was a striking colocalization of H. pylori and MUC5AC; 
moree than 99% of the bacteria were associated with either extracellular 
MUC5ACC or the apical domain of MUC5AC-producing cells. 

Conclusions Conclusions 

H.H. pylori is very closely associated with extracellular MUC5AC and epithe-
liall  cells that produce MUC5AC. This indicates that MUC5AC, but not 
MUC6,, plays a role in the adhesion of H. pylori to the gastric mucosa. 
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Introductio n n 
Thee Gram-negative bacterium Helicobacter pylori has the unique ability to 
colonizee the human stomach. Infection is widespread with a prevalence of 
moree than 90% in some developing countries.1 Colonization results in 
chronicc infection, and leads to gastric inflammation.2 The presence of the 
bacteriumm is associated with peptic ulcer disease,3 atrophic gastritis, gastric 
adenocarcinoma,4155 and gastric MAL T lymphoma.6 H. pylori does not invade 
thee gastric mucosa, but resides in the gastric mucus layer of the superficial 
epithelium,, and can attach to gastric epithelial cells, with a preference for the 
intercellularr junctions.7 In m vitro experiments, the attachment to the 
epitheliall  cells has been shown to induce signal transduction in gastric cells, 
withh activation of the transcription factor N F - K B . S _ 1' Subsequently, the 
cytokinee mterIeukin-8 (an important T-cell and neutrophil chemoattractant 
andd critical mediator in the H. pylori-induced inflammatory process) is 
produced.. Thus, physical contact of the bacterium with the epithelial cell 
playss a pivotal role in the outcome of infection.12 It seems likely that hom-
ingg to the mucus layer and attachment to mucosal cells are separate processes 
andd may be mediated by different bacterial adhesins and host receptors. 
Ann interesting example of this exists in colonization of the intestine by 
anotherr Gram negative bacterium, the enteropathogenic Escherichia coli. 
Thiss bacterium uses its pili to bind specifically to intestinal mucin in various 
models,1~U133 possibly accounting for its colonization pattern. The bacterial 
membranee protein intimin and a receptor, Hp90, on the intestinal cell how-
everr mediate intimate adhesion to the intestinal cells. It has recently been 
demonstratedd that this receptor is not of host cell origin but actually encod-
edd by the bacterium and translocated into the mammalian cell membrane,16 

thuss renamed Tir (for translocated intimin receptor). This intimin-Tir adhe-
sionn can of course not account for its tissue specificity. Thus, separate 
interactionss are involved in the tropism of this E. coli for the intestine, and 
adherencee to the intestinal cells. This provides yet another instructive exam-
plee of the multimolecular nature of enteropathogen-host cell interactions. 
H,H, pylori resides only in an ecological niche of mucus produced by gastric 
epithelium,, so the putative receptor has to be specific for gastric mucus. 
Interestingly,, it was shown that H. pylori is able to bind to gastric mucin in 
vitro.vitro.1717 Mucin is the most important structural component of the mucus gel 
layer.18,199 These highly O-glycosylated molecules form hydrated multi-
mericc complexes. To date, nine human epithelial mucin genes have been 
identifiedd and designated MUCl-4, MUC5B, MUC5AC, and AWC6-8.ll> 
Mostt of these genes are expressed in a cell type- and tissue-specific manner.20-

266 Several of these mucins show a tissue-specific regional distribution along 
thee cephalo-caudal axis of the gastrointestinal mucosa. On the other hand 
somee of these, particular MUCl and MUC4, are expressed in most regions of 
thee gastrointestinal tract. MUC7 is only expressed in the salivary glands,20 

MUC5BB is also expressed in the salivary glands and is the predominant 
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mucinn in the gallbladder,21 and MUC2 and MUC3 are expressed m the 
intestine.'- '-33 The secretory mucins MUC5AC and MUC6 are expressed in 
thee epithelium of the stomach. The superficial epithelium and the cells in the 
upperr part of the gastric pits produce MUC5AC.2 4-23 MUC6 expression is 
confinedd to the lower mucous neck cells and the cells of the antral 
g lands.2 4^ '2* * 
Ass H. pylori binds gastric mucin in vitro and seems to reside in the mucus lay-
err overlaying the MUC5AC-producing cells of the superficial epithelium, we 
soughtt to determine a possible colocalization of MUC5AC and H. pylori in 
thee human stomach. Furthermore, we were interested to determine if the 
presencee of the bacterium would alter the expression pattern of the gastric 
mucins,, MUC5AC and MUC6. 

Material ss  & Method s 
Patients Patients 

Gastroduodenoscopyy was performed on 72 consecutive patients referred to 
thee endoscopy unit of the Academic Medical Center in Amsterdam for 
chronicc upper abdominal complaints. These patients were enrolled m a 
prospectivee study investigating the prevalence of H. pylori infection in 
patientss on antacid therapy, which was approved by the Ethics Committee of 
thee Academic Medical Center. Biopsies were taken from the antrum of the 
stomachh as part of these investigations. Specimens were fixed in phosphate 
bufferedd saline (PBS) buffered paraformaldehyde, and embedded in paraffin. 
H.H. pylori status was determined by culturing the bacteria, and confirmed 
byy an independent pathologist by routine histology (H&E stain). The histo-
logicall  grade of gastritis was scored according to the Sydney classification.-7 

Antibodies Antibodies 

Too detect MUC5AC, we used either the mouse monoclonal antibody 45M1 
(Novocastra,, Newcastle upon Tyne, England),-s rabbit polyclonal anti-
humann gastric mucin (anti-FiGM),29 or mouse monoclonal CLH2 kindly pro-
videdd by C.A. Reis.30 To detect MUC6, we used MUC6.1 a polyclonal anti-
bodyy raised in rabbit,26 kindly provided by C. de Bolós. For MUC2 detection, 
WE9,, a monoclonal antibody against MUC2,31 raised in mouse was used, a 
kindd gift of D.K. Podolsky. M3P, a polyclonal antibody against MUC3,23 was 
generouslyy provided by Y.S. Kim. For staining of H. pylori we used either a 
rabbitt polyclonal antibody (DAKO, Glostrup, Denmark) or pooled serum of 
sevenn different H. />jy/or?-immunized rabbits, a gift of F. Namavar.32 

Immunohistochemistry Immunohistochemistry 

Too detect MUC5AC, MUC6, and H. pylori in a single section, for optimal 
investigationn of their possible colocalization, an immunohistochemical 
triplee staining method was developed. Paraffin sections (6 /Jm) were deparaf-
finated.. Endogenous peroxidase was blocked using 1.5% FbOi in PBS for 30 
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minn at room temperature (RT), and washed in PBS. Sections were heated for 
100 min at 100"C in 0.01 M sodium citrate pH 6.0 to enhance antigen retrieval. 
Afterr cooling on ice for 15 min and washing in PBS, sections were blocked in 
TENG-TT (10 inM Tris, 5 mM EDTA, 0.15 M NaCl, 0.25% gelatin, 0.05% 
(v/v)) Tween-20, pH 8.0) at RT. After washing in PBS, the rabbit anti-
MUC66 polyclonal antiserum (MUC6.1) was applied (1:200 dilution), and 
incubatedd overnight at 4°C. Thereafter, sections were washed in PBS, incu-
batedd with a secondary biotinylated antibody (goat anti-rabbit Ig /BIO, 
DAKO )) in a 1:500 dilution for 1 h at RT, and washed in PBS. Sections were 
incubatedd with ABcomplex (Vector laboratories, Burlingame, CA) for 1 h at 
RT,, and washed with PBS. Enzyme activity was detected with diaminoben-
zidinee (DAB, Sigma, St Louis, MO), 5 mg of DAB, and 10 ^1 of 30% H 2 0 2 , 
inn 1 0 ml 50 mM Tris pH 7.8, resulting in a brown color. Subsequently sam-
pless were heated at 90-100°C in 10 mM sodium citrate for 5 min and after 
cooling,, blocked with TENG-T, and washed in PBS. Sections were incubat-
edd overnight at 4°C, with a mixture of mouse anti-MUC5AC (i.e. 45M1), and 
rabbitt anti-//, pylori antibodies in 1:50 and 1:5000 dilutions, respectively. On 
thee third day, sections were washed in PBS, and incubated with a mixture of 
twoo secondary antisera, one labeled with alkaline phosphatase and the other 
biotinylated,, at RT for 1 h (goat anti-rabbit Ig/AP, and goat anti-mouse 
Ig/BI OO in 1:20 and 1:100 dilutions respectively, DAKO) . After washing in 
PBS,, sections were incubated for 30 min in streptavidin /ï-galactosidase 
(strepp /?-gal, Boehringer Mannheim, Mannheim Germany) diluted 1:40 in PBS 
att RT. The strep 0-gal was detected using 1% X-gal (DAKO) in iron phos-
phatee buffer (0.02% MgCl2.6H.O, 0.099% potassium ferricyanide, 0.127% 
potassiumm ferrocyanide) at 37°C for 15-30 min, resulting in a blue/ turquoise 
color.. After washing in Tris-buffered saline, the alkaline phosphatase was 
detectedd using the Fast Red detection method (DAKO), staining H. pylori 
inn a reddish purple. Sections were briefly counterstained with hematox-
illine,, and mounted in Ultramount (DAKO), an aqueous mounting medium. 
Twoo investigators (GRvdB, KMAJT) scored the sections independently in a 
blindedd manner. The distribution patterns of MUC5AC and MUC6 were 
assessed,, and the sections were evaluated for the presence of H. pylori, and 
whenn present, the percentage of bacteria associated with MUC5AC- or 
MUC6-producingg cells was scored. 

tmmunohistochemicattmmunohistochemicat controls 

Controlss included staining of normal human gastric tissue sections with 
antibodiess against MUC2 and MUC3, and staining of normal human duo-
denumm sections with anti-MUC2, -MUC3, -MUC5AC and -MUC6. This 
showedd that anti-MUC5AC and anti-MUC6 reacted specifically with gastric 
mucins,, whereas anti-MUC2 and anti-MUC3 reacted exclusively with duo-
denall  epithelium, but not with gastric epithelium. Also, when each of the pri-
maryy or secondary antibodies were omitted no immunoreactivity was 
observedd with any ol the detection methods. 
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Tabl ee 1 . Number of patients in each category according to the Sydney classi-
fication. . 

rma l l 

19 9 
0 0 
0 0 
0 0 
0 0 

Chronicit y y 

Mil d d 

14 4 
0 0 

11 / 1 
1 1 
0 0 

Moderat e e 

4 / 7 7 
6 6 
5 5 
6 6 
2 2 

Sev< < 

0 0 
2 2 
0 0 
5 5 
5 5 

Normal l 
Focal l 
Mild d 
Moderate e 
Severe e 

H.H. py/o/v'-positive patients are denoted in italics. 

Result s s 

PatientPatient  characteristics 

Thee 72 endoscopic procedures were performed in 64 patients; eight patients 
underwentt endoscopy twice, tor evaluation oi eradication treatment. Four of 
thesee eight patients were successfully treated. Of the 72 biopsies studied, 34 
weree from H. Pylori-posh'we patients, four after failed eradication treatment. 
Thirtyy eight biopsies were from H. pylori -negative patients (19 after suc-
cessfull  eradication therapy). The presence of H. pylori was independently 
assessedd by both culturing the bacterium and by a pathologist. We were 
ablee to detect the bacterium by immunohistochemistry in all infected 
patients,, and thus the concordance with the independent pathologist and the 
microbiologicall  detection method was 100%. The severity of gastritis was 
scoredd according to the Sydney classification (Table 1). 

MucinMucin  Expression  Patterns 

Inn each patient, we examined the expression patterns of MUC5AC and 
MUC6,, and their relation to H. pylori colonization of the gastric mucus lay-
er.. We were able to visualize the entire pit-gland axis in the antral mucosa of 
eachh patient. Single sections were stained for MUC5AC, MUC6 and H. 
pyloripylori using an immunohistochemical triple staining method. Virtually all 
epitheliall  cells of the superficial epithelium and the antral glands express 
mucin,, either MUC5AC or MUC6. 
Thee expression of MUC5AC was localized to cells the superficial epithelium 
off  the stomach and the upper parts of the gastric glands (Fig. 1A-F). In sep-
aratee experiments we found that these cells were detected by each of the anti-
bodiess used to detect MUC5AC (Data not shown). The anti-HGM antiserum 
andd the monoclonal antibody 45M1, which both recognize the MUC5AC 
precursorr as well as the mature MUC5AC molecules,-8'"9 gave near indis-
tinguishablee results, staining the intracellular storage granules as well as 
thee secreted mucin (Shown in Fig. 1 for 45MI). Based on the immunohis-
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tochemicall  staining of consecutive antrum sections of many patients, it 
appearedd that the monoclonal antibody CLH2 only stained the perinuclear 
regionn of MUC5AC expressing cells (Data not shown). This was in accor-
dancee with the fact that CLH2 is only able to recognize the MUC5AC pre-
cursor.300 As 45M1 was able to stain intracellular as well as extracellular 
MUC5ACC we chose to use this antibody in our triple labeling experiments. 
Usingg 45M1, the distribution of MUC5AC staining among the epithelial cells 
appearedd uniform and continuous in all examined biopsies, and this basic 
expressionn pattern was not affected in H. pylori-ïniecteó patients (com-
paree Fig. 1A and 1C with 1D-F). 
Thee anti-MUC6 antibody showed strong perinuclear reactivity in the cells of 
thee lower parts of the antral glands (Fig. 1A-F and 1H-J). This antibody is 
ablee to recognize the MUC6 precursor, explaining the perinuclear staining.26 

Wee did not observe reactivity of the anti-MUC6 antiserum with cells of the 
superficiall  epithelium or upper part of the glands in any of the biopsies. We 
foundd complementary expression of MUC5AC and MUC6 in each patient, 
butt virtually no co-localization of both mucins (Fig. 1). The area of transi-
tionn between MUC5AC- and MUC6-producing cells was always sharply 
delineatedd (Fig. 1A-F, and II) . 
InIn many H. pylori-positive patients we noted a considerable decrease in the 
numberr of MUC5AC expressing cells, concomitant with a seeming increase 
inn MUC6-producing cells (compare e.g. Fig. 1C and ID) . This apparent 
shiftt in number of MUC5AC and MUC6 expressing cells did however not 
correlatee with any change in staining intensity or with the continuity of the 
stainingg patterns of either mucin. 

H.H. pylori localization 

Usingg the triple staining method, we were able to study the relationship 
betweenn mucin expression in the stomach and H. pylori colonization. We 
foundd a striking co-localization of H. pylori with MUC5AC in each of the 
patientss infected with the bacterium (Fig. 1E-I). In all biopsy material more 
thann 99% of the bacteria were associated with extracellular MUC5AC, or 
closelyy associated with MUC5AC producing cells (Fig. 1E-I). We never 
detectedd more than 1% of H. pylori associated with the MUC6 producing 
cellss in the gastric glands. If bacteria were detected in proximity of MUC6 
producingg cells, this was always in the area of transition between MUC5AC 
andd MUC6 producing cells (Fig. II) . In most sections we observed dense col-
onizationn by H. pylori of the MUC5AC producing epithelium, with a uni-
formm distribution until the margins of MUC5AC containing mucus (Figs IE, 
IF,, and I I ) . The bacterium abruptly disappeared at the area of transition to 
MUC66 expression. In two of the sections examined some of the bacteria were 
detectedd in a transected gastric pit containing MUC6 only (Data not shown). 
Althoughh this was very rarely observed, this provided an essential positive 
controll  for the ability to detect the purple-stained bacteria against the 
brownn background of DAB stained MUC6. 
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Figur ee 1 . Immunohistochemical staining of sections of human stomach. All sec-
tionss were immunohistochemically triple stained using antibodies 
againstt MUC5AC, MUC6, and H. pylori. Detection of MUC5AC yielded a 
turquoisee blue color. MUC6 was detected using a DAB-staining, staining 
MUC66 brown. Detection of H. pylori yielded a reddish purple staining. All 
sectionss were counterstained with hematoxyline. (A) Section from an 
individuall without H. pylori infection. Note the complementary expres-
sionn of MUC5AC and MUC6 within the epithelium. There is some yel-
low/orangee staining in the mucosa. This is caused by erythrocytes that 
appearr yellow/orange in this particular quadruple staining. (B) Higher 
magnificationn of A showing the transition zone of MUC5AC and MUC6 
expression.. (C) Distribution of MUC5AC and MUC6 along the pit-gland 
axiss in a H, pylori-negative patient. (D) A H. pylori-positive patient at the 
samee magnification as C (The bacteria cannot be discerned at this 
magnificationn in this patient). Notice in C and D that the glands have 
approximatelyy the same length, but that the number of MUC6 express-
ingg cells has increased, whereas the number of MUC5AC expressing 
cellss has diminished. (E) and (F) Sections of H. pylori-positive patients, 
showingg heavy infection of the mucus layer and epithelium. The aster-
iskss indicate glands that are shown at higher magnification in panels G 
andd I. (G-l) Higher magnifications of sections form H. pylori-positive 
patients.. Notice in E-l that the H. pylori bacteria co-localize with MUC5AC 
andd with MUC5AC-producing cells, but not with MUC6. (J) Section of a 
H.. pylori-negative patient (i.e. after successful eradication of the bac-
terium),, showing afocal area of intestinal metaplasia (im). Notice that the 
areass of intestinal metaplasia contain characteristic 'intestinal-type' 
goblett cells, but stained neither for MUC5AC or MUC6. Arrows in E-G, 
andd I indicate purple stained, clustered H. pylori bacteria. In all patients 
thee detection of H. pylori in the sections was completely in accordance 
withh the culturing of the bacterium and routine histology using H&E 
staining.. (Original magnifications: A, 62.5x; B, 125x; C, 62.5x; D, 62.5x; 
E,, 31x; F, 31x; G, 250x; H, 250x; I, 50;J, 125x) 

Inn 2 patients we found focal areas of intestinal metaplasia. H. pylori was 
absentt in these areas. It has previously been shown that areas of intestinal 
metaplasiaa show abundant expression of MUC2 and MUC3, the predominant 
intestinall  mucins, and not MUC5AC or MUC6.23 As expected, we did not 
detectt MUC5AC or MUC6 expression in these cells (Fig. 1JJ. We did, 
however,, detect endogenous alkaline phosphatase activity on the brush bor-
derr of these cells as typical for intestinal cells (Data not shown). 

Discussio n n 

Thee mechanism underlying the tissue specificity of bacterial adhesion is 
poorlyy understood. As this host cell type dependent colonization is the 
firstt step in the infectious process for most bacteria, it is important to elu-
cidatee the underlying mechanisms. In general, the mucus gel of the gas-
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trointestinall  tract is thought to be an important barrier in the cytoprotection 
againstt pathogenic organisms. In recent years however, it has become 
increasinglyy clear that a range of epithelial pathogens can use mucin, its 
mostt important structural component, to colonize this mucus barrier. 
However,, many different mucins are expressed along the gastrointestinal 
tract,, and we now show for the first time that a bacterium preferentially asso-
ciatess with one of these mucins. 
Thee bacterium H. pylori is adapted to an environment of gastric mucus. In the 
duodenum,, gastric metaplasia is very likely a prerequisite for the presence of 
thee bacterium,33"35 and reports exist of H. pylori colonization of gastric meta-
plasticc tissue in Meckel's diverticula,36-37 and even in the rectum.,R Although 
thee prevalence of H. pylori colonization at these distant sites of gastric meta-
plasiaa is low, these cases provide very interesting examples of the organism's 
specificityy for gastric type epithelium. Additionally, areas of complete intesti-
nall  metaplasia in the stomach mucosa provide a hostile environment to H. 
pylori,pylori, as this bacterium is generally not detected in the mucus overlaying this 
epithelium,, nor attached to these metaplastic epithelial cells. 
Fromm the above, it follows that the putative receptor responsible for H. 
pyloripylori colonization of the stomach should meet the following criteria: (i) pre-
sentt in mucus, (ii)  specific for mucus produced by gastric type epithelium, 
(Hi)(Hi)  not present in mucus overlaying areas ot complete intestinal metaplasia, 
(iv)(iv) not present in the normal duodenum, and (v) present in areas of gastric 
metaplasiaa in the duodenum. A number of different receptors for H. pylori 
havee been characterized in vitro (for review see Moran39), importantly' none 
off  them meets the necessary criteria. 
Inn the present study we focussed on the distribution of two important gas-
tricc epithelial secretory gene products and their relation to the colonization 
patternn of H. pylori. We hypothesized that MUC5AC could be a putative H. 
pyloripylori receptor that could account for its colonization pattern. 
Thee secretory mucins MUC5AC and MUC6 are expressed in gastric epithe-
lium.. In studies investigating mucin expression in the gastrointestinal tract, 
thesee mucins have only been found in the stomach, and they are normally not 
expressedd in the esophagus or intestines. The cells of the superficial epithe-
liumm and the upper part of the gastric pits produce MUC5AC, whereas cells 
off  the gastric glands and the lower part of the gastric pits express MUC6. The 
presencee of MUC5AC in the superficial gastric epithelium makes it an 
attractivee putative receptor for the tissue-specific colonization displayed by 
H.H. pylori, since this bacterium is known to reside in this habitat. 
Wee show, and to our knowledge for the first t ime, that expression of 
MUC5ACC and MUC6 is complementary in the human stomach, and that gas-
tricc epithelial cells specifically express only one of both mucins. Interestingly, 
wee also observed that H. pylori colonizes the mucous gel layer overlaying 
cellss producing MUC5AC and that the bacterium does not associate with 
cellss producing MUC6. In all sections of the 34 H. pylori-positive biopsies 
examined,, we noted a clear demarcation of the extent of H, pylori colo-
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nization.. This demarcation always corresponded to the sharply delineated 
transitionn between MUC5AC- and MUC6-producing cell populations even 
inn densely colonized biopsy specimens. No clear difference in staining 
intensityy of either MUC5AC or MUC6 was observed in any of the examined 
biopsyy specimens, and the expression of both mucins was always found to be 
continuous.. Importantly, we did not detect any MUC6 expression in super-
ficiall  epithelial cells in these patients. This contrasts with earlier findings by 
Byrdd et d/.,40 who reported aberrant expression of MUC6 in the surface 
epitheliumm of 21 of 29 H. pylori-\niected patients as well as focal areas 
wheree surface mucous cells did not stain with anti-MUC5AC-antibodies. We 
showedd that H. pylori can cause a shift in the relative sizes of the two gastric 
epitheliall  cell populations, expressing either MUC5AC or MUC6, as was 
observedd in several H. pylori-\niecxeo. patients. Although we observed the 
samee tendency of the gastric epithelium to produce increased numbers of 
MUC6-positivee cells, as did Byrd and co-workers,40 this never resulted in the 
expressionn of MUC6 in surface mucous cells. Presently, we have no expla-
nationn why our results are at variance with those of Byrd etal., other then dif-
ferencess in reagents and methodology to detect the mucins. Mechanistically, 
thee observed change in the size of the MUC5AC- and MUC6-producing cell 
populationss by our group and Byrd's work could be caused by an altered 
turnoverr of one or both cell populations, or alternatively by a change in 
mucinn expression. 

Thee H. pylori binding receptor that has been characterized most carefully so 
tarr is Lewis B (Leb), a blood group antigen, and a terminal carbohydrate chain 
onn glycoproteins and glycolipids. The affinity of H. pylori towards this car-
bohydratee was demonstrated in an in situ adherence assay.41 In this assay 
freshh H. pylori adhered to fixed sections of human gastric tissue. Both soluble 
Lebb and a monoclonal antibody to Leb interfered with this adhesion. The bac-
teriall  adhesin responsible for Leb antigen binding, BabA, has recently been 
identified.422 Although a pathophysiological role remains to be shown for 
infectionn of the human stomach, the BabA- Leb interaction may be an 
importantt factor in the outcome of infection, since it worsened the severity 
off  gastritis in transgenic mice, expressing human Leb.12 Nevertheless, both 
transgenicc animals and their controls were colonized. Importantly, Leb does 
nott fulfil l the five above-mentioned criteria. Although Leb is present in 
gastricc mucus, as a carbohydrate side chain of mucin, it is also expressed in 
thee normal esophagus,43 the duodenum4-5-44 and in areas of intestinal meta-
plasia.45,466 Indeed, it was shown that Leb does not seem play a critical role in 
thee colonization process of H. pylori in experiments in other model systems 
bothh in vitro, and in i?iVo.47* 48 

I tt is not unimportant to place twTo technical aspects of our results in per-
spective.. Firstly, we have found a strong co-localization of H. pylori and 
MUC5AC.. Yet, we cannot exclude that the bacterium does not bind to 
MUC5ACC directly. If is also possible that the bacterium associates with 
moleculess that co-localize with MUC5AC. MUC5AC provides the structural 
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frameworkk for the gastric mucus layer. Therefore, it seems likely that the bac-
teriumm may try to get a foothold onto either the MUC5AC itself or to a 
moleculee physically associated with MUC5AC. We are unable to discriminate 
betweenn these possibilities. Secondly, our anti-MUC6 antibody only rec-
ognizess the MUC6 precursor, and not the mature MUC6. Therefore, the bac-
teriaa could be associated with secretory MUC6 that is not recognized bv the 
anti-MUC66 antibody. The most important counterargument is that the H. 
pyloripylori bacteria are not associated with the MUC6-producing cells, or locat-
edd anywhere near the MUC6-producmg cells in the lower part of the gastric 
glands,, as one would expect when the bacteria would associate to secretory 
MUC6. . 
InIn conclusion, we provide the first evidence that MUC5AC constitutes an 
attractivee candidate for the gastric mucus specific H. pylori receptor. In 
thee present study we show that MUC5AC fulfil s the necessary criteria in the 
humann stomach. Because; (/) MUC5AC is the structural component of the 
superficiall  gastric mucus gel layer; (/'/) the expression of MUC5AC is specific 
forr superficial gastric epithelial ceils, MUC5AC is not expressed in normal 
duodenumm or intestinal metaplasia of the duodenum; (Hi) in the stomach, the 
colonizationn pattern of H. pylori matches the area expression of MUC5AC 
moree than 99%, the bacterium colocalizes with extracellular MUC5AC as 
welll  as with the apical domain of MUC5AC producing epithelial cells, and 
nott with MUC6. It remains to be shown whether MUC5AC is expressed in 
gastricc metaplasia in the duodenum. This seems likely however as MUC5AC 
expressionn is highly specific for gastric epithelial cells. Finally, we did not 
observee any gross disturbances in the gastric mucin expression pattern. 
However,, we did observe a shift in MUC5AC- and MUC6-producing cell 
populationss in some but not all of the H. pylori-mïecxeó patients with a rel-
ativee increase in MUC6 producing cells. The pathophysiological meaning of 
thiss finding remains unclear. 
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Abstrac t t 
Background Background 
Bothh in vitro studies and experiments In mice suggest a key role for tran-
scriptionn factor nuclear factor ( N F ) - K B as a mediator of mucosal inflam-
mation.. Experiments in vitro show that N F - K B activation may be a critical 
eventt in the production of pro-inflammatory molecules in Helicobacter 
pyloripylori associated gastritis. 

Methods Methods 

Thiss study examines the expression and activity of N F - K B in situ in antral 
biopsiess of 69 consecutive patients with immunohistochemical techniques. 

Results Results 

InIn the uninflamed stomach N F - K B was highly expressed and active in a sub-
sett of epithelial cells, which wrcre identified as predominantly G cells. In 
accordancee with this activity, G cells were shown to express high levels of the 
N F - K BB target cytokine tumor necrosis factor (TNF)-ff, a wrell-documented 
stimulatorr of gastrin production. In patients with Helicobacter pylori asso-
ciatedd gastritis, N F - K B activity was markedly enhanced. Activation occurred 
preferentiallyy in the epithelial cells. The number of cells showing activated 
N F - K BB correlated with the activity of gastritis, a measure of neutrophil 
influx,, whereas no correlation was found with the chronicity of inflammation, 
aa measure of the presence of mononuclear inflammatory cells. 

Conclusions Conclusions 

Thiss correlation is direct evidence of the importance of N F - KB dependent sig-
nall  transduction for neutrophil influx in Helicobacter pylori associated gas-
tritis. . 
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Introductio n n 

Uponn colonization by pathogenic bacteria the host cells at the site of infec-
tionn respond with an induction of the innate immune response. This response 
iss elicited after a signal from the invader triggers an alteration in host cell gene 
transcription.. Subsequently, the host cells will produce pro-inflammatory pro-
teins,, such as cytokines, chemokines, and adhesive molecules to counteract the 
externall  threat. Moreover, at the site of colonization, both the rate of pro-
liferationn and apoptosis of the epithelial cells are often markedly affected. The 
molecularr details of the interaction between the host epithelium and 
pathogenicc bacterial invaders are now slowly emerging.' 
Onee of the sentinel transcriptional modulators in the host response to bac-
teriall  invasion, is the N F - K B family of prote ins.2o This transcription factor 
mediatess both acute and chronic inflammation through the regulation of 
manyy pro-inflammatory proteins.2 NF-xB is present in the cell as a hetero- or 
homodimer,, and remains inactive by binding to an inhibitory protein, I -KB , 
writhinn the cytoplasm.3 Subunits that can form these dimers are N F - K B 1 and 
N F - K B 22 (expressed as precursors pi05 and plOO, processed to p50 and p52, 
respectively),, RelA (p65), RclB and c-Rel.4,3 The dimer, typically composed 
off  a p50 and p65 subunit, is translocated to the nucleus after degradation of 
thee inhibitory I-K B in response to a wide variety of stimuli.4,3 Although it is 
generallyy assumed that N F - K B is ubiquitously expressed by all cell types, exact 
expressionn patterns remain to be studied for most human tissues. 
AA unique model system to study the induction of the innate immune response 
byy a single pathogenic bacterial species exists in the human stomach. Here, 
colonizationn of the mucous layer overlaying the gastric epithelial cells by the 
Gram-negativee bacterium Helicobacter pylori results in an acute host 
response,, mostly followed by persistence of the bacterium and chronic gas-
tricc inflammation.^'7 The presence of Helicobacter pylori is associated with 
pepticc ulcer disease,8 atrophic gastritis, gastric adenocarcinoma9'10 and gas-
tricc MAL T lymphoma.11

 N F - K B is known to play an important role in the 
inflammatoryy response in the intestine12 and accordingly, Helicobacter 
pyloripylori activates this transcription factor.13"13 This activation may in turn cause 
gastritiss via the induction of pro-inflammatory cytokines such as inter-
leukin-11 and TNF-or, and chemokines like interleukin-S.15,l fl We examined in 
thiss study the expression and activation of N F - K B in the antrum of the 
humann stomach, both in the histologically uninflamed mucosa and 
HelicobacterHelicobacter pylori associated gastritis. We also investigated a possible cor-
relationn of the activity of N F - K B with the commonly used histopathological 
classificationn of the severity of gastritis, the Sidney score. Our findings 
showw that in the antrum of the stomach activation of N F - K B correlated 
withh the activity of gastritis, a measure of neutrophil influx, whereas this did 
nott correlate with the chronicity of gastritis, a measure of the presence of 
mononuclearr inflammatory cells. Furthermore, we found that expression and 
activationn of N F - K B is associated with the epithelial cells, especially G cells. 
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Material ss  & Method s 
Patients Patients 

Gastroduodenoscopyy was performed on 69 consecutive patients referred 
too the endoscopy unit ot the Academic Medical Center in Amsterdam tor 
upperr abdominal complaints. These patients were enrolled in a prospective 
studyy investigating the prevalence of Helicobacter pylori in patients with 
upperr abdominal complaints in the general practitioner's setting; the study 
wass approved by the Ethics Committee of the Academic Medical Center. 
Biopsiess were taken from the antrum of the stomach as part of these inves-
tigations.. Specimens were fixed in Phosphate Buffered Saline (PBS)-buffered 
paraformaldehydee for 30 minutes (min), and embedded in paraffin with the 
usee of standard methods. Helicobacter pylori status was determined by serol-
ogy,, culturing the bacteria, and by routine histology (H&E stain) by an 
independentt pathologist. A patient was considered Helicobacter pylori pos-
itiv ee if the bacterium was cultured or if both serology and pathology were 
positive.. The histological grade of gastritis was scored according to the 
Sydneyy classification,17 by a pathologist blinded to the N F - K B activation 
scoree (see below). 

Antibodies Antibodies 

Antiseraa to different N F - K B subunits, anti (cr)-p65 rabbit polyclonal IgG 
antibodyy C-20, or-p65 mouse monoclonal IgG 1 antibody F-6, 0f-p50 rabbit 
polyclonall  IgG antibody H-119, or-p52 rabbit polyclonal IgG antibody K-27, 
cr-RclBB rabbit polyclonal IgG antibody C-19, and an a-TRAF2 rabbit poly-
clonall  IgG antibody M-19, were all purchased from Santa Cruz 
Biotechnologyy (Santa Cruz, CA). A mouse monoclonal IgG 3 antibody 
(Boehrmgerr Mannheim, Mannheim, Germany), raised against the p65 nucle-
arr localization signal, was used to detect activated N F - K B . This antibody only 
bindss to the p65 unit after release from the inhibitory IK B subunit and thus 
specificallyy recognizes activated p65, allowing assessment of N F - K B activa-
tionn ;';; jf/ftf. ,4'is-32 For detection of chromogranin A and gastrin, we used a-
chromograninn A mouse monoclonal antibody clone DAK-A 3 and a-gastnn 
rabbitt polyclonal antibody A 568 (DAKO, Glostrup, Denmark). A mouse 
monoclonall  IgM antibody against TNFor, clone 4C6-H6 was purchased 
fromm Instruchemie (Hilversum, The Netherlands). For Helicobacter pylori 
visualization,, the rabbit polyclonal antibody B0471 (DAKO) was used. 

Immunohistochemistry Immunohistochemistry 

Paraffinn sections (4mm) were devvaxed and rehydrated in graded alcohols. 
Endogenouss peroxidase activity was quenched with 1.5% H^Oi in PBS for 30 
minn at room temperature (RT). Non-specific staining was blocked with 
TENG-TT (10mM Tris, 5 mM EDTA, 0.15 M NaCI, 0.25% gelatin. 0.05% 
(v/v)) Tween 20, pH 8.0) for 30 min at RT. After washing with PBS one of the 
followingg primary antibodies was applied cr-p65 polyclonal (1:500), or-p65 
monoclonall  (1:50), a-p50 (1:50), a-P52 (1:10), cr-RelB (1:20), a-TRAF2 
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(1:50),, or-active p65 (1:500 of 1 mg/ml stock), or-chromogranin A (1:50), a-
gastrinn (1:200) in PBS containing 1% bovine serum albumin. For double 
stainingg combinations of monoclonal and polyclonal antibodies were used. 
Sectionss were stored overnight at 4°C. The following day, for single staining, 
sectionss were washed in PBS, and incubated with a secondary biotinylated 
Goatt anti-rabbit Ig (DAKO, 1:500) or anti-mouse Ig antibody (DARO, 
1:200)) for one hour at RT and washed with PBS. Hereafter, sections were 
incubatedd with ABcomplex (DAKO) as described in the manufacturer's 
instructionss for one hour at RT. Peroxidase activity was detected with 
diaminobenzidinee (DAB, Sigma, St. Louis, MO)(5 mg DAB and 10 ml H202 

inn 10 ml 0.05 M Tris, pH 7.8), resulting in the formation of a brown reaction 
product.. Sections were briefly counterstained with haematoxyline, dehy-
dratedd in graded alcohols and mounted. For double staining experiments sec-
ondaryy antibodies used were combinations of alkaline phosphatase conju-
gatedd Goat anti-rabbit (1:100) with Goat anti-mouse biotin, or alkaline 
phosphatasee conjugated Goat anti-mouse (1:100) with Goat anti-rabbit 
biotin.. Sections were then incubated with streptavidin /ï-ga!actosidase (1:40, 
Boehringerr Mannheim) at RT for 30 min. The strep /3-gal was detected using 
1%% X-gal (DAKO) in iron phosphate buffer (0.02% MgCl2 6 H 2 0, 0.099% 
potassiumm ferricyranide, 0.127% potassium ferrocyanide) at 37°C for 15 
min,, resulting in a blue color. After washing in Tris Buffered Saline, the alka-
linee phosphatase was detected in purple using the Fast Red detection method 
(DAKO) .. Double stained sections were mounted in Ultramount (DAKO) , 
ann aqueous mounting medium. Controls consisted of omitting the primary 
andd secondary antibody and use of an appropriate Ig control. Single staining 
inn adjacent sections always preceded double staining experiments. 

NF-KBNF-KB  activation  scor e 

Too assess the activity of N F - K B in situ in the human stomach, specimens from 
alll  patients were stained for active N F - K B . TWO pictures of each section 
weree taken at 200x magnification (0.0325 mrrr/picture) and positive cells 
counted,, blind to the clinical diagnosis, in each microscope field with the use 
off  an image analysis program (EFM Software, Rotterdam, The Netherlands). 
Thee mean of the two fields was taken as a relative measure of N F - K B activi-
ty.. To be able to compare the results between patients, it was ensured that all 
sectionss visualized the entire axis from the superficial epithelium to the 
musculariss mucosa. 

StatisticalStatistical  analysis 

Dataa are presented as mean  SEM. Comparisons between groups of data 
weree made using a one-way analysis of variance followed by a Tukey post hoc 
test.. P values < 0.05 were considered statistically significant. 
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Results s s 

Patients Patients 

Too investigate the expression of N F - K B in-situ m human tissue and asses the 
sitee and extent act ivat ion ot this t ranscr ip t ion factor, in response to co lo-
nizat ionn by a pathogenic bacter ium, we col lected biopsies of 69 consecut ive 
pat ientss with upper abdominal compla in ts (see Table 1). 26 pat ients were 
HelicobacterHelicobacter pylori positive, 6 after an unsuccessful a t tempt at eradication. Of 
thee 43 Helicobacter pylori negat ive pa t ien ts 8 were recent ly successful ly 
eradicated.. The histological grade of gastr i t is was scored according to the 
Sydneyy classif icat ion (Table 2). 

ExpressionExpression  of  NF-KB in  the Helicobacter  pylori  negative  stomach 

I tt is now clear that Helicobacter pylori act ivates the t ranscr ip t ion factor 
N F - K BB and that this event plavs a central role in the induct ion of the inflam-
matoryy react ion often associated with co lon iza t ion with this bac ter ium. 
However,, the expression of N F - K B in the antral mucosa, the main site of col-
on iza t ion,, has so far not been studied. To s tudy the expression of different 
N F - K BB subuni ts in the normal gastric mucosa, we examined their expression 
inn histologically normal gastric biopsy specimens (no activity and no chronic-
it yy of in f lammat ion as assessed by the Sidney classi f icat ion, see table 2) 
wit hh the use of immunohis tochemical techniques. In the ant rum of the nor-
mall  stomach (n = 26 pat ients), low but detectable expression of the p65 N F -
KBB subunit was found in the cytoplasm of the superf icial gastric pit cells 
(Figuree la). Deeper in the gastric glands however, many cells were found with 
aa very high p65 content (Figure la,b and h). In some of these cells N F - K B was 
nott only detected in large amounts in the cy top lasm but also in the nucleus, 
suggest ingg activat ion of N F - K B in these cells in the absence of overt signs of 
in f lammat ion.. The expression pat te rn of the p50 subun it (n = 15 pat ien ts; 
nott shown), and Re IB subunit (n = 15 pat ien ts; not shown) was similar to 
wass clearly different, it showed a staining pattern reminiscent of the p65, p50 
andd RelB subuni ts in gastric epithelial cells, but in addit ion and in contrast to 
thee o ther subun i ts a relatively high express ion in c lusters of in f lammatory 
cellss (Figure 1 c). We concluded that N F - K B subuni ts are highly expressed in 
aa specific subpopu la t ion of cells in the un in t lamed s tomach. 

Tabl ee 1 . Patient characteristics. 

Sexx M/F ratio 
Meann age 
No.. of patients 
Treatedd patients 

H. H. pyloripylori  negativ e 

17/266 (1.5) 
50.99 +/- 13.2 

43 3 
6 6 

H H pyloripylori  positiv e 

10/166 (1.6) 
50.33 +/- 14.8 

26 6 
8 8 
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Tabl ee 2. Severity of inflammation according to the Sidney classification, number 
off patients per group 

Chronicit y y 

Nonee Mil d Moderat e sever e 
Hp-Hp- Hp + Hp- Hp + Hp- Hp + Hp- Hp + 

Activity y 
None e 
Mild d 
Moderate e 
Severe e 

Total l 

26 6 
0 0 
0 0 
0 0 

26 6 

0 0 
0 0 
0 0 
0 0 

0 0 

10 0 
1 1 
0 0 
0 0 

11 1 

2 2 
2 2 
1 1 
0 0 

5 5 

4 4 
1 1 
0 0 
0 0 

5 5 

0 0 
8 8 
2 2 
1 1 

11 1 

0 0 
1 1 
0 0 
0 0 

1 1 

1 1 
0 0 
5 5 
4 4 

10 0 

Total l 
43 3 
13 3 
8 8 
5 5 

69 9 

HighHigh  NF-KB expression  in  the endocrine  celt  region 

Thee immunohistochemical determination of N F - K B protein expression 
showedd that high levels of N F - K B subunits are expressed in a subset of 
epitheliall  cells deeper in the gastric glands. The morphology and localization 
off  the NF-KB-expressing cells suggested that N F - K B expression in the 
stomachh corresponded to the endocrine cell population. To investigate this, 
sectionss were double-stained with a monoclonal cr-chromogranin A antibody, 
aa marker for enteroendocrme cells, and a polyclonal QT-NF-KB p65 anti-
body.. We observed that the N F - K B expressing region in stomach indeed cor-
respondedd to the chromogranin A-positive cells and those cells immedi-
atelyy adjacent to the chromogranin A positive cells (n = 69 patients; Figure 
Id).. An almost complete correlation was observed in double-staining exper-
imentss in which sections were stained with a polyclonal antibody against gas-
trinn and an a-NF-xB p65 monoclonal antibody (n = 10 patients; Figure 
le,f).. Apparently, many of the highly N F - K B expressing cells are G cells. 
Thesee results were further confirmed by single staining experiments of 
adjacentt sections (not shown). We concluded that expression of N F - KB in the 
uninflamedd stomach is associated with the G cells. 

ActivityActivity  of  NF-KB in  the uninflamed  stomach 

Thee nuclear localization of N F - K B found staining with an antibody that 
recognizess total p65 protein suggested that this transcription factor may be 
activee in the uninflamed mucosa. The possible activation of N F - KB was fur-
therr investigated using an antibody directed against the nuclear localization 
sequencee of the p65 subunit.14-18,32 Since this epitope is only exposed after 
degradationn of the inhibitory protein I-K B this antibody recognizes activated 
p65.. In adjacent sections, this antibody (Figure Ih) identified the same 
cellss that displayed nuclear localization of the protein when stained with the 
polyclonall  cr-total p65 antibody (Figure lg,h). For further proof of acti-
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vationn we also examined if these cells showed expression of T R A F 2, a t ran-
scr ipt ionall  target of N F - K B . 2 8 Staining lor TRAF2 revealed high expression 
ott this p ro te in in the same cells that con ta in act ivated N F - K B (n = 12 
pat ients;; Figure lh, i ) . Fur thermore, double staining tor activated p65 and gas-
t r i nn in the un in f l amed, Helicobacter pylori negat ive s tomach (n = 26 
pa t ien ts)) revealed that ac t iva t ion of N F - K B occurs pre ferent ia l ly in the 
endocr inee cell region of the stomach, mostly in the G cells (Figure3b,e and f). 
Wee concluded that the uninf lamed stomach shows const i tu t ive act ivat ion of 
N F - K B ,, in the same cells that maintain high N F - K B expression, and that these 
cellss are mainly endocr ine G cells. 

ExpressionExpression of TNFa in the uninflamed mucosa 

Ass active N F - K B was found p redominan t lv in the G cells, we were in teres t-
edd to see if these cells would express the cy tok ine TNFor, since the p ro-
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Figg ure 1 . Immunohistochemical staining of the antrum of the uninflamed human 
stomach.. (A-C): DAB stain (brown precipitate), nuclear counterstain 
withh haematoxyline, arrows show high N F - K B expression. (A) Total 
p655 N F - K B . p65 N F - K B is differentially expressed in the antrum of the 
stomach.. (B) Higher magnification of the boxed area in A, showing cells 
withh high p65 content. <C) Adjacent section, p52 NF-KB subunit, in addi-
tionn to the epithelial cells, some clusters of inflammatory cells (large 
asterisks)) show intense staining. (D-F) Double stainings for p65 and 
enteroendocrinee cells as described in methods section, no nuclear 
counterstain.. (D) Total p65 NF-KB (red) chromogranin A (blue), arrows 
showw examples of double staining cells. (E) p65 NF-KB (red) and gas-
trinn (blue). (F) Blow-up of boxed area in E almost all high p65 express-
ingg cells were G cells (arrows denote examples of double staining 
cells).. (G-l) Immunohistochemical staining with DAB, no haematoxyline 
inn G. Three adjacent sections, of non-inflamed mucosa, showing con-
stitutivee activity of p65 N F - K B . (G) active p65 N F - K B , note the nuclear 
stainingg (arrows). (H) Adjacent section, total p65 N F - K B , stained the 
samee cells (arrows). (I) Adjacent section, TRAF2, a transcriptional tar-
gett of N F - K B , many of the cells with high N F - K B expression also 
showedd high TRAF2 expression. (Original magnifications: a, 330x; 
b,c,, 660x; d, 650x e, 200x, f, 1000x; g, 660x; h, 1220x; a-c, 1600x). 

ductionn of this cytokine is stimulated by N F - K B . Therefore, we stained for 
TNForr and gastrin in adjacent sections (n = 20 patients; Figure 2 a,b) and dou-
blee staining experiments {n— 10 patients, Figure 2 c,d). As shown in figure 2 
thesee stainings showed that the G cells are the main site of production of TNFor 
inn the histologically uninflamed stomach. Thus in accordance with the observed 
activityy of N F - K B , G cells produce the proinflammatory cytokine TNFor. 

NF-kBNF-kB  activation  in  the Heticobacter  pylori  infected  stomach 

Thee activation of N F - K B in the gastric mucosa in response to colonization by 
aa pathogenic bacterium was studied in patients with Helicobacter pylori 
infection.. To this end, a double stain of active N F - K B and gastrin was per-
formedd for all 69 patients studied. The number of cells with activity of N F -
KBB in the Helicobacter pylori-colonized stomach wras markedly enhanced, as 
comparedd to uninflamed tissue (Figure 3a,b). Whereas p65 N F - K B was 
foundd in all cell types (Figure 3c), the active N F - K B was mainly detected in 
thee epithelial cells. Remarkably, whereas some isolated inflammatory cells 
scatteredd throughout the mucosa often also stained with the anti-active 
p655 antibody, the large infiltrates of neutrophils did not (Figure 3d). 
Doublee staining of active N F - K B and Helicobacter pylori showed that many 
off  the NF-KB-positive cells were not in direct contact w'ith the bacteria 
(Figuree 3b). Active N F - K B was primarily detected in the cells deeper in the 
gastricc glands, many of them G cells (Figure 3e-h). Thus, we found marked-
lyy enhanced activity of N F - K B in Helicobacter pylori infected patients, pre-
dominantlyy in the epithelial cells deeper in the gastric glands. 
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Figur ee 2. Helicobacter pylori negative, uninflamed mucosa. (A and B) 
Immunohistochemicall stain. DAB detection, with nuclear counter-
stain.. (A) Detection of gastrin staining the G cells. (B) Adjacent section, 
detectionn of TNFa. expressed in the same cell region. (C,D) Double 
stainn for gastrin and TNFor, D is blowup of boxed area in C. The G cells 
aree the main site of production of TNFa in the uninflamed stomach 
(arrowss denote double staining cells), (original magnifications: a-c. 
660x,, d 800x). 

ActiveActive  NF-KB and the histopathological  severity  of  gastritis 

Sincee N F - K B seems to play a pivotal role in the induct ion ol inf lammation in 
thee gastric mucosa, we compared a measure of the act iv i ty of this t ranscr ip-
tionn factor with the severity of gastrit is as scored according to the Sidney cri-
teria.. To get a quant i ta t ive measure of N F - K B act iv i ty in the stomach b iop-
sies,, the act ive N F - K B posi t ive cells were coun ted, bl ind to the cl inical 
diagnosis.. As depicted in Figure 4a, Helicobacter pylori infect ion results in a 
markedd increase in active N F - K B posi t ive cells (uninf lamed: 870 ce l l s /mm2 

vs.. inf lamed: 2430 ce l l s /mm2 ; p < < 0,01). Separate analysis of the pat ients 
thatt received t rea tment (F igure 4b) revealed that in pa t ien ts successful 
eradicationn of the bacter ium restored the mean active N F - K B score to normal 
whereass in t hose pa t ien ts where t r e a t m e nt was unsuccessful th is score 
remainedd high. To invest igate the relat ion of the number of active N F - K B 
posit ivee cells to the severity of gastr i t is, we examined a possible corre lat ion 
betweenn the active N F - K B score and the histopathological score based on the 
Sydneyy classif icat ion system. The number ol active N F - K B posit ive cells 
corre latedd well wi th the activity of gastr i t is, a measure of neut rophil influx 
(Figuree 5a). In terest ing ly however, no such corre lat ion was found between 
thee activity of N F - K B and the chronici ty of inf lammation, a score of the num-
berr of mononuc lear inf lammatory cells (Figure 5b). As shown in figure 5b, 
HelicobacterHelicobacter pylori-negative pat ients with chronic gastr i t is (n = 17 pat ients, 
wit hh modera te to severe chronic i ty of gast r i t is, see table 2) did not show 
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Figur ee 3. Immunohistochemical double staining performed as described in the 
methods.. (A) The mucosa of the uninflamed antrum of the stomach, 
gastrinn (red), active p65 N F - K B (blue). (B) Helicobacter pylori (red), 
activee p65 NF-KB (blue). The bacteria resided mostly in the superficial 
mucouss layer (denoted by #), and although some of the epithelial 
cellss that contained active p65 N F - K B were in direct contact with the 
Helicobacterr pylori (asterix), most of them were not (arrows). (C and D) 
Adjacentt sections. Helicobacter pylori infected patient. (C) Total p65 
NF-KBB (blue), chromogranin A (red), all cells expressed p65 NF-KB. (d) 
Activee p65 NF-KB (blue), gastrin (red). p65 N F - K B was predominantly 
activatedd in the epithelial cells (arrows), whereas no active p65 NF-KB 
wass detected in the neutrophil infiltrate (asterix). (E-F) Helicobacter 
pylorii infected patient, active p65 N F - K B (blue), gastrin (red). p65 
N F - K BB activation in the epithelial cells was highest deeper in the 
epithelium.. (F) Blow-up of boxed area in E, in many patients NF-KB was 
preferentiallyy activated in the G cells. (H and I) Double stain of gastrin 
andd active p65 N F - K B , clearly showing nuclear staining with the tr
activee p65 N F - K B antibody (blue) and cytoplasmic staining with the a-
gastrinn antibody (red) in the G cells. (Original magnification A, 660x; B-
D,, 500x; E, 500x; F. 1000x; G and H 1000x). 
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Figur ee 4 NF-KB activation score. Number of active p65 NF-KB positive cells/mm2: 
(A).. The normal stomach (884 cells/mm2; n = 43) versus Helicobacter 
pylorii infected patients (2492 cells/mm2; n = 26). Data: means  SEM. 
**** P < < 0,001. (B) Whereas successful eradication of Helicobacter 
pylorii restores NF-KB activity to normal (n = 8 patients), the number of 
activee p65 NF-KB positive cells remains high after treatment failure (n = 
66 patients). Data: means  SEM, * P < 0,02. 

enhancedd activation of N F - K B compared to patients wi thout chronic gastrit is 
(nn = 26). The signi f icant ly h igher N F - K B activity in pat ients wi t h severely 
chron icc gastr i t is is most l ikely expla ined by the fact that 9 out of 10 of 
thesee pat ients have a marked to severe act iv i ty of disease (see table 2). We 
conc ludedd that act ivat ion of N F - K B correlates the act iv i ty of gastr i t is and 
thuss with neutrophil influx in the gastric mucosa in response to co lonizat ion 
wit hh He l icobac ter py lor i. 

Discussio n n 

Thee present study investigated the expression and activation of N F - K B in the 
uninf lamedd and inflamed s tomach. N F - K B was differentially expressed in the 
antrumm of the human stomach. Al though most cell types expressed some N F -
KB ,, the G cells displayed part icular ly high levels of this t ranscr ip t ion factor. 
Wee found act iv i ty of p65 N F - K B in the G cells in the h is to logical ly un in-
flamedd gastr ic mucosa. Ac t iva t ion was judged by four dif ferent cr i ter ia: 
nuclearr local izat ion of the p ro te in, s ta in ing with an ant ibody against active 
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Figur ee 5 N F - K B activation score versus the severity of gastritis scored accord
ingg to the Sydney classification system. (A) NF-KB activation score ver
suss the activity of gastritis, a measure of neutrophil influx. This shows 
aa clear correlation between the extent of N F - K B activation and amount 
off neutrophil influx. Activity: none, 893; mild, 1558; moderate, 2963; 
severe,, 4078 cells/mm2. (B) NF-KB activation score versus the chronic
ityy of gastritis, a measure of the presence of mononuclear inflammatory 
cellss (lymphocytes and macrophages). A considerable amount of 
Helicobacterr pylori negative patients (n = 17) showed chronic gastri
tiss (moderate to severe, see table 2), the N F - K B activation score in 
thesee patients was comparable to patients without any inflammation (n 
== 26), suggesting that clearly enhanced activity of N F - K B is not nec
essaryy for the development of chronic gastritis. Note that although the 
N F - K BB activation score was higher in the Helicobacter pylori positive 
patients,, this is probably due to the fact that all of these patients also 
havee an active gastritis. Data means  SEM, n.p.: no patients, n.s.: not 
significant,, * * * P < < 0,001 vs. no activity, after Tukey post hoc test. 

N F - K BB and high express ion of the N F - K B target genes, T R A F2 and TNFor. 
Thee activity was markedly enhanced activat ion in Helicobacter pylori infect-
edd pat ients in these cells. 
N F - K BB is a key regulator of the innate immune response and its high expres-
sionn and activi ty in the G cel ls, which are not known to be involved in the 
immunee response, is a surpr is ing finding. However, G cells s t imulate release 
off  acid into the stomach via the product ion of gastr in,l 9 , 2C and therefore these 
cellss may help combat bacterial infect ion of the stomach by increasing their 
gastr inn secret ion and subsequent bacter ic idal acidi f icat ion of the s tomach. 
Indeed,, the p roduc t i on of gastr ic acid provides an essent ial n o n - i m m u n o-
logicall  first line of defense against co lon izat ion by en te ropa thogen ic bac-
ter ia.-11 Exogeneous bacter ia are usual ly rapidly des t royed at a pH up to 
4.0,, and impaired gastric acid product ion caused by use of antacids, stomach 
resect ionss and especial ly chron ic au to - immune gastr i t is with parietal cell 
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destructionn and pernicious anemia is associated with colonization of the 
stomachh and small intestine with fecal type bacteria and for example increased 
riskk of disease during cholera epidemics.-1 The notion that G cells are capa-
blee of reacting to bacterial infection is further supported by the hypergas-
trinemiaa observed in Helicobacter pylori infected patients.2- Indeed, three 
reportss describe enhanced production of gastrin after exposure of isolated 
antrall  G cells to live Helicobacter pylori or Helicobacter pylori extracts,23" 25 

Thuss the expression and activity of N F - K B in the G cells may be a bona fide 
reflectionn oi a role of these cells in innate immunity. 
InIn accordance, we show that these cells are the main site of production of the 
N F - K BB regulated cytokine TNFor'*  in the uninflamed stomach. It is interesting 
too note that addition of exogenous TNFor to isolated G cells stimulates the 
productionn of Gastrin in vitro.-3>2:,>-7 Our finding that G cells produce 
TNForr and respond to Helicobacter pylori with enhanced N F - K B activation 
mayy suggest that colonization by this bacterium increases expression of 
TNForr in the G cells through activation of N F - K B and causes increased gas-
trinn production in an autocrine manner. Thus, the high levels of N F - K B 

andd TNFor expression in the G cells may couple the innate immune response 
too the production of bactericidal gastric acid. 
Additionally,, N F - K B may play a specific role in the cell fate and/or differ-
entiationn of these cells. Since N F - K B plays an important role in the protec-
tionn of cells from apoptosis via stimulation of the production of anti-apop-
toticc proteins,4,2^ such as TRAF2,2S'2SI the activity of this transcription 
factorr is likely to play a role herein. Indeed, whereas the superficial gastric 
epitheliall  cells undergo enhanced apoptosis in Helicobacter pylori infected 
patients,, G cells may be protected from this process by their high expression 
off  N F - K B and increased G cell mass has been reported in these patients.3C-31 

HelicobacterHelicobacter pylori infection greatly increased the number of cells contain-
ingg active N F - K B , activation occurred predominantly in the epithelial cells 
andd littl e activation was detected in neutrophils. This is in agreement with 
findingss by Rogier and colleagues32 in patients with inflammatory bowel dis-
ease,, who showed that N F - K B was mainly activated in epithelial cells and 
macrophages.. These authors also demonstrated a correlation between the 
activityy of N F - K B and an endoscopic score of inflammation. In our study, the 
increasee in N F - KB activity correlated well with the activity of gastritis, a mea-
suree of neutrophil influx, as scored according to the Sydney classification sys-
tem.. Together these studies support an important role for epithelial N F - K B 

activationn in the production of neutrophil chemoattractants like IL-8. 
Noo correlation was found with the chronicity of inflammation, a measure of 
thee number of mononuclear inflammatory cells in the mucosa, as Helicobacter 
pyloripylori negative patients with chronic inflammation did not have a higher N F -
KBB activity score than those without. This lack of correlation is further sup-
portedd by our finding that the N F - KB activity score was restored to normal val-
uess in recently eradicated patients whereas it is well known that the chronic 
componentt of gastritis may last for up to a year after successful treatment. 
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Doublee staining for Helicobacter pylori and active p65 N F - K B , showed that 
mostt of the epithelial cells exhibiting activation of N F - K B were not in direct 
contactt with the bacteria. The activation occurred preferentially deeper in the 
gastricc glands, in the endocrine cell region, where no Helicobacter pylori are 
foundd since the bacterium resides in the superficial mucous layer. Therefore, 
N F - K BB activation in the stomach does not seem to require direct contact with 
bacteria,, and may thus be depended on a secreted factor. Accordingly, 
HelicobacterHelicobacter pylori virulence and induction of epithelial IL-8 expression is 
stronglyy associated with a group of 31 bacterial genes, the pathogenicity 
island,33-344 which encodes a type IV toxin secretion system.3-'' 
Inn conclusion, our findings show that in the uninflamed antrum of the 
stomachh high N F - K B expression and activity are associated with the G cells 
thatt produce TNFot, a well-documented stimulator of gastrin release. This 
suggestss an autocrine mechanism of gastrin production by TNFor that may be 
enhancedd upon colonization by pathogenic bacteria. Furthermore our data 
showw a strong correlation between epithelial N F - K B activation and neu-
trophill  influx in Helicobacter pylori associated gastritis, a clear illustration of 
thee importance of N F - K B activation in chemokine production. 
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Abstrac t t 

Background Background 

Thee factors that govern the progression from colonic adenomatous polyp to 
colonn cancer are poorly understood. The observation that NSAIDs act as 
chemopreventativee agents and reduce the size of colonic polyps suggests the 
involvementt of inflammatory signalling, but inflammatory signalling in 
colonicc polyps has not been studied. 

Methods Methods 

Wee investigated the expression of the active forms of N F - K B , JNK and p38 
MAPKK using immunohistochemistry with activation specific antibodies in 
humann colonic adenomas. 

Results Results 

Wee show that active N F - KB is seen in stromal macrophages that also express 
COX-22 and TNF-or, active JNK is seen in stromal and intraepithelial T-
lymphocytess and periendothelial cells of new blood vessels, and active p38 
MAPKK is most highly expressed in macrophages and other stromal cells. 

Con ee lus  ions 

Thesee results demonstrate the presence of active inflammatory signal trans-
ductionn in colonic polyps and that these are predominantly in the stroma. In 
thee case of N F - K B this coincides with the cellular localisation of COX-2. 
Thesee results support evidence that NSAIDs may act through effects on stro-
mall  cells rather than epithelial cells. 
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Introductio n n 

Nonn Steroidal Anti Inflammatory Drugs (NSAIDs) and other anti-inflam-
matoryy compounds such as Curcumin act as chemopreventative agents in 
colonn cancer,1' 2 This suggests a role for inflammation and inflammatory 
pathwayss in the progression of colon cancer. Surprisingly, the activity of 
inflammatoryy signal transduction pathways has not been studied in colon 
cancer.. In this study we set out to study the site-specific activity of Nuclear 
Factorr Kappa B ( N F - K B ) , p38 Mitogen Activated Protein Kinase (p38 
MAPK) ,, and cjun NH2 terminal kinase (JNK) in human colonic polyps. They 
aree all components of signal transduction pathways that play pivotal roles in 
inflammation.3" 55 That molecules within these pathways may also provide 
directt targets for NSAIDs and are important in regulating cell proliferation 
andd apoptosis, makes the characterisation oi their expression in colon can-
cerr all the more interesting. 
NSAIDss are thought to prevent colon cancer by their actions on 
Cyclooxygenasee enzyme type 2 (COX-2). Mice treated with specific COX-
22 inhibitors or bred to be genetically deficient in COX-2 develop dramatically 
fewerr colon tumours than their littermates in a mouse model of familial 
adenomatouss polyposis (APC t^'1"716 mice)6 and over expression of COX-2 
inn intestinal epithelial cells leads to enhanced tumourigenic phenotypes, 
metastaticc potential and angiogenesis.7-9 However, there is increasing evi-
dencee that NSAIDs have important COX independent effects both in their 
actionn as chemopreventative agents,!C~12 and as anti-inflammatory agents. 
Severall  studies have shown specific inhibition of I kappa B kinase beta lead-
ingg to inhibition of N F - KB thus interfering with the transcription of inflam-
matoryy cytokines.13- '4 This finding, together with the knowledge that N F -
KBB plays an important role in apoptosis, has led many to list N F - K B as a 
possiblee COX independent mechanism for the action of NSAIDs in colon 
cancer.'' Others have found that Salicylates promote apoptosis via a p38 
MAPKK dependant mechanism13 and may also activate JNK.16 

Thee expression of JNK in colon cancer has already received some atten-
tion.17-- !i i The authors of these studies found increased activity of JNK in both 
ratt models of colon cancer as well as human tumours. However their data 
comess from homogenates of tumour tissue as thus gives no indication as to 
wheree in the tumour these molecules are expressed and therefore less infor-
mationn as to how they might be important in the biology of colon cancer. 
Wee performed immunohistochemistry using antibodies specific to the active 
formss of these proteins to identify which pathways are active in the polyps, 
andd identify in which cells these pathways are active. This approach has 
onlyy relatively recently become feasible with the advent of reliable 'phospho-
specific'' antibodies to signalling pathway components, and other antibodies 
thatt are highly specific to the active forms of these proteins. 
Wee used immunohistochemistry as it has the advantage of giving an indica-
tionn of which cell types within the polyps are expressing the active sig-
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nailingg components. This is particularly important in the light of the devel-
opingg interest m the role of stromal tissue in colon cancer progression.19 

Theree is mounting evidence that the stroma, consisting of infiltrating inflam-
matoryy cells, new blood vessels and connective tissue cells, plays a vita! 
rolee in the progression of colon cancer. COX-2 is found by many to be 
mainlyy expressed in the stromal tissue of polyps, predominantly in 
macrophages,, both in the polyps of a mouse model of Familial Adenomatous 
Polyposiss (Min mice)20, and also in human adenomatous polyps.-1, -- In 
vivoo evidence that the antitumour effects of NSAIDs may be brought about 
throughh actions on stromal cells rather than on the neoplastic cells comes 
fromm an elegant recent study showing that growth of a tumour xenograft was 
severelyy inhibited by disruption of host COX-2 production.2-' In this mod-
ell  all the stromal cells are provided by the host, and a pure culture of tumour 
cellss are injected as a xenograft. Thus it is of great importance to show in 
whichh cells molecules implicated in cancer progression are expressed, and not 
too rely solely on data from tissue homogenates. 

Material ss  & Method s 
Thee ten most recent cases of adenomatous polyp removed at colonoscopy, 
togetherr with normal biopsies from the same patients, where these existed, 
weree taken from the archives of the Pathology Department at the AMC. 4 
mmm sections were prepared from the formalin fixed, paraffin embedded tis-
suee and mounted on slides coated wnth polylysm. We took polyps rather than 
cancerr specimens because evidence points towards NSAIDs exerting their 
effectss during this relatively lengthy period in the progression of cancer. We 
tookk sporadic polyps by excluding specimens from patients with FAP and 
withh Hereditary Non-Polyposis Co!i (HNPCC) as we reasoned that in 
orderr for NSAIDs to have the magnitude of effect that has been observed 
theyy must act on these polyps, wrhich comprise well over 90% of cases. 

PrimaryPrimary antibodies 

aa Mouse monoclonal anti-human antibody to activated N F - K B (Boehringer-
Mannheim,, Mannheim, Germany). This antibody recognises an epitope 
overlappingg the nuclear localisation signal of the p65 subunit of the N F - KB 
heterodimer.. This epitope is masked by I kappaB and revealed when I 
kappaa B is degraded. Thus the antibody selectively binds to the activated 
formm of N F - K B . Concentration used 1:100. 

bb Mouse monoclonal anti-human antibody to Phospho-JUN NH2 terminal 
kinasee (Santa Cruz Biotechnology, Santa Cruz, CA). This antibody binds 
too the phosphorylated, active form of JNK and does not cross react with 
thee unphosphorylated, inactive form. Concentration used 1:200. 
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cc Mouse monoclonal anti-human antibody to Phospho-p38 MAPK (Santa 
Cruz).. This antibody is specific to the active, phosphorylated form of p3S 
MAPK.. Concentration used 1:200. 

dd Mouse monoclonal anti-human antibody to COX-2 (Cayman chemical, 

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

ee Mouse monoclonal anti-human antibody to TNF-alpha clone 4C6-H6 
(Instruchemie,, Hilversum, The Netherlands). Concentration used 1:100. 

ff  Rabbit polyclonal anti-human antibody to CD3 (DAKO , Glostrup, 
Denmark),, Concentration used 1:200. 

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

Concentrationn used 1:200. 

hh Mouse monoclonal anti-human antibody to CD31 clone JC/70A (DAKO). 
Concentrationn used 1:100. 

Secondar yy  antibodies 
Goatt anti-mouse antibodies and Goat anti-Rabbit antibodies conjugated 
withh biotin or Alkaline Phosphatase depending on detection mechanism 
(Al ll  from DAKO) . 

Immunohistochemistry:Immunohistochemistry:  Single  stainings 

Sectionss were dewaxed and rehydrated in graded alcohols. Endogenous per-
oxidasee activity was quenched with 1.5% H 20? in Phosphate Buffered Saline 
(PBS)) for 30 mins and then washed in PBS. Non-specific binding sites were 
blockedd 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 30 mins, except for the COX-2 
stainingss where a solution containing lOmM Tris, 0.1M MgCl2, 0.05% (v/v) 
Tween,, 1% bovine serum albumin (BSA) and 5% (v/v) Goat serum, was 
usedd forone hour. Slides were then washed (3 x 5 mins in PBS). Slides were 
incubatedd at 4°C overnight with the primary antibodies in PBS with 0.1% 
Tritonn and 1% BSA. After washing (3 x 10 mins in PBS), slides were then 
incubatedd with the secondary antibody at room temperature for one hour in 
PBSS with 10% Human serum. Slides were washed ( 3 x5 mins in PBS), incu-
batedd with streptavidin-biotin-horseradish peroxidase (Dako) for 1 hour, 
washedd again ( 3 x5 mins in PBS), and peroxidase activity was detected with 
3,3'-diaminobenzidinee (Sigma, St. Louis, MO), 0.5mg/ml in 0.05M Tris pH 
7.66 with hydrogen peroxide (0.05%). Finally, sections were counterstained 
withh Mayer's heamatoxylin, dehydrated and mounted in 'Entellan' (Merk, 
Darmstadt,, Germany) under coverslips. Controls consisted of omitting the 
primaryy and secondary Ab and use of an appropriate Ig control. 

Immunohistochemistry:Immunohistochemistry:  Double  stainings 

NF-xBB and pJNK double staining with CD68 and CD3 respectively, required 
thee initial staining to be on the sections with no prior use of an antigen 
retrievall  method. After the first staining the same sections were then digest 
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Figur ee 1. Immunohistochemistry for active N F - K B in human sporadic colonic 
adenomas.. Strong staining for active NF-KB is seen localized to aggre
gatess of superficial stromal cells as well as stromal cells deeper with
inn the polyps. (A) These cells are macrophages as determined by 
morphologyy and by CD68 (a macrophage marker) staining in sequen
tiall sections (B) and lie in close proximity to capillaries. This was further 
confirmedd by performing active N F - K B (blue) and CD68 (red) double 
stainingg (C). Normal colonic tissue (D) shows similar active N F - K B 
stainingg of deep macrophages but does not contain the superficial 
aggregatess of macrophages. Throughout all immunohistochemistry 
controll staining was consistently negative. An example performed by 
omittingg the primary antibody (E) is shown. 
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edd with 0.25% Pepsin in 0.01 M HCI at 37"C for 15 mins tol lowed by wash-
ingg ( 3 x5 mins in PBS), before proceeding with the second staining. For the 
bluee fi-galactosidase staining biotinylated secondary antibodies were used and 
sectionss were then incubated with streptavidin iS-galactosidase (1:40, 
Boehringerr Mannheim) at room temperature for 30 mm. Detection was 
withh 1% X-gal (DAKO) in iron phosphate buffer (0.02% MgCl2-6H20, 
0.099%% potassium ferricyanide, 0.127% potassium ferrocyanide) at 373C 
forr 15 min. For the 'Fast Red' detection method (DAKO) alkaline phos-
phatasee conjugated secondary antibodies were used and after washing in 
Tris-bufferedd saline, the alkaline phosphatase was detected using the 'Fast 
Red'' detection method. Double-stained sections were mounted in 
Ultramountt (DAKO) , an aqueous mounting medium. 

CountingCounting of Lymphocyte numbers in all specimens 

Fivee digital pictures were taken at 200x magnification from random areas of 
slidess prepared from each of the ten polyp specimens and trom the six spec-
imenss ot normal tissue stained with ant i-CD3. These were scored blindly 
usingg image analysis software. 

Result s s 

ActiveActive NF-KB is seen mainly in stromal macrophages 

Strongg staining with anti-active N F - KB IS seen in mainly in stromal cells with-
inn human colonic polyps. Figure 1 shows that these stromal cells are CD68 
positivee cells as seen in sequential sections (A and B) and double stained sec-
tionss (C). These macrophages are situated both superficially in the lamina 
propriaa where they form aggregates in close proximity to capillaries, and also 
inn the stroma deeper within the polyps where they are more widely and 
evenlyy spaced. The superficial aggregates are not seen in the normal tissue 
specimens,, although normal specimens do have similar numbers of deep 
macrophagess (D). 

ActiveActive NF-kB and COX-2 enzyme are expressed in the same ceiis 

COX-22 enzyme has been recently shown to be predominantly expressed 
inn superficial macrophages in colonic polyps. We therefore decided to inves-
tigatee whether there was any overlap between COX-2 and active N F - K B 
expression.. Using staining in sequential sections we observed a very close pat-
ternn of expression of the two molecules. Figure 2 shows that active N F - KB (A 
andd 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 
weree not used because the two antibodies are both mouse monoclonal anti-
bodiess of the same IgG subclass and thus difficul t to distinguish with sec-
ondaryy antibodies. 
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Figur ee 2. Immunohistochemistry for active N F - K B (A,C) and COX-2 (B,D) in 
humann sporadic polyps. A remarkable degree of overlap was seen 
betweenn the staining patterns of these two molecules in sequential sec
tions.. In the enlargements (C,D) of the areas indicated, cells appearing 
inn both sections that stain positively for both molecules are indicated 
withh arrows. 

ActiveActive  NF-KB and TNF alpha  are expressed  in  the same cells 

Ann establ ished method to conf i rm that the active N F - K B an t ibody sta in ing 
iss specific is to look for expression of T N F alpha.24 T N F alpha both leads to 
N F - K BB activation and is itself t ranscr ipt ional ly upregulated by active N F - K B . 
Wee show a close overlap of T N F alpha and N F - K B expression in sequent ial 
sect ionss in Figure 3, and that bo th these molecules are predominat ly active 
inn C D 68 posi t ive macrophages. 

PhosphorylatedPhosphorylated  JNK is  seen mainly  in  stromal  T-lymphocytes  and perien-
dothelialdothelial  cells 

Stainingg with Phospho-JNK ant ibodies is shown in Figure 4. Strong staining 
iss localised to the polyp stromal t issue (A) . Morphological ly this appeared to 
bee largely in T - l ymphocy tes and intraepi thel ial T - l ymphocy tes. Staining of 
seriall  sect ions (C and D) showed a s t rong overlap between C D3 and pJNK 
stainingg and double staining (F and F) confirmed that pJNK is predominant ly 
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Figur ee 3. Immunohistochemistry for active NF-kB (A,D), TNF alpha (B,E) and 
CD688 (C,F) in human sporadic colonic polyps. Sequential sections 
weree stained for active N F - K B and TNF alpha. These two cells are 
expressedd predominantly in the stroma and both in the same cells in 
thee stroma . These cells are macrophages as shown by the 
macrophagee marker (CD68) staining in a further sequential section (C). 
Inn the enlarged sections (D.E,F), white arrows mark cells that stain pos
itivelyy for both active N F - K B (D) and TNF alpha (E), and black arrows 
markk one cells that appears across all three sections and another 
thatt stains positively for TNF alpha and the macrophage marker CD68. 

foundd in stromal T- lymphocyes and intraepithelial T- Iymphocytes. There was 
alsoo s t rong staining of cells su r round ing the microvasculature of the polyp. 
C D33 1 staining showed that these were cells lying outs ide endothel ial cells, 
thee per iendothel ial cells or per icytes (not shown). There were signi f icant ly 
largerr numbers of T - l ymphocy tes inf i l t rat ing the colonic polyps compared 
too normal t issue (212; 9 5% CI 226-198 vs 48; 9 5% CI 36-60) as judged re-
count ingg C D3 posit ive cells. This difference largely accounts for the higher 
pJNKK expression seen in polyps versus normal t issue (B). 
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Figur ee 4. Immunohistochemistry for phosphorylated JNK in human sporadic 
colonicc polyps. Strong staining is seen localised to the stromal tissue 
(A),, with no staining in the epithelial cells. Normal colonic tissue (B) 
showss lower levels of staining, with some stromal inflammatory cells 
stainingg positively. A close up image of pJNK staining shows strong 
stainingg of inflammatory cells infiltrating the polyp (C). Staining of 
sequentiall sections for the T-lymphocyte marker CD3 (D) confirms 
thatt these are T-lymphocytes. Cells that appear in both sections and 
stainn positively for both CD3 and pJNK are indicated with arrows 
(CD).. Double staining for pJNK (blue) and CD3 (red) further con
firmss that pJNK is predominantly expressed in T-lymphocytes (E). An 
enlargedd section of image e is shown in image f where pJNK and 
CD33 localise to the same cells. 
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Figur ee 5. Immunohistochemistry for phosphorylated p38 MAPK in human spo
radicc colonic polyps. Staining for pp38 MAPK is strongest in the stro
mall tissue with lower level staining in the epithelial cells (A). Many of 
thesee stromal cells are macrophages as shown by staining of sequen
tiall sections with the macrophage marker CD68 (B). Normal colonic tis
suee shows lower levels of staining, again predominantly in the stromal 
cellss (C). 

PhosphorylatedPhosphorylated  p38 MAP kinase  is  most  highly  expressed  in  the stroma 

Phosphory la tedd p38 M A P kinase (pp38 MAPK ) stains most s t rongly in the 
s t roma.. He re, as seen in Figure 5, sta in ing of sequential sect ions with C D 6S 
showss that some of these stromal cells are macrophages and that areas ot stro-
maa expressing high levels of pp38 MAPK are those where there are large num-
berss of C D 68 posit ive macrophages. However, not all the pp38 MAPK pos-
itiv ee cells are C D 68 posi t ive macrophages. O t h er stromal cell types also 
expresss pp38 MAPK , and there is also low-level express ion in epi thel ial 
cel ls.. No rmal colonic epi the l ium shows a similar pat tern of s ta in ing but 
thee levels are lower and there are no superf icial aggregates of macrophages 
andd fewer in f lammatory cells in general ( C ). 
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Discussion n 
Thee evidence that non-steroidal anti-inflammatory drugs (NSAIDs), such as 
Aspirin,, prevent colon cancer2-*1 provides a rational starting point for inves-
tigationn into the molecular biology of colon cancer. These anti-inflammatory 
agentss exert many of their effects through the inhibition of the enzymes 
COX-11 and 2 therefore research into their ehemopreventative effects has also 
focussedd heavily on these enzymes, resulting in powerful evidence that 
NSAIDss prevent colon cancer by inhibiting COX. However there are several 
findingss that suggest that COX may not be the only answer. Sulindac 
Sulphone,, with no appreciable COX inhibiting activity nevertheless retains 
itss antitumour activity-6 and NSAIDs are equally active in killin g the COX 
deficientt human colon cancer cell line HCT-15 as COX expressing colon can-
cerr cell lines;27 a finding that is supported by recent experiments in COX-1 
andd COX-2 negative mouse fibroblasts.2S 

Iff  all NSAIDs are active in colon cancer regardless of COX inhibiting activ-
ity,, this suggests that the effect is at least partly mediated through an alter-
nativee mechanism of action common to all NSAIDs. One obvious unifying 
featuree of NSAIDs is that they are anti-inflammatory. Unrelated anti-
inflammatoryy compounds such as Curcumin also show activity against colon 
cancerr 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 
reveall  a central role for a relatively small number of intracellular pathways. 
Thesee signal transduction pathways arc well characterised and integrate the 
combinedd effects of large numbers of molecules at the cell surface to produce 
changess in the expression ot a large number of genes. The N F - K B , JNK, and 
p388 MAPK pathways are three important pathways involved with inflam-
mationn and we hoped that further understanding of their role in colon can-
cerr would be revealing. These same molecules are also implicated in the 
regulationn of apotosis and proliferation ot colonic epithelial cells. 
Theree is also evidence linking N F - K B and p38 MAPK more directly to the 
actionss of NSAIDs, and linking JNK with colon cancer. Aspirin, Salicylic acid, 
Sulindacc Sulphone and Curcumin all inhibit N F - K B activation by inhibiting I 
Kappaa B kinase.2' I3-14 i2y The N F - KB pathway is also involved in the activation 
off  transcription of COX-2. This has led many to list N F - K B as a COX-
independentt mechanism for the action of NSAIDs in colon cancer. Inhibition 
off  p38 MAPK blocks the actions of Salicylates on colon cancer cel ls,l x 30 and 
JNKK shows greatly enhanced activity in colon cancer in rats.17, I8 

InIn this study we set out to determine the site and degree of expression of the 
activee forms of N F - K B , pJNK and p38 MAPK using immunohistochem-
istryy in human sporadic colonic adenomas. Immunohistochemistry has the 
clearr advantage of demonstrating which ot the various cell types within the 
adenomass express these elements. Colonic adenomas were used because 
evidencee has shown that these regress in patients treated with NSAIDs.31 
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Sporadicc adenomas were chosen because they form the vast majority of 
colonicc adenomas (>90%) and the magnitude of the reduction in colon 
cancerr deaths attributed to NSAIDs (up to 50%) suggests that these pre-
cursorss of colon cancer are likely to be NSAID sensitive. 
Wee have demonstrated active N F - KB in interstitial cells in human colonic ade-
nomas.. Morphological analysis of the cells suggested that N F - K B localised to 
macrophagess and this was confirmed using double staining techniques to 
showw that the cells co-express CD68 antigen, a macrophage marker. We 
showw that these same macrophages are also the site of expression of COX-2 
andd TNF-alpha. NSAIDs inhibit either COX-2 only (Indomethacin14) or N F -
KBB only (Sulindac Sulphone29) or both (Aspirin, Sulindac). These findings 
suggestt that they could be acting on these distinct but related molecules in the 
samee cells. We go on to show that p38 MAPK is active in macrophages in the 
stromaa of polyps. There is evidence that p38 MAPK is involved in the acti-
vationn of N F - K B in the cytoplasm32 so the finding of these two transcription 
factorss both active in macrophages within polyps is not entirely unexpected. 
Thee importance of macrophages in the progression of colon cancer has been 
suggestedd by other studies. COX-2 protein is expressed exclusively in 
intestinall  macrophages in both normal colon and adenomas of Multipl e 
Intestinall  Neoplasia (MIN ) mice but is not expressed at all in wild-type lit -
termates.200 In human polyps localisation of COX-2 expression is more con-
troversial.. Initial reports showed COX-2 confined to neoplastic epithelial 
cells.. However, two recent papers find that the highest expression is in 
stromall  macrophages2'1 22 although in advanced cancers expression seems to 
bee in a far wider variety of cell types.33 There have been suggestions in the lit -
eraturee that the stromal staining is non-specific cross-reactivity of the poly-
clonall  antibodies when used for immunohistochemistry.23 Our data confirm, 
usingg a different, monoclonal COX-2 antibody, that superficial stromal 
macrophagess are the site of highest expression of COX-2. The finding that 
activee N F - K B expression is highest in these same macrophages adds strong 
supportingg evidence that the COX-2 staining is not non-specific antibody 
cross-reactivity,, while also adding evidence for the specificity of the active 
N F - K BB antibody. 

Thee specificity of the antibodies used is obviously of paramount impor-
tance.. We used TNF-alpha staining as further evidence for the specificity of 
thee NF-xkB staining because active N F - K B upregulates transcription of 
TNF-alphaa and N F - K B is activated by TNF-alpha. We show that immunore-
activityy of these two molecules is also seen in macrophages in colonic 
polyps.. The same anti active N F - K B antibody has been used to perform 
immunohistochemistryy in formalin fixed, paraffin embedded tissue in other 
studiess including several that have shown activated N F - K B in macrophages.34-
355 We ourselves have previously shown the specificity of this antibody 
underr the same conditions by showing colocalisation of TNF-alpha, TRAF-
22 and total N F - K B staining with the active N F - KB staining and showing clear 
nuclearr localisation of the active N F - K B . 2 4 Phosphospecific antibodies are 
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alsoo increasingly being used in immunohistochemistry in formalin fixed, 
paraffinn embedded tissue, especially pJNK and pp38 MAPK.36-37 Specificity 
iss usually confirmed by showing results from immunoblot experiments. 
Thesee have been performed extensively for the antibodies we have used 
includingg confirmatory kinase assays.3S- 3y 

Higherr numbers of infi ltrating macrophages are associated with more 
advancedd stage in colon cancer40 and expression of the growth factor wnt that 
liess upstream of the APC/Beta Catenin pathway, the major pathway that is 
mutatedd in colon cancer, has also been localised to macrophages within the 
cancerr stroma.41 The authors of these studies suggest that macrophages 
mayy have a paracrine effect possibly by suppressing the activity of other cyto-
toxicc immune cells, or by the direct effect of the cytokines they secrete on 
thee epithelial cells. 
Thee importance of infiltrating lymphocytes in colon cancer has long been 
appreciatedd since higher numbers of infiltrating lymphocytes are associated 
withh a more favourable outcome.4- ' 43 This has led to extensive efforts 
towardss immunotherapy for colon cancer. The finding of high expression of 
pJNKK in T-Iymphocytcs infiltrating the polyp stroma is interesting because 
thee kinase activity of JNK has been found to be dramatically increased in 
colonn carcinomas.18 JNK is one of the major kinases activating the tran-
scriptionn factor complex AP-1 that plays an important role in neoplastic 
transformation.44 4 

Thee importance of stromal cells in general is also receiving more attention. 
Thee stroma is felt to have reciprocal interactions with its overlying epithelial 
cellss with each affecting the proliferation and differentiation of the other.19 

Ourr findings of activation of central elements in pathways central to inflam-
mationn and carcinogenesis mainly confined to the stroma may add further 
credencee to this hypothesis. 
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Abstract t 
BackgroundBackground & aims 
Obesityy increases the risk of colon cancer whereas physical activity reduces 
thee 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 
typess and thus may provide a biological explanation for the observed epi-
demiologicall  risk factors. We aimed to investigate whether leptin is a growth 
factorr for colonic epithelial cells. 

Methods Methods 
Thee presence of the leptin receptor in human colon cancer cell lines was 
assessedd using RT-PCR and immunoblott ing, and its presence in human 
colonicc tissue by immunohistochemistry. We assessed the effects of leptin in 
vitroo on HT29 cells by assessing p42/44 MA P kinase phosphorylation, 
thymidinee incorporation and cell numbers, and in vivo in C57BL/6 mice by 
colonicc BrdU incorporation. 

Results Results 
Thee leptin receptor is expressed in human colon cancer cell lines and human 
colonicc tissue. Stimulation with leptin leads to phosphorylation of p42/44 
MA PP kinase and increases proliferation in vitro and in vivo. 

Conclusions Conclusions 
Leptinn is a growth factor in colonic epithelial cells and one that may provide 
aa biological explanation for the observed associations between obesity, 
physicall  activity and colon cancer. 
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Introductio n n 

Investigationn into the aetiology of colon cancer has been guided since the 
outsett by epidemiological data. Research into biological explanations for the 
increasedd risk of colon cancer seen within certain families (Familial 
Adenomatouss Polyposis, Hereditary Non-Polyposis Colon Carcinoma) 
andd the reduced risk in non-steroidal anti-inflammatory drug users have 
beenn particularly fruitful in furthering understanding of the disease. 
However,, for other associations the biological mechanisms involved have 
receivedd less attention. Two of these are the increased risk of colon cancer 
withh body mass and the even stronger relationship between physical activity 
andd reduced risk of colon cancer.1 Here we show evidence that the hormone 
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 characterisation of the ob gene revealed that it encodes a hor-
monee that is expressed predominantly in adipose tissue. This 167 amino-acid 
proteinn is secreted into blood and circulates to control energy balance. 
Micee with recessive ob mutations develop obesity and diabetes in a syn-
dromee resembling morbid human obesity. In addition these mice show 
manyy of the abnormalities seen in starvation, such as decreased activity, 
decreasedd body temperature, infertilit y and decreased immune function. 
Leptinn replacement corrects all these abnormalities.2 

Leptinn exerts its action through the leptin receptor (Ob-R), a member of the 
cytokinee family of receptors. It consists of a single membrane spanning 
proteinn that, through alternative mRNA splicing, exists in several isoforms. 
Thesee isoforms differ only in the length of their intracellular domains and can 
bee divided into those with a full-length intracellular domain (Ob-Rb in 
mice,, homologous to huOb-Rb in humans), often referred to as the long iso-
formm of the leptin receptor, and the short isoforms. 
Thee expression of one of the short isoforms, (Ob-Ra in mice, huOb-Ra in 
humans),, dominates over the other short isoforms. Ob-Ra expression is 
widespreadd and has been found in most tissues that have been tested. The 
longg isoform Ob-Rb is highly expressed in hypothalamic neurones where it 
iss responsible for the anorectic action of leptin. The consequences of dis-
ruptionn of the Ob-Rb gene are seen in the db/db mouse, which has the same 
obesee phenotype as the oblob mouse. In this model only the long isoform of 
thee leptin receptor, Ob-Rb, is disrupted but the anorectic function of leptin 
iss altered just as severely as when production of leptin hormone itself is dis-
rupted.. From this it has been assumed that the other isoforms of the leptin 
receptorr play a relatively unimportant role in the anorectic function of lep-
tin.. db/db mice do, however, differ from oblob mice in their development of 
glomerulosclerosis.33 Glomerular endothelial cells have been found to express 
onlyy the short Ob-Ra receptor and yet exhibit increased proliferation in 
responsee to leptin exposure.4 In addition the short isoform Ob-Ra has been 
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shownn to be able to act ivate the mi togen-act iva ted p ro te in k inase (MA P 
kinase)) signal t ransduc t ion pa thway.3 ,6 These data may suggest that the 
effectss of leptin on per ipheral t issues can be mediated by the short isoform 
whosee expression dominates in t issue o ther than the brain. However, the 
exactt funct ions of the short iso forms remains d isputed with many groups 
unablee to show prol i ferat ive effects or signal t ransduc t ion mediated by the 
shortt isoforms. 
Lept inn receptor isoforms have been repor ted in a wide variety of human 
andd rodent t issues: Hear t, p lacenta, lung, liver, muscle, k idney, pancreas, 
spleen,, t hymus, p ros ta te, tes tes, ovary, small in test ine and co lon. Lept in 
recep torr express ion in the var ious t issues of the mouse gas t ro in tes t inal 
tractt has been shown by R T - P CR with O b - Rb seen only in the je junum 
andd the o ther isoforms found th roughou t .7 Human colonic t issue has never 
beenn studied in detail, and no functional relevance of leptin receptor presence 
onn co lonocy tes has been demons t ra ted. 
Thee wide expression of leptin receptors suggests a possible wider role for lep-
ti nn than fat mass regu la t ion. Indeed, lept in has been found to have p ro-
foundd effects in var ious human t issues including monocytes ,K resp i ra tory 
ep i the l i um,99 g lomeru lar endo the l ial cel ls,4 vascular e n d o t h e l i u m ,1 - and 
adrenall  cel ls.1 ' I t has been repor ted to increase prol i ferat ion in all these cell 
typess and to have an effect on monocytes equally dramatic as st imulat ion with 
l ipopolysacchar ide.12 2 

Leptinn levels in humans and animals closely reflect the percentage of body fat, 
thuss obesi ty is associated with hyper lept inaemia.13 Research in to the effects 
off  exercise on lept in levels has shown reduct ions independent of levels oi 
obesity.1 4" 233 Leptin levels are likely to be higher in colon cancer pat ients who 
havee h igher levels of obes i ty and lower levels of physical act iv i ty than con-
trols.. Leptin is a growth factor m many cell types. We therefore propose that 
leptinn acts as a growth factor in colon cancer and is a putat ive biological 
mechanismm for the observed di f ferences in the risk of deve lop ing co lon 
cancerr associated wi t h changes in body mass and physical act iv i ty. 
Too investigate this possibil i ty we first assessed human Ieptm receptor expres-
sionn in human colonic epithelial cells. We used immunohis tochemis t ry in the 
normall  co lon, co lon ic adenoma tous polyps and colon cancer spec imens, 
andd Reverse T r a n s c r i b ed P o l y m e r a se Cha in Reac t i on ( R T - P C R) and 
immunob lo t t i ngg in co lon cancer cell l ines. Secondly we assessed the affini -
tyy and numbers of lept in recep to rs on colon cancer cell l ines. We then 
demons t ra tedd the funct ional signif icance of the receptors by s t imula t ing 
co lonn cancer cell l ines wi t h recomb inant human lept in and assessing its 
effectt on prol i ferat ion and mitogenic signal t ransduct ion pathway act ivat ion. 
Lastly,, to confirm that our in v i t r o f indings are relevant in vivo, we injected 
micee with recombinant mouse leptin and assessed its effect on epithelial pro-
liferationn in the colon and examined the colons of dbldb mice for evidence of 
increasedd co lon ic epithel ial pro l i ferat ion. 
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Methods s 
Immunohistochemistry Immunohistochemistry 
Thee ten most recent cases oi adenomatous polyp removed at colonoscopy, 
andd the ten most recent surgically resected colonic adenocarcinomas togeth-
err with normal tissue from the same patients were taken from the archives of 
thee Pathology Department at the AMC. 4 fim sections were prepared from 
thee formalin fixed, paraffin embedded tissue and mounted on slides coated 
withh polylysin. 
Sectionss were dewaxed and rehydrated in graded alcohols. Endogenous per-
oxidasee activity was quenched with 1.5% H1O2 in Phosphate Buffered Saline 
(PBS)) for 30 mins and then washed in PBS. Non-specific binding sites were 
blockedd 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 
minss 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 with 0.1% Triton and 1 % bovine serum albumin. These are 
raisedd against the intracellular portion of mouse Ob-Ra and reactive against 
alll  isoforms of the human leptin receptor. After washing (3 x 10 mins in 
PBS),, slides were then incubated with biotinylated rabbit anti-goat antibodies 
att room temperature for one hour in PBS with 10% Human serum. Slides 
weree washed ( 3 x 5 mins in PBS), incubated with streptavtdin-biot in-
horseradishh peroxidase (Dako, Glostrup, Denmark) for 1 hour, washed 
againn ( 3 x5 mins in PBS), and peroxidase activity was detected with 3,3'-
diaminobenzidinee (0.5mg/ml, Sigma, St. Louis, MO) in 0.05M Tris Ph 7.6 
withh hydrogen peroxide (0.05%). Finally, sections were counterstained 
withh Mayer's haematoxylin, dehydrated and mounted in 'Entellan' (Merk, 
Darmstadt,, Germany) under cover slips. Leptin receptor staining was 
assessedd by two independent observers who were blinded to the origin of the 
sections.. Staining of epithelial cells was scored on a scale from 0-3 for inten-
sityy where 0 represents no staining, 1 weak staining, 2 moderate staining, and 
33 strong staining. 

CellCell culture 
HT29,, CACO-2, DLD-1,SW480, HCT 116 and LS 174-T colon cancer cell 
liness were cultured in Dulbeccos Modified Eagles Medium (DMEM) (Gibco, 
Paisley,, Scotland) with 4.5g/L Glucose and 1-Glutamine. This was supple-
mentedd with penicillin (50u/ml) and Streptomycin (50^g/ml) and, where 
serumm was used, with 10% fetal calf Serum (Gibco). Cells were grown in 
monolayerss in a humidified atmosphere containing 5% CO?. 
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tmmunoblotting tmmunoblotting 

Confluentt monolayers of cells from 6 well plates (Nalge Nunc, Denmark) 
weree washed in ice cold PBS and scraped into 100ml of 4x sample buffer (125 
mMM Tr is /HCl, pH 6,8; 4% SDS; 2% b-mercapto ethanol; 20% glycerol, 
lmgg bromphcnol blue). 30ml of each sample was loaded onto SDS-PAGE and 
blottedd onto PVDF membrane (Millipore). Equal loading was confirmed by 
Coomassiee brilliant blue staining. The blots were blocked with 2% low fat 
milkk powder in PBST (PBS with 1% Triton) for one hour at room tempera-
turee and washed 3x 10 mins in wash buffer (PBST with 0.2% low fat milk 
powder)) before overnight incubation in 1/1000 primary antibody in wash 
bufferr at 4°C. Blots were then washed 3x 10 mins in wash buffer and incu-
batedd for 1 hour at room temperature in 1/2000 Horse Radish Peroxidase 
(HRP)) conjugated secondary antibody in wash buffer. After a final 3x 10 
minutee wash in wash buffer, blots were incubated for 1 minute in Lumilit e 
pluss (Boehringer-Mannheim, Mannheim, Germany) and then chemilumi-
nescencee detected using a Lumi-Imager (Boehringer-Mannheim). 
Forr the MA P kinase studies confluent monolayers of HT29 cells in 6 well 
platess were serum starved overnight and then stimulated with recombinant 
humann leptin (Sigma) for various times. Immunoblotting was then carried out 
ass previously described using rabbit polyclonal phosphospecific p42/44 
MA PP kinase antibodies and rabbit polyclonal total p42/44 MA P kinase 
(Neww England Biolabs, Beverly, MA) as primary antibodies and goat anti-rab-
bitt HRP (DAKO) as secondary antibodies. 

Forr the Ob-receptor blots M-18 Goat Polyclonal ami Ob receptor anti-
bodiess (Santa Cruz) raised against the intracellular portion of mouse Ob-Ra 
andd reactive against all isoforms of the human leptin receptor were used as 
primaryy antibodies. After primary antibody incubation, an extra step was 
added,, using biotin labelled rabbit anti-goat antibodies (DAKO) 1/2000 in 
washh buffer for one hour, followed by a 3 x 5 minute wash and incubation 
withh streptavidin-HRP (DAKO) 1/100 for 60 minutes before detection of 
HRPP using the method described. The experiment was repeated with anti-
humann leptin receptor goat polyclonal antibodies, AF389, (RjuD, 
Minneapolis)) raised against an epitope from the extracellular portion of 
thee human leptin receptor. Equal protein loading was further confirmed 
usingg jS-actin (Santa Cruz) antibodies on the same blots. 

ThymidineThymidine  incorporation  assay 

Confluentt monolayers of HT 29 cells were trypsinised and taken up in 
serumm free medium supplemented with 20/Jg/mi of human transferrin. 104 

cellss were seeded in flat-bottomed tissue culture treated 96 well plates 
(Falcon)) and allowed to adhere for 6 hours. Cells were then stimulated 
withh recombinant human leptin, vehicle or 100 ng/ml Epidermal Growth 
Factorr (Sigma) for 50 hours. Leptin concentrations were taken that includ-
edd those found in non-obese (l-3ng/ml) and obese (up to 100ng/ml) humans. 
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Tritiatedd thymidine was then added for 16 hours. 10ml of 0.1 M EDTA was 
addedd to each well for 1 5 minutes, after which cells were lysed with distilled 
waterr and aspirated through a filter. Filters were dried at 50L,C for 30 minutes, 
coveredd with 40ml of scintillation fluid per well and 'H activity measured in 
aa top counter. 

CellCell counting assay 

Confluentt monolayers of HT 29 cells were trypsinised and taken up in 
mediumm with 1% FCS. 5xl04 cells were seeded in flat-bottomed tissue culture 
treatedd 12 well plates (Falcon) and then stimulated with recombinant human 
leptin,, vehicle or 100 ng/ml epidermal growth factor (Sigma) for 66 hours. 
Cellss in each well were then trypsinised and taken up in 1ml of medium. Cells 
weree then counted manually in a standard cell counter (Biirker). 

RTPCR RTPCR 

Totall  RNA was isolated from HT 29, CACO-2, DLD-1, SW 480, HCT 1 16 
andd LS 1 74-T cells as well as fresh human placenta. A one-step RT-PCR kit 
(Qiagen,, Hilden, Germany) was used and 1 ^g of RNA added. Primers were 
designedd with the aid of primer designing software using the human leptin 
receptorr (huOb-Rb) cDNA sequence obtained by Tertaglia, L.A. et al 1995 
andd the huOb-Ra sequence obtained by Snodgrass, H.R. et al 1996, both 
obtainedd from Entrez. These were designed either to detect the presence of 
anyy of the leptin receptor isoforms (common) or to be specific to the long 
isoformm (huOb-Rb) or the short isoform (huOb-Ra). Care was taken to 
designn primers that flanked several introns, and the long isoform sense 
primerr hybridizes across the junction of two exons. False positives arising 
fromm 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 product lengths were 489 base pairs for the common 
receptorr primers, 481 base pairs for the long receptor primers, and 200 base 
pairss 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-
ss annealing step at 55°and a 90-s extension step at 72: ,C. 10 microlitres of the 
productt was loaded onto agarose gel and the fluorescence of the Ethidium 
Bromidee stained band recorded. 
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BrdUBrdU incorporation in leptin treated mice 

Inn a protocol approved by the relevant animal ethics review board, eight sev-
enn week old female C57BL/6 mice were treated with a single intraperitoneal 
injectionn ot mouse recombinant leptin (R&D) in NaCl at a dose of 10mg/kg 
ass used by Pelleymounter et al.-4 Eight mice received intraperitoneal NaCl as 
aa control. After 15 hours all mice received a single intraperitoneal injection 
ott BrdU at a dose of 150mg/kg and were sacrificed one hour later. 

ColonicColonic proliferation in db/db mice 

Sixx 10 week old db/db mice of the C57BL/6J background and six wild type lit -
termatess were sacrificed having received no intervention. 

ScoringScoring of proliferation 

Colonss were removed, rolled up and fixed in 4% paraformaldehyde and 
embeddedd in paraffin. Sections were prepared and stained as for other 
immunohistochemtstryy except for BrdU stainings where the addition of a one 
hourr incubation in 2M HCI at 37°C followed by washing in Boric acid pH 8.5 
beforee the blocking step was necessary. Mouse monoclonal antibodies 
againstt either BrdU, 5-bromo-2'-deoxyuridine, (Roche, Almere, The 
Netherlands)) or PCNA, proliferating cell nuclear antigen (DAKO) , were 
usedd as primary antibodies. Nuclei staining positively for BrdU or PCNA 
weree scored by taking five pictures of each section at 200x magnification from 
thee proximal colon. In each picture positive nuclei tn five well-orientated 
cryptss were counted, blind to treatment, with the help of image analysis soft-
waree (EFM Software, Rotterdam, The Netherlands). 

Result s s 

ColonColon cancer cell lines express the short and long isoforms of the leptin 
receptor 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 
humann placental tissue as a positive control. The sequences were firstly, a 
commonn sequence from the extracellular domain of the human leptin recep-
tor,, secondly, a sequence exclusive to the long isoform of the 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 ceil 
liness with all three primer sets, whereas no RNA controls gave no products. 

Too further confirm the expression of this receptor, immunoblotting was per-
formedd for the leptin receptor. Figure 2 shows that all of the colon cancer ceil 
liness tested show a band at approximately 1 00 kDa on the immunoblot con-
sistentt with the presence of the short (huOb-Ra) isotorm of the leptin 
receptor.. In addition several showed a band at approximately 130 kDa con 
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Figur ee 1 . RT-PCR for the human leptin receptor common, long (huOb-Rb) and 
shortt (huOb-Ra) isoforms in HT 29, CACO-2. DLD-1. SW 480, HCT 
1166 and LS 174-T colonic epithelial cell lines and in human placenta. 
Thee expected 489 (common), 481 (long) and 200 (short) base pair 
productss are seen in all cell lines and the placenta. No RNA controls 
showw no product. 

sistentt with the long ( h u O b - R b) isoform ol the receptor. The same two 
bandss can be seen in human placenta, which is known to express bo th short 
andd long isoforms of the leptin receptor2'1 and was thus used as a positive con-
trol .. A repeat of this exper iment using an ant ibody raised against an epi tope 
fromm the human extracellular region common to all isoforms yielded the same 
twoo bands of the same sizes. (Not shown). S imul taneous loading con t ro ls 
usingjS-actinn ant ibodies are shown. 

Wee conclude from these results that bo th the short ( huOb-Ra) and long 
(huOb-Rb)) isoforms of the leptin receptor are expressed on colon cancer cells. 
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Figur ee 2. Immunoblot for the human leptin receptor using an antibody raised 
againstt an epitope of mouse Ob-Ra. which is reactive against all 
humann isoforms with an intracellular portion. Two bands are seen, one 
dominantt band running at a size of 100 kDa which corresponds to the 
huOb-Raa protein and a second weaker band running at 130 kDa cor
respondingg to the huOb-Rb isoform. Both of these bands are also 
seenn in human placental tissue which is known to express both long 
andd short isoforms and is used here as a positive control. 
Simultaneouss loading controls using /?-actin antibodies are shown. 

ExpressionExpression of the leptin receptor in human colon tissue in vivo 
'II  o investigate whether the expression of the leptin receptor in human colon 
cellss in vivo concur red with our f indings in co lon cell l ines in v i t ro, we 
tookk human colonic adenomatous polyp t issue, normal colonic tissue and tis-
suee from colonic adenocarc inomas and stained for the presence of leptin 
receptorss (all isoforms). As evident from figure 3, clear immunoreactivi ty was 
observedd in the normal colonic epi the l ium and adenomatous polyp ep i the-
lium.. Staining appeared to be largely on cell membranes and in the cytoplasm 
cons is tentt with results from t ranstect ion exper iments showing that 8 5% of 
leptinn receptors are usually in the Golgi apparatus and 15% on the cell sur-
facee at any given t ime. Receptor expression was similar in normal and polyp 
epithel iall  cel ls. Staining was also seen on ad ipocytes and the inf i l t rat ing 
m o n o n u c l e arr cel ls, which are bo th known to express lept in r e c e p t o r s. 
Cont roll  sect ions with no primary ant ibody showed no staining (not shown). 
Wee conc lude that expression ol the leptin receptor is a consistent feature of 
colonicc epithel ial cells in vivo and in v i t ro. 
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Figur ee 3. Immunohistochemistry, staining for leptin receptors in normal human 
colonicc tissue. A cross section of normal colon (A and B) shows strong 
stainingg of the epithelium. (C-F) A whole adenomatous polyp (marked 
P)) arising from surrounding normal colonic epithelium. Images (C-F) 
showw that staining for the leptin receptor (brown) is predominantly in 
thee epithelial cells and is seen in close-up in both the surrounding nor
mall (D) and polyp (E and F) tissue. Staining appears to be largely 
localisedd to the cytoplasm and cell membrane. Magnifications: A x50, 
BB x 600, C x50, D + E x200. F x800. 
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Figur ee 4. Scoring of Ob-R staining intensity in normal colon and adenomatous 
polyps.. Staining was scored on a scale from 0-3 where 0 represents no 
staining,, 1 weak staining, 2 moderate staining, and 3 strong staining. 
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Figur ee 5a. Immunoblot for the phosphorylated form of p42/44 MAP kinase in 
HT299 cells treated with recombinant human leptin (2mg/ml) for vari
ouss times (shown in minutes). The same blot was stripped and 
reprobedd for total MAP kinase. 
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Figur ee 5b. Immunoblot for the phosphorylated form of p42/44 MAP kinase in 
HT299 cells treated for 5 minutes with recombinant human leptin at 
variouss concentrations (shown in ng/ml). 
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Figur ee 6. Tritiated thymidine incorporation in HT 29 cells stimulated for 66 hours 
withh various concentrations of leptin. The negative control was leptin 
heatedd to 95CC for 10 mins, labelled vehicle, and the positive control 
wass 100 ng/ml of EGF. Values were compared to the vehicle control 
usingg a one-way anova with the Tukey post hoc test. Significance 
wass taken as a P value of <0.05 marked *. P values of <0.01 are 
markedd **. Error bars show the standard error of the mean. Probability 
off linear trend P<0.0001. 

TheThe leptin  receptor  is  functional  and linked  to  proliferative  signalling  in 
coloncolon  cancer  cells 

T oo invest igate whether lept in receptors are funct ional and l inked to prolif -
erat ionn in co lon cancer cells we measured the inf luence of lept in on p42 /44 
M A PP kinase phosphory la t i on. Phosphory la t i on at Thr 2 02 and Tyr 2- 4 leads 
too act ivat ion of p42/44 M A P kinase and this phosphory la t ion was assessed 
usingg phospho-speci f ic an t ibod ies. Figure 5a shows that lept in s t imu la t ion 
causess biphasic phospho ry la t i on of M A P kinase. MA P kinase act ivat ion 
markss the onset of pro l i fe ra t ion. Th is suggests that leptin may lead to p ro-
l i ferat ion.. In figure 5b we show the effect of a range of di f ferent concen-
t ra t ionss of leptin on M A P kinase phosphory la t i on. 

Thesee results suggest that lept in might act a growth factor for colon cancer 
cells.. To conf i rm this we measured the effect of lept in on co lon cancer cell 
pro l i ferat ionn by assessing the effects of leptin on thymid ine incorpora t ion 
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Figur ee 7. Cell numbers, counted in a Biirker cell counting chamber, of HT 29 
cellss stimulated for 66 hours with various concentrations of leptin. 
Thee negative control was leptin heated to C for 10 mins, labelled 
vehicle,, and the positive control was 100 ng/ml of EGF. Values were 
comparedd to the vehicle control using a one-way anova with the Tukey 
postt hoc test. Significance was taken as a P value of <0.05 marked *. 
PP values of <0.01 are marked **. Error bars show the standard error of 
thee mean. Probability of linear trend P<0.0001. 

andd cell numbers in HT29 colon cancer cells. F igure 6 demons t ra tes the 

changess induced by leptin in the incorporat ion of tr i t iated thymidine into the 

co lonn carc inoma cell l ine, H I 29. 

Leptinn leads to a highly statistically signif icant and dose dependent increase 
inn thymid ine incorpora t ion. These effects are seen at levels found in obes i-
tvv in human subjects (up to I 00ng /m l ). Surpr is ing ly, leptin was nearly as 
potentt in its st imulation of thymidine incorporat ion as epidermal growth fac-
torr ( E G F ). Maximal s t imulat ion of thymid ine incorpora t ion with EGF was 
seenn at I00ng /ml concur r ing with the f indings of Ryder et al .26 F igure 7 
showss the same experiment repeated but this t ime showing the effects of lep-
tinn on cell numbers. It should be noted that in the thymid ine incorporat ion 
andd cell numbers exper iments degradat ion of the recombinant leptin wil l 
occurr and that in vivo where leptin levels remain constant, greater effects for 
comparab lee lept in concent ra t ions might be expected. 

Thesee resul ts demons t ra te that the leptin receptor is expressed, functional 
andd l inked to cell g rowth in colon cancer cells. 
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Figur ee 8. Numbers of nuclei per crypt staining positive for BrdU in leptin treated 
micee versus controls. Statistical analysis was performed using the 
Studentss t-test. 

LeptinLeptin  acts  to  promote  colonic  epithelial  cell  proliferation  in  vivo 

T oo confirm the relevance of our results in vivo we injected mice with recom-
binantt lept in and assessed the colon for changes in epithel ial cell prolifera-
t ion.. We found that leptin caused a signif icant increase in epithel ial eel 
prol i ferat ionn as judged by nuclear BrdU incorpora t ion (See figures 8 and 9) 
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Figur ee 9. Representative sections from leptin treated (A) and untreated (B) sec
tionss of mouse colon stained for BrdU. 
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Figur ee 10. Increased colonic epithelial precursor cell proliferation in db/db 
micee compared to controls. 

Fur therr conf i rmat ion of the relevance of our in vi tro f indings was obta ined 
byy invest igat ing a mouse model of hyper lept inaemia, the db/db mouse. We 
assessedd colonic epithel ial cell pro l i ferat ion in db/db mice compared with 
theirr wil d type l i t te rmates. In f igure 10 we show a stat ist ical ly signif icant 
increasee in pro l i ferat ion in the hyper lep t inaemic mice as judged by prolif -
erat ingg cell nuclear ant igen s ta in ing. 

Discussio n n 

I nn this study we show that leptin is a growth factor for colonic epithelial cells, 
whichh may provide a biological explanat ion lor the observed associat ions 
betweenn obesi tv, physical act ivi ty and colon cancer. The evidence that body 
masss and levels of bo th leisure t ime and occupat ional act ivi ty are associated 
wit hh the deve lopment of cancer of the colon has moun ted steadi ly and now 
receivess widespread acceptance. A full review of the epidemiology is beyond 
thee scope of this manuscr ipt but a recent review-'' supp lemented with more 
recentt s tudies gives the fo l lowing evidence. 

Forr body mass, l our c o h o rt s tud ies and eight case-con t rol s tud ies have 
foundd that men who are in the highest quint i le for body size have as much as 
aa two to threefold increased risk of colon cancer. Two more recent large 
cohortt studics',s confirm this as well as adding weight to the evidence that the 
samee holds true for women. 

Thee re la t ionship between physical act ivi ty and a reduced risk of colon can-
cerr is among the most cons is tent f indings in the epidemiological l i terature. 
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Sevenn cohort studies and ten case controlled studies have found an associa-
tion,, with two and one respectively finding no association. 
Thee suggested biological explanations for these associations include stimu-
lationn of peristalsis and reduced transit time, favourable effects on the 
immunee system,-7 and lower insulin and glucose levels in thinner and more 
activee individuals.-9,30 However, transit time despite much attention, is not 
aa recognised risk factor for colonic neoplasia. Insulin is a growth factor 
forr colon cancer cell lines but no association has been found between HbAlc 
levelss and colon cancer31 and while leptin levels rise with small weight gain 
withinn the same individual the same is not found consistently with insulin lev-
els.322 Having said this, there is extensive evidence that leptin and insulin lev-
elss are closely linked33 and both may act in concert. 
Bodyy mass and physical activity are intrinsically linked and it is difficul t to 
analysee their impact independently. Several papers have instead referred to 
metabolicc state or energy balance as being associated with colon cancer.34"16 

Thee startling changes in incidence within the same population exposed to a 
changee in environment have been difficul t to correlate with any particular 
dietaryy constituent and may instead be associated with energy imbalance. In 
otherr words the increased colon cancer risk seen in 'Western' diets may 
nott be due to what we eat but how much, especially when combined with low 
levelss of exercise or energy expenditure. This is supported by the finding that 
caloricc restriction reduces colonic epithelial proliferation in humans.37 The 
relevancee of this is that leptin is associated with other factors that regulate 
energyy homeostasis.3ij High levels of leptin are seen in individuals whose bal-
ancee of calorie intake and expenditure has resulted in obesity. 
Leptinn is the product of the Ob gene and was initiall y reported as being 
secretedd by adipocytes and controlling appetite, activity, metabolic rate 
andd fertilit y through receptors in the hypothalamus. The leptin receptor has 
beenn identified as a single membrane spanning protein with multiple isoforms 
thatt arise from alternative RNA splicing. Of these, the long isoform, Ob-Rb, 
iss proposed as the most important signalling isoform as it contains a full 
lengthh cytosolic domain of 302 amino acids that includes binding motifs 
requiredd for activation of the Janus kinase/STAT signalling pathway. This is 
thee isoform found in the hypothalamus and is also the isoform which when 
disruptedd in mice leads to the same obesity syndrome as seen in Ob mice, 
whilee the other isoforms remain unaltered. Leptin has also been shown to 
activatee the MA P kinase signal transduction pathway both through the Ob-
Rbb receptor isoform and by some groups, also via the Ob-Ra short iso-
form.. The function of other isoforms is unknown but may include leptin 
transportt or repression of signalling activity by competing in the homod-
imerizationn of receptors needed for effective signal transduction. 
Inn humans, levels of leptin in blood are closely correlated with body mass and 
mayy rise from levels of 1-3 ng/ml in non-obese subject to as high as 100ng/ml 
inn obese individuals. There is also considerable evidence that leptin levels 
depend,, albeit to a lesser extent, on physical activity. Increased physical 
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activityy appears to reduce leptin levels by around 20% independent of obesity. 
Recently,, it has been shown that leptin also has profound effects in various 
extraneurall  tissues including monocytes,12 respiratory epithelium,9 glomeru-
larr endothelial cells,4 vascular endotheliumI C and adrenal cells." It has been 
reportedd to increase proliferation and differentiation in all these cell types and 
too have an effect on monocytes equally dramatic as stimulation with LPS.12 

InIn this paper we hypothesise that high levels of leptm in obese and inactive 
humanss may lead to growth promotional effects in colon cancer cells, thus 
providingg a biological explanation for the associations between obesity, 
exercisee and the incidence of colon cancer in humans. 
Too confirm our hypothesis we felt that the following steps were necessary. 
Firstly,, confirmation of the presence of the leptin receptor on colonic cells 
usingg different methods, In both colon cancer cell lines and patient materi-
al.. Secondly, demonstration of the functional relevance of these receptors by 
theirr ability to activate signal transduction pathways. Thirdly, confirmation 
off  leptin as a growth factor for colon cancer cells and finally confirmation of 
thee importance of leptin as a growth factor in vivo. 
Thee first step was accomplished using RT-PCR, immunoblot t ing and 
immunohistochemistry.. We chose not to use human colon tissue for the RT-
PCRR and immunoblotting because of the likelihood of contamination of 
colonocytess by other cell types using this method. The expression of leptin 
receptorss on adipocytes, monocytes, and endothelial cells are likely to lead 
too false positives using this material, especially when using PCR. We show 
thatt all colon cancer cell lines tested expressed a common sequence, as well 
ass sequences exclusive to the short and long isoforms of the human leptin 
receptor.. We then show that human adenomatous polyps and normal colonic 
tissuee also express the leptin receptor. We investigated adenomatous polyps 
ass they are a likely point in the stepwise progression to invasive cancer to be 
affectedd by growth factors. After the development of invasiveness or 
metastaticc potential, the effects of growth factors such as leptin are unlikely 
too have a significant impact on the outcome. The incidence of colonic polyps 
iss also related to body mass and exercise in the same way as the incidence of 
colonn cancer^9 but interestingly, possibly only in larger adenomas.40 

Thee second step was accomplished using recombinant leptin on colonic 
epitheliall  cell lines and showing activation of one of the major mitogenic sig-
nall  transduction pathway elements, p42/44 MA P kinase. 
Thee third step was achieved by showing increased thymidine incorporation 
andd cell numbers at concentrations of leptin that include those found in the 
serumm of non-obese (below 10ng/ml) and obese (up to 100ng/ml) individuals. 
Ass well as being highly significant compared to vehicle control, we have also 
shownn that the magnitude of this effect approaches that of EGF, a known 
growthh factor in HT 29 cells.26 

Finally,, we show that db/db hyperleptinaemic mice have higher rates of 
colonicc epithelial cell proliferation than their wild type littermates. The 
db/dbdb/db mouse, where the long form of the leptin receptor contains a loss of 
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functionn mutation, is a complex model of hyperleptinaemia as the mice sec-
ondarilyy develop a number of other metabolic and endocrine defects. These 
includee high insulin levels (type II diabetes mellitus), changes in sex hormone 
levels411 and dyslipidaemia,42 all of which have been implicated indepen-
dentlyy as having possible influences on colon cancer progression.29 ,43'44 

Thus,, while our findings suggest that a primary defect in leptin signalling that 
resultss in hyperleptinaemia leads to increased colonic epithelial cell prolif-
eration,, it fails to distinguish between the primary and secondary effects of 
thiss defect. This is avoided in our second model of hyperleptinaemia where 
wee gave mice a single injection of leptin. This leads to a highly significant 
increasee in colonic epithelial cell proliferation. These findings suggest that 
ourr in vitro findings are indeed likely to be relevant in vivo. 
Growthh factors are thought to be important in the progression of colon 
cancer.45"477 Insulin like growth factors have been intensively studied and may 
explainn the observed increase on colorectal cancer and adenomatous polyp 
incidencee in patients with acromegaly,48 Thus the demonstration that leptin 
iss a growth factor for colonic epithelial cells in mice and cell lines is likely to 
havee relevance in humans. However, we suggest that leptin is not just anoth-
err growth factor relevant to the colon but may provide a biological expla-
nationn for a wealth of epidemiological evidence connecting body mass, 
physicall  activity and energy balance with the incidence of colon cancer. 
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Abstract t 
BackgroundBackground & Aims 
Inn contrast to most of the intestine, gastric epithelial renewal is an asym-
metricc process. A stem cell located halfway up the tubular unit gives rise to 
bothh a basal gland region and a luminal pit compartment, but the mechanisms 
responsiblee for the maintenance of this asymmetry are obscure. Here we 
investigatedd if Sonic hedgehog (Shh), an established polarizing signal protein 
duringg development, is expressed and functional in the adult human and 
murinee stomach. 

Methods Methods 
Expressionn of Shh was investigated with immunoblot and immunohisto-
chemistryy and compared with a linear system of differentiation, the small 
intestine.. Hereafter mice were treated with the Shh inhibitor cyclopamine and 
wee investigated both expression of downstream Shh targets and proliferation 
off  gastric epithelial cells. 

Results Results 
Shhh was expressed in the stomach whereas no Shh was detected in the small 
intestine.. In cyclopamine treated mice we observed decreased expression of 
HNF3/Ï,, Islet (Isl)-l and BMP4, three Shh target genes. Inhibition of Shh 
markedlyy enhanced gastric epithelial proliferation and affected the cell cycle 
off  gastric epithelial gland cells, whereas pit cells remained unaffected. 

Conclusions Conclusions 
Shhh controls the expression of at least three factors important for epithelial 
differentiationn and is a negative regulator of gastric gland cell prolifera-
tion,, Shh is a candidate polarizing-signal in the maintenance of gastric pit-
glandd asymmetry. 
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Introductio n n 
Duringg organogenesis, intricate patterns of differentiated cells are formed. 
Thee mechanisms that govern subsequent pattern maintenance, or mor-
phostasis,, in the adult organism have been given relatively littl e attention. 
Generallyy speaking a variety of differentiated cell types originate from a 
singlee stem cell in a series of tightly controlled differentiation events. This is 
especiallyy clear in the rapidly renewing epithelial cell population of the gut, 
wheree a clear topographical division exists between the regenerating unit of 
proliferativee cells containing one or several stem cells, and the location of dif-
ferentiatedd cells. The molecular mechanisms, which determine cell fate spec-
ificationn along the adult gastrointestinal tract, are still poorly understood. 
Alongg most of the intestinal mucosa, epithelial cells follow a unidirectional 
linearr path from the proliferating to the differentiated compartment. In 
thee small intestine and most of the colon, proliferating cells are located at the 
basee of tubular invaginations, the crypts of Lieberkühn. With the exception 
off  the Paneth cell, epithelial cells move towards the intestinal lumen. In the 
smalll  intestine, differentiated cells migrate towards the villus tip, where 
theyy are shed into the intestinal lumen or undergo apoptosis. In the colon this 
occurss at the luminal end of the crypts and the superficial epithelium between 
crypts,, the intercrypt tables (for review, see reference 1). 
InIn contrast to this linear process, the differentiation of the glandular epithe-
liumm of the stomach is bi-directional. Just as in the intestine, the epithelial 
cellss of the gastric mucosa are organized in vertical tubular units. These 
consistt of an apical pit region, and an isthmus just below the pit, whereas the 
actuall  gland region forms the lower part of the vertical unit. The gland con-
sistss of a neck and a base. However, the life cycle of the various epithelial cells 
iss not a unidirectional process. The progenitor cell of the gastric unit is 
locatedd somewhere in the region of the isthmus, in the middle of the vertical 
tubularr unit and gives rise to all gastric epithelial cells that migrate either up 
orr down from this point.-

Thee glandular epithelium of the stomach is divided into a proximal zymogenic 
zonee (corpus) and a distal mucous zone (antrum).-1 This paper focuses on the 
organizationn of the gastric units in the zymogenic region (see figure 1). 
Thee units contain a small pit zone and a relatively large glandular part. A sin-
glee precursor cell can give rise to all epithelial cell types (see reference 4 for 
discussion).. The mucus producing pit cells migrate up from the progenitor 
celll  towards the gastric lumen.5 The mucous neck cells migrate down towards 
thee base of the gland where they give rise to the pepsinogen producing 
zymogenicc cell (or chief cell).6 The acid secreting parietal cell and the 
endocrinee cells migrate both ways although most are found in the gland 
regionn (see Figure l ) . 7 ' s 

Thee different epithelial cell types are found in gradients/1" 9 which are most 
pronouncedd in the human stomach. The parietal cells are found in high 
numberss in the neck region whereas zymogenic and endocrine cells pre-
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Figur ee 1 . The dif ferent cell types of the gastr ic tubular unit. After Karam and 
Leb lond . 2 2 

domina tee at the base of the gland. Thus the stem eell in the gastr ic unit 
givess rise to two compar tmen ts and several funct ional cell types present in 
quant i ta t ivee gradients (see F igure 1). 

A l thoughh these compar tmen ts and gradients are well descr ibed in h is to-
morpho log icall  terms the mechan isms that may under l ie this complex pat-
te rn ingg have been given l i t t l e a t ten t ion. However, compar tmen ta l i za t ion 
andd po la r i za t ion are p h e n o m e na that are well s tud ied in the e m b r y o. A 
smalll  number ot gene families are used repeatedly t h roughout deve lopment 
inn a wide range of organ systems. In most pat tern ing events studied to date, 
thee Hedgehog, fibroblast growth factor (Fgf), Wnt and bone morphogenet ic 
pro te inn (Bmp) families of p ro te ins play a key role. A l though some plast ic i-
tyy seems to exist be tween species in the use of this sys tem (see 10 for 
review),, its players seem to be conserved from fly to human and recentlv the 
termm "morphogene t ic code" was coined by H o g a n . '' 

Memberss ot the hedgehog family of p ro te ins are pr ime regulators in many 
pa t te rn ingg processes t h r o u g h o ut both ver tebrate and inver tebra te devel-
o p m e n t .1 22 Af ter the ident i f i ca t ion of Drosophila hedgehog in a genet ic 
screenn for segment po lar i ty genes1-1 several hedgehog homo logues have 
beenn identi f ied in ver tebrates. Of these Sonic hedgehog (Shh) remains the 
mostt tho rough ly studied to date. Shh is produced as a 47-49 kDa precursor 
p ro te in.. After the covalent a t tachment ot a cholesterol moiety to the pre-
cursorr p ro te in, a 19 kDa signal ing pro te in is cleaved from the p recursor by 
au topro teo lvs is.. Whereas the remain ing 29-31 kDa carboxy- terminal frag-
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mentt can freely diffuse from the cell, the signaling peptide remains tethered 
too the cell membrane by virtue of its cholesterol modification. Additional lev-
elss of control seem to determine if Shh acts short-range or is released from 
thee cell and acts more distally.14" ' Limited information is available about the 
rolee of Shh in the development of the human gastrointestinal tract. However, 
inn chicken and mice Shh has been shown to perform an important signaling 
functionn in both regionalization along the longitudinal axis of the gas-
trointestinall  tract and radial patterning of the intestinal tube and interest-
ingly,, Shh null mice fail to develop gastric epithelium.17-22. Although it has 
beenn show by northern blot that the Shh receptor "patched" (Ptc) is 
expressedd in a variety of adult organs in the mouse,21 and that hedgehog fam-
il yy member Indian hedgehog (Ihh) is expressed in the adult human liver 
andd kidney,24 a possible role for hedgehog signaling in the maintenance of the 
complexx organization of the adult gastrointestinal epithelium has so far 
nott been examined. 
Heree we show that Shh is expressed in the epithelium of the adult human and 
murinee stomach and that Shh controls gastric epithelial proliferation in a 
compartmentalizedd fashion in the mouse. Hence Shh is a candidate polariz-
ing-signall  in the maintenance of pit-gland asymmetry in the adult stomach. 

Material ss  & Method s 
Antibodies Antibodies 
Thee antibodies used are listed below, concentrations given in normal font are 
alll  for immunohistochemistry, concentrat ions in italic are as used for 
immunoblot,, A goat polyclonal or-Shh raised against and affinity purified with 
£.co/ï-derivedd recombinant mouse Shh N-terminal peptide (1:1000) a mouse 
monoclonall  cr-bone morphogenetic protein (BMP)2 (mAb 355, 1:1000, 
1:2000),1:2000), And a mouse monoclonal «-BMP4 (mAb 757, 1:500, 1:2000), were 
obtainedd from R&D systems (Minneapolis, MN) . A goat polyclonal or-Shh 
antibodyy (N-19) produced by immunizing with an amino acid sequence 
mappingg to the amino terminus of the murine Shh precursor (1:200, 1:2000), 
aa goat polyclonal or-Ihh (1-19, 1:1000), a goat polyclonal cr-Ptc (C-20, 1:50), 
aa goat polyclonal a-HNF3/? (P-19, 1:500) and a goat polyclonal or-/?Actin (I-
19,, 1:1000) were all from Santa Cruz (Santa Cruz, CA). A rabbit polyclon-
all  <x-Ptc (1:200), was a kind gift of Dr R. Töftgard, specificity of this antibody-
wass confirmed in mice over-expressing GLI-1.25 A mouse monoclonal (X-
H + / KK  + -ATPase (1:6000) was from Affinit y bioreagents (Golden, CO), a 
mousee monoclonal or-Isl-l (40.2D6, 1:2000) and a mouse monoclonal tx-
HNF3/ÏÏ  (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 monoclonal antibody 45M1 (1:100, Novocastra, Newcastle 
uponn Tyne, England) was used to detect MUC5AC.26 A mouse monoclonal 
cr-proliferatingg cell nuclear antigen {PCNA, 1:2000) and a mouse mono-
clonall  or-5-bromo-2'-deoxyuridine (BrdU, 1:100) were from Roche (Almere, 
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thee Netherlands) Specificity of all antibodies used in immunohistochemistry 
wass confirmed on immunoblot. 

Immunoblotting Immunoblotting 

Murinee stomach and small intestine were homogenized in lysis buffer (300 
mMM NaCl, 30 mM Tris, 2 mM MgCI2, 2 mM CaCl: , 1% Triton X-100, pH 
7.4,, supplemented with one tablet of protease inhibitor -Roche- per 50 ml). 
Proteinn concentration was measured using the Bradford method. Lysatcs 
weree diluted 1:3 in protein sample buffer (125 mM Tr is/HCl, pH 6.8; 4% 
SDS;; 2% /?-mercaptocthanol; 20% glycerol, I mg bromophcnol blue) and 100-
2000 jUg of homogenate was loaded per lane on a SDS-PAGE gel. After protein 
separationn the proteins were blotted on to a PVDF membrane (Millipore, 
Bedford,, MA) . Membranes were blocked with 2% protifar (Nutricia, 
Zoetermeer,, The Netherlands) in PBS, supplemented with 0,1% Tween-20 
forr 1 hour at room temperature. After a brief wash in washing buffer (0.2% 
protifar;; 0.1% Tween-20), membranes were incubated overnight at 4CC 
withh antibody diluted in washing buffer at the indicated concentration. The 
followingg day, membranes were washed three times for 5 min, and subse-
quentlyy incubated with a secondary horseradish peroxidase (HRP)-conju-
gatedd antibody in a 1:2000 dilution. After enhanced chemoluminescence 
usingg Lumilight+ substrate (Roche, Mannheim, Germany), antibody binding 
wass visualized using a Lumi-Imager (Boehringer Mannheim). 

Immunohistochemistry Immunohistochemistry 

Formalinn fixed paraffin embedded human biopsy specimens of uninflamed 
gastricc and small intestinal mucosa, were obtained from the archives of the 
pathologyy department of the Academic Medical Center. The gastric speci-
menss were from patients that were Helicobacter pylori negative both by 
culturee and histopathology. Mouse material was obtained and processed as 
describedd below. Immunohistochemistry was performed as described in 
detaill  previously.Z7-2  ̂ Briefly, sections (4/im) were dewaxed and rehydrated 
inn graded alcohols. Endogenous peroxidase activity was quenched, anti-
genn retrieval was performed by heating for 10 min at 100°C in 0.01 M sodi-
umm citrate, and non-specific staining was reduced by a blocking step. For 
BrdUU visualization sections were incubated in 2N HCl at 372C for 60 min 
andd thereafter washed in Boric acid pH 8.5 before the blocking step. The pri-
maryy antibody was applied in PBS containing 1% bovine serum albumin 
andd 0.1% Triton and incubated overnight at 4"C. The following day, for sin-
glee staining, a three-step detection method was used as previously described, 
usingg a biotinylated goat or-rabbit Ig (DAKO, 1:500) or-mouse Ig (DAKO, 
1:200)) or rabbit Of-goat Ig (DAKO, 1:250) antibody. Detection was per-
formedd either with HRP or /J-galactosidase as an enzyme. Where HRP was 
used,, sections were incubated with HRP conjugated ABcomplex (DAKO) for 
600 min and peroxidase activity was detected with diaminobenzidine (fast 
DAB,, Sigma, St. Louis, MO) used according to the manufacturers instruc-
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tions,, resulting in the formation of a brown reaction product. Alternatively, 
sectionss were incubated with streptavidin /J-galactosidase (1:40, Boehringer 
Mannheim)) at RT for 30 min. The streptavidin /?-galactosidase was detected 
usingg 1% X-gal (DAKO) in iron phosphate buffer (0.02% MgCI2 6 H 2 0, 
0.099%% potassium ferricyanide, 0.127% potassium ferrocyanide) at 37°C for 
155 min, resulting in a blue color. If indicated, mucins were stained by PAS 
stainn to visualize the different epithelial cell types by incubating 10 min in 1% 
periodicc acid, briefly washing with water, a subsequent 10 min incubation 
withh Schiff's reagent (Merck, Darmstadt, Germany), and hereafter a 10 min 
washh In distilled water. Sections were briefly counterstained with herna-
toxylline,, dehydrated in graded alcohols and mounted. Specificity of Shh 
stainingg was confirmed with a blocking peptide (Santa Cruz). Further con-
trolss consisted of omitting the primary and secondary antibody and use of an 
appropriatee Ig control. 

DoubleDouble staining 
DoubleDouble staining ofMUC5AC and Shh. 
Afterr overnight incubation with both primary antibodies, sections were 
incubatedd for 60 min with a biotinylated rabbit or-goat Ig for detection of Shh 
andd the blue j9-galactosidase staining was developed as described above. 
Hereafter,, sections were incubated for 60 min with a HRP-conjugated goat 
or-mousee Ig (1:100) to detect MUC5AC. The brown HRP precipitate was 
developedd as described above. 

DoubleDouble staining of the H+K+ ATPase and Shh. 
Afterr overnight incubation with both primary antibodies, sections were 
incubatedd for 60 min with a biotinylated swine or-goat Ig (BioSource, 
Nivelles,, Belgium, 1:200). After developing the blue /?-galactosidase staining, 
aa HRP-conjugated rabbit or-mouse Ig (DAKO, 1:200) was applied and stain-
ingg performed as described. Al l double stainings were preceded and con-
firmedd by staining of adjacent sections. 

DoubleDouble staining of the H + K+ ATPase and HNF3J3. 
Afterr overnight incubation with the monoclonal 0T-HNF3/Ï antibody, the sec-
tionss were incubated for 60 min with a biotinylated goat or-mouse Ig (1:100), 
washed,, incubated 60 min with HRP conjugated Abcomplex, and the HRP 
precipitatee was developed as described above. Hereafter the sections were 
heatedd to I00"C for 5 min in 0.0IM sodium citrate to remove antibodies. 
Sectionss were blocked and the or- H + K+ ATPase antibody was applied 
overnight.. The following day the/?-gaIactosidase three-step detection method 
wass used to visualize H + K + ATPase expression as described above. 

InIn vivo administration of Cyclopamine 
Too assess a possible role of hedgehog signaling in the lif e cycle of gastric 
epitheliall  cells, mice were treated with daily injections of cyclopamine, a 
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potentt hedgehog signaling inhibitor24" 31 that inhibits hedgehog signaling 
somewheree downstream of patched and upstream of the transcriptional 
effectorss of the Gli family, most likely at the level of Smoothened.31 The 
cyclopaminee was a kind gift of Dr W. Gaffield. The study protocol was 
approvedd by the animal ethics review board of the University ot Amsterdam. 
Cyclopaminee was administered complexed with 2-hydroxypropyl-/ï-cyclodex-
trinn (HBC, Sigma). A Cyclopamine-HBC stock solution was produced by 
suspendingg 1 mg cyclopamine per ml of 45% HBC in sterile PBS and stirring 
forr 60 min at 65CC. The cyclopamine-HBC was stored at -20C'C until admin-
istration.. A total of eight, seven week old, female C57BL/6 mice were given 
dailyy intraperitoneal injections of 2 mg/kg Cyclopamine-HBC for 14 days. 
Eightt mice received solvent only as a control. After 14 days mice were given 
aa single intraperitoneal injection of 150 mg/kg BrdU to label cells in S-
phase.. One hour after BrdU administration mice were sacrificed by cervical 
dislocation.. To allow optimal orientation ot the gastric tissue, flat stomachs 
weree prepared according to the method described by Lee et al.3 and fixed in 
thiss position with needles. The stomach was transected along the longitudinal 
axis,, half of the stomach was homogenized and gastric lysates were produced 
ass described above. Hereafter the remaining stomach half and small intestine 
weree fixed in 4% paraformaldehyde and embedded in paraffin. 

ScoringScoring of BrdUlPCNA positive nuclei 
Too assess proliferation of gastrointestinal epithelial cells in the cyclopamine 
treatedd mice, gastric and small intestinal specimens were stained with anti-
bodiess against BrdU and PCNA. Two pictures of each section were taken at 
lOOxx magnification and positive nuclei counted, blind to the treatment, in 
eachh microscope field with the use of an image analysis program (EFM 
Software,, Rotterdam, The Netherlands). In each field, 5 wrell-oriented ver-
ticall  units were counted for the PCNA stain and 10 for the BrdU stain 
(thiss needs more counted crypts because of the low amount of BrdU labeled 
cells).. The average number of positive nuclei per vertical unit was com-
paredd between groups. To be able to compare the results between animals, it 
wass ensured that all sections visualized the entire axis from the superficial 
epitheliumm to the muscularis mucosa. 

StatisticalStatistical analysis 
Dataa are presented as mean  SEM. Comparisons between groups of data 
weree made using the Student's f-test. P values < 0.05 were considered sta-
tisticallyy significant. 

Results s 
SonicSonic 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 it the Shh signal pro-
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Figur ee 2. Shh is expressed in murine stomach. Immunoblot, demonstrating that 
bothh Shh precursor (A, Santa Cruz antibody) and cleaved amino ter
minall Shh signal protein (B. R&D antibody) are found in the murine 
stomachh but not in the duodenum. Ihh (C) is expressed in both kidney 
andd liver, but not in either stomach or duodenum. Both liver and kidney 
weree Shh negative (R&D antibody). 

tein,, invoked in many pat tern ing processes dur ing development, is expressed 
inn this system. I he small in tes t ine, as a model of an intest inal l inear differ-
ent ia t ionn process, was used for compar ison. As shown in figure 2, bo th Shh 
precursorr prote in (Figure 2A) and large amoun ts of the cleaved amino ter-
minall  prote in (Figure IB) are present in the mur ine stomach when assessed 
byy immunob lo t. In con t ras t, no Shh pro te in was detec ted in the mur ine 
duodenum.. In accordance with previous f indings by M a n go et.al. Indian 
H e d g e h ogg ( Ihh) express ion was found in both adult liver and k idney. 
However,, no Ihh was detected in e i ther s tomach en" duodenum. 

24 4 

IdentificationIdentification  of  Shh expressing  cell  types 

Ass out l ined in the in t roduc t ion, the tubu lar uni ts of the s tomach consist of 
twoo compar tments relative to the posi t ion ol the epithelial stem cell. The pit 
regionn consists of cells migrating towards the gastric lumen whereas the gland 
p roperr is made up of cells that migrate in the oppos i te d i rec t ion. As a b io-
chemicall  marker, a periodic acid Schift (PAS) stain tor mucins can be used to 
d iscr iminatee between both c o m p a r t m e n t s. PAS stains pit cell mucins dark 
purp le,, mucous neck cells p ink, and zymogen ic cells s l ight ly g rev /b lue 
whereass parietal cells clearly stand out because of the lack of stain. We 
havee shown previously that gastr ic muc ins, the most impor tant s t ruc tural 
componentt of m u c u s ,, : c.\n be used as genet ic markers of e i ther compar t-
ment.. M U C 5 A C expression is a marker for gastric pit cells, whereas gastr ic 
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Figur ee 3. Compartmentalized Shh expression in the stomach. The Santa Cruz a-
Shhh precursor antibody was used for all immunohistochemistry. 
Humann stomach (A,B.E-G,I,J). Murine stomach (C,D,H). Shh precursor 
proteinn is expressed in both human and murine stomach (brown pre
cipitate,, A,C) whereas no expression was found in the small intestine 
off either species (B.D). A Shh blocking peptide competed efficiently 
withh binding of the a-Shh antibody (a-Shh without blocking peptide in 
EE versus or-Shh plus a 50 fold excess blocking peptide in F). Use of a 
PASS stain that stains the pit cells dark purple combined with a Shh 
stainn demonstrates that Shh is exclusively expressed in the gland 
compartmentt in both human (Shh stained blue, G) and murine (Shh 
stainedd brown, H) gastric units. The expression of the pit cell marker 
MUC5ACC (brown color. I,J) demonstrates that Shh expression (blue in 
II and J) shows no overlap with MUC5AC and is expressed exclusively 
inn the gland region. Note the graded Shh expression in the human 
stomachh (A,J) from high at the pit-gland transition (arrows) to low 
deeperr in the gland (asterisks). Original magnifications: A, 25x; B-D, 
50x;; E.F. 40x: G,H. 200x: I, 25x: J. 100x. 
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glandd ceils produce MUC6. Using both methods to discriminate between pit 
andd gland cells, it was found that Shh expression is restricted to the gland 
compartmentt in both human and murine stomach (Figure 3G- / ). In the 
humann stomach, highest expression of Shh is clearly found at the pit-gland 
transition,, whereas the staining intensity gradually diminishes towards the 
basee of the gland (Figure 3A and / ). 

Morphologicallyy the Shh seemed restricted to the large triangular parietal 
cellss in humans, and this observation was confirmed by double staining for 
Shhh and a parietal cell marker, the H + /K  + -ATPase (proton pump). As can be 
seenn clearly from figure 4v4-C, a complete overlap was found between Shh 
expressionn and H + /K +-ATPase staining, with high Shh expression in the 
parietall  cells close to the pit-gland transition (Figure 4B), and low Shh 
expressionn in the parietal cells near the base of the gland {Figure 4C). A dif-
ferencee in Shh distribution was found between human and murine glands. In 
thee mouse, parietal cells where Shh positive but the most intense immunore-
activityy was observed in the secretory granula of the zymogenic cells (Figure 
4D,£)) and its precursorr cell, the mucous neck cell (Figure 4F). Although the 
stainingg intensity of the parietal cells in the murine stomach was lower than 
thatt of the mucous neck cells and zymogenic cells we feel that the staining is 
specificc since the antibody detected a single band on immunoblot. 
Additionallyy no difference in specificity was found with the blocking peptide 
sincee all staining disappeared with similar efficiency (not shown). Hence, we 
feell  that the differences in staining intensity reflect differences in Shh 
expressionn rather than the recognition of different epitopes by the anti-
body.. Thus Shh is expressed in both human and murine gastric gland cells, 
withh a clearly graded expression pattern in the human stomach. 

ShhShh  targets 

Too establish the nature of the Shh target cell in the human and murine 
stomachh we examined the expression of several indicators of Shh activity. The 
specificityy of all antibodies used was confirmed on immunoblot (not shown). 
Wee began by examining the expression of the Shh receptor, Ptc, was exam-
inedd to determine candidate Shh-responsive cells. Since Ptc is both Shh 
receptorr and a transcriptional target of Shh,23 expression of Ptc indicates 
bothh Shh receptiveness and active Shh signaling. Staining patterns of two dif-
ferentt or-Ptc antibodies were identical. In both the human and murine stom-
achh Ptc is expressed on the epithelial cells of the gastric gland region and 
somee of the interstitial cells (Figure 5£,F , /ƒ,/). Whereas pit cells were Ptc 
negative,, parietal cells in both human and mouse expressed Ptc (Figure 
5E,H).5E,H). In addition to the parietal cell staining, intense staining was also 
observedd of the epithelial cells at the base of the glands in both humans and-
micee (Figure 5£,H). Thus Shh signaling in the gastric epithelium seems to be 
partiallyy autocrine. 
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Figur ee 4. Identification of Shh expressing cell type. Human stomach (A-C). 
Doublee stain of Shh (blue) and parietal cell marker H + /K+-ATPase 
(brown),, performed as described in the method section, showing 
completee overlap. Again a clear expression gradient is observed, 
parietall cells close to the pit express high Shh (arrows, B, blow-up of 
areaa boxed with continuous line in A), whereas this expression grad
uallyy diminishes towards the gland base (asterisks, C, blow-up of 
areaa boxed with striped line in A). Murine stomach (D-F). Serial sec
tionss showing expression of Shh (brown, D) and the H+/K+-ATPase 
(brown,, E). In the murine gland Shh is expressed by parietal cells 
(arrows)) and zymogenic cells (asterisks). As can be seen in the com
binedd Shh (brown)/PAS (pink) stain in F, Shh is also expressed in 
mucouss neck cells. Arrows in F denote cells positive for both Shh 
andd the PAS reaction. Original magnifications: A, 25x; B,C 100x; D,E, 
200x;; F, 1000x. 

Wee then examined the expression of three putative targets ot Shh signaling, 
thee TGF/? family members BMP2 and BMP4,17-33 and the transcription fac-
torr HNF3/Ï. Whereas BMP2 was expressed in the epithelial cells (Figure 5 
C,£),, BMP4 expression was restricted to interstitial myofibroblast like cells 
inn both human and mouse stomachs (Figure 5 K, human not shown). The 
expressionn of HNF3/Ï was investigated using two different antibodies. The 
monoclonall  antibody 4C7 stains nuclei of gastric epithelial cells of both 
humanss and mice with highest expression in the parietal cells, as can be 
seenn in double staining of HNF3/? and the H V K + - A T P a se (Figure 
5A,B,GJ).5A,B,GJ). In addition to this nuclear epithelial staining we observed cyto-
plasmicc staining of interstitial myofibroblast-like cells. This staining is 
mostt likely an artifact because HNF3/Ï is normally only found in endodcr-
mallyy derived cells and has previously only been detected in the epithelial cells 
off  the murine stomach by in situ hybridization.34 The epithelial cell expres-
sionn was confirmed with a polyclonal ot-HNF3j3 antibody (not shown). This 
antibodyy stained the parietal cells of both humans and mice and did not 
reactt with any epitope on interstitial cells suggesting that the interstitial cell 
stainingg with the monoclonal antibody is indeed aspecific. Hence a variety of 
differentt putative Shh targets are expressed in both epithelial and interstitial 
cellss of the human and murine stomach. 

CyclopamineCyclopamine  decreases  Shh target  gene expression  in  vivo 

Furtherr confirmation of the function of the Shh signal in the adult stomach 
wass obtained by experiments in which mice were treated with the hedgehog 
inhibitorr cyclopamine for 14 days. Cyclopamine is a veratrum alkaloid that 
wass suspected to be a Shh inhibitor because the birth defects that occurred in 
animalss that ingested the lil y Veratrum Caiifornicum were identical to the 
holenprosencephalyy observed in humans and mice with Shh mutations.3' -36 

Subsequently,, cyclopamine has indeed been shown to interfere with Shh 
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Figur ee 5. Expression of Shh transcriptional targets. Human stomach (A-F). 
Expressionn of HNF3/? (A,B) in parietal cells is evident in a double stain of 
HNF3/?? (brown) and parietal cells (blue) performed as described in the 
methodss section (arrows in B denote positive cells). BMP2 expression 
(C)) and Ptc expression (antibody from Dr. Töftgard, E) are both confined 
too the gland region as shown by parietal cell staining in an adjacent sec
tionss (D,F), which help indicate the gland region. Murine stomach (G-L). 
Expressionn of HNF3/? (G.J. arrows denote positive cells) in parietal 
cellss is identical to the human stomach using the same double staining 
methodd as in A and B. Expression of Ptc (H). and the parietal cell mark
err H+/K+-ATPase (I). Ptc is mainly expressed in parietal cells (arrows), 
andd zymogenic cells (asterisk). The expression pattern of BMP4 (K) 
andd BMP2 (L) shows localization of BMP4 to stromal cells (arrows in K) 
whereass BMP2 is expressed in the epithelial cells (arrows in L). Original 
magnification:: A, 200x: B. 1000x: C-l. 200x: J. 1000x; K,L. 200x. 

signalingg downst ream of the Shh receptor complex.2 9" 31 After 14 days treat-
mentt with daily intraperi toneal injections of 2mg/kg Cvc lopamine-HBC, the 
expressionn of four putat ive Shh target genes was studied in gastric lysates by 
l imnunob lo t.. As shown in figure 6, the express ion of HNF3/?, I s l -1, and 
BMP44 was signi f icant ly d imin ished in cyc lopamine t reated mice whereas 
wee were unable to detect any decrease in BMP2 express ion. This val idates 
bothh the activity of Shh signaling and the fact that HNF3/?, I si-1 and BMP4 
aree indeed downs t ream targets of Shh in the s tomach. 

A A 
HNF3/3 3 

lsl- 1 1 

BMP4 4 

BMP2 2 

ö-actin n 

Control l Cyclopamine e Control l 
Cyclopamine e 

Figur ee 6. Reduced expression of HNF3/?. lsl-1 and BMP4 in cyclopamine treated 
mice.. Immunoblots showing HNF3/?. lsl-1. BMP2, BMP4 and Actin 
expressionn (A) in whole gastric lysates from 7 control (lane 1-7) and 7 
cyclopaminee treated (lane 8-14) mice. Signals where quantified with a 
Phosphorlmager.. corrected for the/3Actin signal, and expressed in rel
ativee units in figure B. Values are means plus standard error. Asterisks 
denotee statistically significant differences between control and 
cyclopaminee treated animals (p = 0.005 for HNF3/?. p = 0.006 for Isl-
1.. p = 0.001 for BMP4. student's t-test). 
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Figur ee 7. Inhibition of Shh increases gland cell proliferation in the murine stomach. 
Panell 1. BrdU stain (A,B), arrows denote BrdU positive cells. Compared 
too controls (A) BrdU incorporation is substantially increased in the pre
cursorr cells in the isthmus in cyclopamine treated mice (B). PCNA 
expressionn (C-H). Whereas PCNA staining in the pit cells remained 
unalteredd in treated animals (E) compared to control (C), gland cell 
expressionn increased considerably (D and F. control and treated respec
tively).. As can be seen at higher magnification (G,H), expression 
increasedd especially in zymogenic cells (see H versus control in G). 
Panell 2. Graphs depicting the mean number of BrdU and PCNA positive 
nucleii per crypt/gland in the stomach and duodenum of cyclopamine 
treatedd mice (open bars, n = 8) and controls (black bars, n=8). Error bars 
indicatee the standard error. Values in treated mice were significantly dif
ferentt 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 t-test). 
Originall magnification: A,B, 200x; CD. 250x: E.F. 400x. 

ShhShh controls gastric epithelial cell proliferation 

Sincee Shh and its downst ream target BMP4 are likely to affect the lit e cycle 
off  recept ive cel ls, epithel ial prol i ferat ion was s tud ied in the cyc lopamine 
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treatedd mice. We compared proliferation in the Shh expressing gastric gland 
withh that in the crypts of the duodenum. Murine stomach and small intestine 
weree examined for PCNA expression and BrdU incorporation as two dif-
ferentt measures of epithelial proliferation. Epithelial proliferation was sig-
nificantlyy altered compared to control. Interestingly, while in the crypts of 
thee small intestine proliferation was approximately 10% lower in cyclopamine 
treatedd mice than in controls (11% as judged by PCNA stain, p = 0.02, 
andd 9% as determined by BrdU incorporation, p = 0.03, see Figure 7 panel 
B),, gastric epithelial proliferation increased considerably in the treated ani-
mals.. Proliferation of gastric epithelial cells was 169% of control as assessed 
byy PCNA stain (p = 0.0002, Figure 7C-H and panel B) and 164% with 
BrdUU incorporation as a measure (p — 0.025, Figure 7A,B and panel B). 
BrdUU only incorporates in cells in S phase but PCNA is a proliferation 
markerr that is more broadly expressed throughout the cell cycle and can thus 
bee used to study the effect of cyclopamine on (partly) differentiated cells. We 
observedd in our experiment that PCNA expression in the pit cells did not 
changee (Figure 7C,E) but was enhanced in the gland cells especially the 
zymogenicc and parietal cells (Figure 7D,F). Thus inhibition of Shh increas-
ess gastric epithelial cell cycling in the gland compartment. We concluded that 
bothh Shh expression and its activity are restricted to the gland compartment 
off  both the human and murine gastric tubular units, indicating that Shh is 
indeedd involved in compartmentalization in the adult. 

Discussion n 
Thee mechanisms that maintain intricate patterns of differentiation in the 
adultt organism have been given littl e consideration. We set out to investigate 
whetherr the signaling modules used during morphogenesis of the stomach 
remainn active in morphostasis throughout life. Here it is shown that Shh may 
playy a role in this process in the human and murine gastric epithelium. A first 
indicationn of active Shh signaling is the expression of Shh itself and Ptc, 
BMP2,, BMP4, and HNF3/3, four established transcriptional targets of Shh 
signall  transduction in the stomach of both humans and mice. We investigated 
whetherr the signal is functional by blocking Shh in vivo with cyclopamine in 
mice.. We found decreased expression of the Shh transcriptional targets 
HNF3j0,, Isl-l and BMP4 and markedly enhanced proliferation in the gland 
compartmentt of the gastric units in these mice. Hence we propose that 
hedgehogg signaling is not only important in gastric organogenesis but 
remainss important for organ structure throughout life. 
Interestingly,, careful examination of the gastrointestinal phenotype of Shh 
nulll  mice revealed that these animals do not develop gastric epithelium.22 The 
stomachss of these mice contain intestinal epithelium. Apparently, Shh is 
essentiall  in the induction of the epithelial phenotype during gastric organo-
genesis.. Thus, since Shh seems necessary for gastric epithelial differentiation 
duringg organogenesis, our finding that Shh is still expressed and functional 
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inn 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 
differentiationn in the adult. 
Inn the mouse, Shh, Ptc, HNF3/?, and BMP2 are all expressed in the epithelial 
cellss of the gland. BMP4 is expressed in interstitial myofibroblast like cells. 
Inn the human stomach a similar distribution pattern is observed for all these 
molecules.. The main difference between the expression patterns found in 
micee and humans is that Shh is more restricted in the human stomach, with 
exclusivee expression in the parietal cells. This kind of difference in cell 
typee specific expression between humans and rodents is not uncommon; for 
example,, intrinsic factor is exclusively expressed and produced in parietal 
cellss in humans but mainly produced by zymogenic cells in rats37 and mice.38 

Treatmentt of mice with the hedgehog inhibitor cyclopamine demonstrates 
thatt HNF3/Ï, Isl-l and BMP4 expression are regulated by Shh in the gastric 
glandss because all three putative targets were found to be decreased in treat-
edd mice. BMP2 expression remained unaltered in treated mice. Thus it may 
bee that BMP2 and BMP4 are differentially regulated in the adult stomach. 
Indeedd some data in the literature suggest that these two BMPs are regulat-
edd independently to a certain extent. In the vertebrate limb bud for example, 
BMP22 but not BMP4 can be induced by ectopic expression of Shh,39 where-
ass BMP4 can be induced by Shh in gut mesenchyme.l f i 

Thee increase in BrdU incorporation and enhanced PCNA expression found 
inn treated mice suggests that Shh is a negative regulator of gastric gland 
celll  proliferation, whereas proliferation in the crypts of the duodenum is 
diminishedd by inhibition of Shh. The strong stimulation of gastric prolifer-
ationn observed upon Shh inhibition by cyclopamine is somewhat surprising 
sincee Shh usually stimulates epithelial proliferation. Activating mutations in 
almostt any part of the Shh signaling machinery have been found to have an 
oncogenicc effect in skin and neural cells (see reference 40 for review). Also, 
overexpressionn of Shh has been shown to oppose cell cycle arrest in human 
epidermiss grafted on to immune-compromised mice."11 The enhanced pro-
liferationn observed upon Shh inhibition is therefore likely to be a downstream 
effectt and possibly caused by the decreased expression of BMP4, which is 
downstreamm of Shh in the stomach. Bone morphogenetic proteins are well 
knownn to inhibit cellular proliferation and stimulate differentiation and 
apoptosiss (see reference 33), over expression of BMP4 leads to inhibition of 
epitheliall  proliferation in the lung.4fc Also, in mice with a targeted mutation 
inn the transcription factor Fkb6, decreased expression of BMP2 and BMP4 
correlatess well with increased proliferation m the gastrointestinal t rac t /3 

BrdUU incorporation only occurs in the undifferentiated precursor cells in S 
phasee in the region of the isthmus, thus the enhanced BrdU labeling found in 
thiss study suggests that Shh directly or indirectly negatively regulates pre-
cursorr cell proliferation. PCNA expression was enhanced in both zymogenic 
andd parietal cells ot the gland compartment, indicating that Shh negatively 
regulatess the cell cycle of these cells. PCNA expression of the pit com-
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partmentt was not affected, thus the effect of Shh seems compartmental, 
andd this is in line with a possible function for Shh as a morphostat. Although 
thee Shh null mouse shows no alteration in proliferation of the epithelial cells 
inn its stomach,22 it is hard to extrapolate from the findings in the Shh null 
mouse.. Since this mouse never develops gastric epithelium it is difficul t to tell 
fromm this animal what the effect of Shh on fully differentiated gastric epithe-
liall  cells could be. 
Thee small but significant decrease in proliferation in the duodenum is 
intriguingg since we did not detect any Shh or Ihh in the duodenum either by 
westernn blot analysis or immunohistochemistry. Although we cannot exclude 
thatt the decreased proliferation observed in the duodenum is due to aspecific 
effectss of the cyclopamine, an alternative explanation may be that Sonic 
Hedgehogg and/or Indian Hedgehog expression, in an organ other than the 
duodenum,, controls the production and/or release of one or more of the 
manyy endocrine factors that are known to influence intestinal prolifera-
tion.. Several other possibil i t ies exist, such as duodenal expression of 
smoothenedd and its activation by a ligand other than Sonic or Indian hedge-
hog.. 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 hedge-
hogg signal that is especially clear in the human stomach. Highest Shh expres-
sionn was detected in the parietal cells at the gland-pit boundary, with grad-
uallyy declining expression along the axis of the gland. This is reminiscent of 
thee graded Shh signaling during organogenesis, when cells determine their 
fatee based on their position relative to organizing centers. These organizing 
centerss function by secreting diffusible signals that form a concentration gra-
dient.. Interestingly, previous experiments in mice by the laboratory of Dr J.I. 
Gordon444 have suggested that parietal cells indeed function as an organizing 
center.. In these experiments parietal cell ablation was achieved by express-
ingg a toxin behind a parietal cell specific promoter. In these mice, mucous 
neckk precursor cells accumulated and failed to mature into differentiated neck 
andd zymogenic cells. Also a large increase was seen in the proliferation of all 
typess of precursor cells, suggesting that parietal cells produce or induce a 
negativee regulator of gastric precursor cell proliferation. The results of this 
experimentt are mimicked in patients with autoimmune gastritis, who produce 
autoantibodiess against parietal cells. Although the autoantibodies are exclu-
sivelyy directed toward parietal cells, zymogenic cells are also depleted 
togetherr with the parietal cells, and both cell types are replaced by cells 
withh an intestinal phenotype, causing intestinal metaplasia (see reference 45 
forr review). Thus parietal cells seem to determine cell fate of the other 
glandd cell types and have organizer center properties in the adult. 
Inn conclusion, Shh hedgehog and its target genes are expressed in a com-
partmentalizedd fashion in the adult human and rodent stomach. Shh posi-
tivelyy regulates expression of BMP4, HNF3/Ï, and Isl-1. Shh is a negative reg-
ulatorr of precursor cell and gland cell proliferation. Our data support the idea 
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thatt the "morphogenetic code" is utilized not only during organogenesis of 
thee stomach but remains important to maintain complex tissue organization, 
orr morphostasis, in the adult. 
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A b s t r a c t t 

Background Background 

Sonicc Hedgehog (Shh) is an important endodermal morphogenetic signal dur-
ingg the development of the vertebrate gut. It controls gastrointestinal pat-
terningg in general and gastric gland formation in particular. We have previ-
ouslyy shown that Shh regulates gastric gland proliferation in the adult, but 
detailedd analysis of its expression along the adult gastrointestinal (GI) tract 
hass never been undertaken. We therefore studied Shh expression along the 
normall  human and rodent adult GI tract as well as in intestinal metaplasia of 
thee stomach, gastric and intestinal metaplasia of the esophagus and gastric 
heterotopiaa in Meckel's diverticulum. 

Methods Methods 

Thee studies were performed with in-situ hybridization and by immunohis-
tochemistryy using an antibody that recognizes the Shh precursor form. 

Results Results 

Wee 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 
metaplasiaa and heterotopia. However, Shh expression is lost in intestinal 
metaplasiaa of the stomach. 

Conclusion Conclusion 

Wee found a strong correlation between Shh expression and fundic gland 
differentiation.. Our current study therefore provides evidence that in addi-
tionn to its role in gastric epithelial development Shh plays a unique role in 
gastricc epithelial differentiation in adults. 
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Introductio n n 

Duringg organogenesis the cells of the endodermal layer give rise to the liver, 
pancreass and epithelial cells of the lung and gastrointestinal tract. The dif-
ferentiationn of these different organs with their respective functional cell 
typess occurs through complex mesenchymal-endodermal interaction. In 
thiss interaction, the Hedgehog (Hh), Fibroblast Growth Factor (Fgf), Wnt 
andd Transforming Growth Factor (TGF)-/? families of secreted proteins 
playy a key role.1 

HhHh was initiall y identified in a genetic screen for segment polarity genes in 
Drosophila.Drosophila.11 In vertebrates three hedgehog genes have been identified, Shh, 
IndianIndian Hedgehog (Ihh) and Desert Hedgehog. Al l three Hh's bind to the 
samee receptor. Patched (Ptc) which controls the activity of a second recep-
tor,, Smoothened (Smo).3 Both Shh and Ihh play a role in endodermal/ecto-
dermal-mesodermall  interactions in the gut.4"14 

Expressionn of Shh in the gastrointestinal tract has been described during 
developmentt in many vertebrate systems including mouse,4 chick,5 human,13 

andd frog.14 In all species examined, Shh is expressed from the earliest time 
pointss of gastrointestinal development restricted in its expression to the 
endoderm.. The murine gut has been well examined for Shh mRNA expression 
throughoutt 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 glan-
dularr epithelium of the stomach, the smal! intestine and the colon.9 However, 
althoughh this is a late stage of intra-uterme development, the murine GI tract 
undergoess major morphological and functional changes during the first 
threee postnatal weeks, including formation of intestinal crypts and matura-
tionn of the gastric glands.15'16 It is therefore difficul t to infer from these data 
whatt happens to Shh mRNA expression in the adult. 
Severall  studies have addressed the functional role of Shh expression in the devel-
opingg gut. Studies in chick and mouse using either overexpression or inacti-
vationn of Shh suggest that during development Shh is a critical endodermal sig-
nall  in the epithehal/mesodermal signaling involved tn specification of 
differentiationn along the anterior-posterior as well as the radial axis of the 
vertebratee gut.5"14. Shh null mice display gastrointestinal malformations includ-
ingg a failure of the trachea and esophagus to separate normally,7 gut malrotation, 
smalll  intestinal and anus atresias.9 The gastric epithelium of Shh null mice 
showss epithelial hyperplasia and alkaline phosphatase expression, a sign of 
intestinall  differentiation,9 The critical role of Shh in gastric epithelial devel-
opmentt is further supported by the finding that the Hh inhibitor Cyclopamine 
causess pancreatic transformation of the stomach in embryonic chicks.10 

Thee lack of information about Hh expression in the adult is unfortunate as 
thesee proteins are likely to play an important role in the orchestration of the 
complexx patterns of epithelial proliferation and differentiation in this rapid-
lyy regenerating system. Since Shh is an important polarizing signal during 
developmentt we previously investigated whether Shh is involved in the 
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maintenancee of asymmetry of epithelial differentiation in the tubular units 
off  the adult fundic stomach.{ / In this part of the gut the stem cell is located 
inn the midportion or isthmus of the tubular unit. From the isthmus cells 
migratee either up towards the lumen and become Mucin (MUC)5AC express-
ingg pit cells or migrate downward to become one of the cell types of the 
fundicc gland (mucous neck cell, parietal cell, zymogemc/chief cell, endocrine 
celll  and caveolated cel l) . 's We showed that Shh is expressed in the fundic 
glandd of the adult human and rodent stomach. Inhibition of Shh led to 
enhancedd epithelial proliferation and diminished protein levels ot Bone 
Morphogenicc Protein-4, Islet-1, and Hepatocyte Nuclear Factor 3/?, all of 
whichh are proteins involved in differentiation and tissue specific gene expres-
sion.177 Thus Shh appears to be involved in the regulation of GI epithelial 
homeostasiss in the adult but a systematic study of the expression of Shh along 
thee adult GI tract has not been performed. 
Becausee of the important role of Shh in intestinal development it is important 
too know if Shh expression is specific lor the fundic glands or also occurs in 
otherr tissues along the GI tract. These considerations prompted us to inves-
tigatee the expression pattern of Shh along the adult human and murine GI 
tract.. Since loss of Shh expression in the developing stomach results in 
intestinall  or pancreatic transformation of the gastric epithelium, we also 
examinedd intestinal metaplasia of the adult stomach for possible loss of 
Shhh expression. Hereafter we examined Shh expression in ectopic fundic 
glandss of both developmental origin (heterotopia) and 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 mor-
phogenn in fundic gland homeostasis. 

Methods s 
Antibodies Antibodies 
AA goat polyclonal a-Shh antibody (N-19, 1:250) produced by immunizing 
withh an amino acid sequence mapping at the amino terminus of the murine 
Shhh precursor was obtained from Santa Cruz Biotechnology (Santa Cruz, 
CA).. We have shown previously that this antibody specifically recognizes the 
499 kDa Shh precursor protein. '7 A mouse monoclonal a-H + /K  + -ATPase 
(1:6000)) was from Affinit y Bioreagents (Golden, CO). A mouse mono-
clonall  anti-MUC5AC (1:50, clone 45M1) was from Lab Vision (Fremont, 
CA).. A mouse monoclonal anti-MUC2 (1:100, clone CCP58) was from 
Novocastraa (Newcastle upon Tyne, England). 

Tissues Tissues 
Too study Shh expression in the human GI tract we used specimens from the 
archivess of the department of pathology of the Academic Medical Center and 
thee Department of Pathology of the Massachusetts General Hospital and 
Brighamm and Women's Hospital. We examined tissue with normal histology of 
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att least 6 different patients to investigate each site along the normal G] tract for 
Shhh expression. Other specimens included: tissue from 16 different patients 
withh intestinal metaplasia of the stomach, 13 resection specimens of Meckel's 
diverticulumm and 6 resection specimens of patients with Barrett's esophagus. 

InIn  situ  hybridization 
Humann Sbb cDNA, a gift of Dr C. Tabin, was used to transcribe a digoxi-
genin-labeledd (Roche, Mannheim, Germany) mRNA probe as previously 
described.133 Paraffin sections (4-6/^m) of archival human tissue were used 
forr in situ hybridization using previously published methods. * 

Immunohistochemistry Immunohistochemistry 
Methodss used for staining of a single epitope on paraffin sections have been 
describedd in detail previously.17,19 For double staining of Shh and MUC5AC 
sectionss were incubated with a mixture of the anti-Shh and anti-MUC5AC 
overnight.. The following day sections were incubated with a mixture of 
HRPP coupled rabbit anti-goat Ig (1:100, Dako) and biotinylated rabbit anti-
mousee Ig (1:250). First the HRP was detected with fast DAB as described17' i 9 

andd hereafter sections were incubated with streptavidin b-galactosidase 
(strepp /?-gal, 1:50 in PBS, Roche, Almere, The Netherlands) for 30 min at RT. 
Thej?-gall  was detected with 40 mg/ml X-Gal (Gibco, Breda, the Netherlands) 
inn iron phosphate buffer (0.02% MgCl2 ' 6H20, 0.099% potassium ferri-
cyanide,, 0.127% potassium ferrocyanide) at 37°C for 15 min, resulting in a 
turquoisee color. 
Simultaneouss immunohistochemical detection of three different epitopes was 
performedd largely as described previously.19 For triple staining of Shh, 
MUC5ACC and MUC2 the following protocol was developed. Sections were 
rehydratedd and blocked as described and incubated with the anti-MUC5AC 
monoclonall  overnight. The following day sections were incubated with an 
alkalinee phosphatase (AP) coupled goat anti-mouse Ig (1:20, Dako) in PBS 
containingg 10% human AB serum for one hour. After washing in Tris 
Bufferedd Saline, AP activity was detected using Fast Red (Dako) resulting in 
aa red precipitate. Hereafter sections were heated to 100°C for 5 min to 
removee antibodies and enhance antigen retrieval for the anti-Shh antibody. 
Sectionss were blocked and incubated with a mixture of monoclonal anti-Muc2 
andd goat polyclonal anti-Shh overnight. On day 3 sections were incubated 
withh a mixture of rabbit anti-mouse-HRP (1:50) and rabbit anti-goat-biotin 
(1:200)) in PBS containing 10% human AB serum for one hour. First the HRP 
wass detected with DAB as described above and hereafter sections were 
incubatedd with strep b-gal for 30 min at RT. The /?-gal was detected as 
above.. We used three different negative controls, omission of the anti-Shh 
antibody,, control Ig and an anti-Shh blocking peptide (Santa Cruz). As a pos-
itiv ee control we used embryonic tissues of both chick and zebrafish. 
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Figur ee 1 . Shh mRNA expression along the human Gl tract. Shh is expressed in the 
fundicc glandular region (B, arrow) of the adult stomach. Shh is not detect
edd in the esophagus (A) or the antrum of the stomach (C). A few positive 
cellss are found at the base of the crypts in the small intestine (D and blow
upp in E. arrows) and some of the crypts of the colon (F, arrow). 

Result s s 

FundicFundic  glands  express  high  levels  of  Shh 

Wee have previously shown that Shh prote in is expressed in the fundic glands 
off  humans and rodents .17 We have now examined the length of the human GI 
tractt for bo th Shh m R NA and prote in express ion. In the adult GI tract Shh 
mRNAA was abundant ly expressed in the fundic part of the stomach and at low 
levelss in the c ryp ts ot the small in tes t ine (as has been descr ibed in the 
humann fetus, see ref 13) (Fig 1). To investigate expression of Shh protein we 
havee used an an t ibody that recognizes the Shh precursor p ro te in .17 In the 
human,, mouse and rat GI tract Shh stain ing was exclusively detected in the 
fundicc glands ol the s tomach. Bv cont ras t, no Shh sta in ing was observed in 
thee esophagus or the intest ine (Fig 2). The omission of the primary ant ibody 
orr use of control Ig did not result in any visible staining and the staining with 
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thee anti-Shh ant ibody was efficiently blocked with the blocking pept ide. The 
ant i -Shhh ant ibody reacted wi t h cndoderm of both chick and zcbraf ish used 
ass posi t ive con t ro l. 

ShhShh expression is lost in intestinal metaplasia of the fundus 

Dur ingg deve lopment of the s tomach, absence of Shh leads to in test inal 
transformationn of the stomach.9 In humans, replacement of gastric epithelium 
byy epi thel ium of intest inal pheno type, or intest inal metaplasia, is c o m m o n-
lyy observed in pat ients with chronic gastrit is. This metaplasia is an important 
riskk factor for the development of gastric adenocarc inoma.20 To evaluate the 
possibi l i tyy that a l terat ions in Shh expression may be involved in intest inal 
metaplasiaa in humans, we studied whether Shh expression is lost in intestinal 
metaplasiaa of the fundic gland region. To opt imal ly local ize Shh expres-
sionn relat ive to the in tes t inal metaplasia in these spec imens we used an 
immunoh is tochemicall  t r iple staining method. This method visualizes cy to-
plasmicc and ext racel lu lar M U C 5 A C, the mucin p roduced by gastr ic pit 
cel ls,199 cy toplasmic M U C 2, a mucin specifically expressed by the goblet 
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Figur ee 3. Shh expression is lost in intestinal metaplasia of the stomach. 
Immunohistochemicall triple stain of Shh (blue) MUC5AC (reel) and 
MUC22 (brown). (A-C) Specimens of two different patients with intesti
nall metaplasia. (A) This specimen shows normal glands with MUC5AC 
expressingg pit cells {arrowhead, red stain), Shh expressing gland 
cellss (arrow, blue stain) and adjacent metaplastic glands with MUC2 
expressingg goblet cells (asterisks, brown stain). (B) Blow-up of boxed 
areaa in A, note the MUC5AC expression by goblet cells around the pit-
glandd transition. (C) Another example of metaplastic gland (aster
isks)) amidst normal Shh expressing glands (arrow). (D) Although 
mostt cases showed replacement of only the glands or both pits and 
glandss by intestinal cells, in this patient we observed a mix of intestinal 
MUC22 expressing goblet cells (brown) and gastric MUC5AC express
ingg pit cells (red) in the pit region. (E-G) Three types of goblet cells 
weree observed in this study, goblet cells that express exclusively 
MUC22 (arrow in E), goblet cells that co-express MUC2 and MUC5AC 
(arroww in F), and goblet cells that express only MUC5AC (arrow in G). 

cellss ol the intestine,21 and Shh. This triple stain has an additional advantage 
thatt intestinal absorptive enterocytes are readily identified in specimens 
withh intestinal metaplasia due to the typical thin staining of the brush bor-
derr that contains intestinal alkaline phosphatase. 
Noo overlap between MUC5AC and Shh was found since MUC5AC marks pit 
cellss that migrate up from the precursor cell and Shh is exclusively expressed 
byy the downward migrating parietal cells of the gastric glands.17 Using this 
methodd we found that the expression of Shh and MUC2 is mutually exclusive 
inn all specimens investigated (n=16). This clearly demonstrates that in 
areass of intestinal metaplasia Shh expression is completely lost. 

Althoughh not the primary aim of our study, we were also able to identify 
threee types of intestinal metaplasia on the basis of mucin expression, in 
thee specimens that allowed good visualization of the full gastric unit. The 
firstt type was characterized by MUC2 positive goblet ceils and intestinal-type 
absorptivee cells with an alkaline phosphatase positive brush border (see 
unitt marked with asterisks in fig 3D). In the second type, only the gland cells 
weree replaced by MUC2 expressing goblet cells whereas the pit cells where 
stilll  of the MUC5AC expressing gastric phenotype (see fig 3A-C). The 
thirdd type consisted of cases the gland contained MUC2 positive goblet 
cellss whereas the pit consisted of a mix of MUC5AC expressing pit cells and 
MUC22 positive goblet cells (see unit marked with arrow in Fig 3D). Three 
typess of goblet cells were observed in this study. Most goblet cells were 
foundd to express MUC2 exclusively (Fig 3E) as is the case in a normal 
intestinall  goblet cell,-' however we also found more rarely that goblet cells 
cann display exclusive expression of MUC5AC (Fig 3G) or co-express MUC2 
andd MUC5AC (Fig 3F). The MUC2-MUC5AC co-expressing goblet cells 
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Figur ee 4. Shh is expressed in fundic gland ectopies. (A-C) Three different cases 
off Meckel's diverticulum. (A) No Shh is detected in a Meckel's speci
menn with purely intestinal histology. (B) Shh staining (brown precipi
tate,, arrow) in a gastric fundic gland adjacent to a region of goblet cell 
containingg intestinal histology (asterisks). (C) Double stain of the 
gastricc mucin MUC5AC (blue, arrow) and Shh (brown, asterisks) in a 
Meckel'ss diverticulum with fundic gland histology. (D,E) Esophageal 
metaplasias.. (D) No Shh is detected in the intestinal metaplasia of 
Barrett'ss mucosa. (E) A case of fundic gland metaplasia of the esoph
aguss with Shh expressing cells (brown precipitate, asterisks). 

weree found in the region of the i s t h m u s, whereas goblet cells that had 
migratedd fur ther from here were invariably found to express only M U C2 
indicat ingg a t rans i t ion from a mixed gastr ic- in test inal to a purely intest inal 
pheno type. . 

ShhShh  is  expressed  in  fundic  gland  heterotopia 

Too investigate if Shh is expressed in gastric heterotopia of the small intest ine, 
wee examined human resect ion specimens of Meckel 's d ivert iculum (n = 13). 
Meckel 'ss d iver t icu lum is a common abnorma l i ty of the small in test ine that 
occurss in l -3%of the populat ion.--' Th is remnant of the ompha lomesen te r-
icc duct often conta ins hetero top ic t issue of various endodermal derivat ives. 
Wee sta ined all specimens examined for bo th the H ~ K + ATPase to ident i fy 
acidd p roduc ing parietal cells of the fundic gland and for Shh. Al l spec imens 
thatt conta ined parietal cells (n = 8) were also posi t ive for Shh (Fig 4B ,C), 
whereass spec imens that lacked fundic glands (4 wi t h intest inal and 1 with 
antrall  mucosa) also lacked Shh sta in ing (Fig 4A). Thus Shh is expressed in 
fundicc gland heterotop ia, indicating that aberrant development of intest inal 
ep i the l iumm into gastr ic ep i the l ium with fundic glands is accompanied by 
Shhh express ion. 
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ShhShh is expressed in fundic gland metaplasia of the esophagus 
Inn patients with chronic acid reflux the resulting inflammation of the esoph-
aguss can lead to columnar metaplasia of the normally squamous epithelium 
off  the esophagus, a condition called Barrett's esophagus. While these patients 
frequentlyy develop intestinal metaplasia in the columnar lined segment, a mix-
turee of gastric and intestinal-type epithelium is commonly observed.23 To see 
iff  Shh expression is also induced postnatally in areas of gastric metaplasia we 
examinedd esophageal resection specimens of 6 patients with Barrett's esoph-
aguss for expression of both the H + K + ATPase and Shh. We found one 
resectionn specimen with areas of gastric metaplasia of fundic type glands. A 
completee overlap of H + K+ ATPase expression and Shh expression was 
foundd in this specimen (Fig 4E), whereas all esophageal (including the sub-
mucosall  glands) and intestinal tissue in the resection specimens was negative 
forr Shh (Fig 4D), This indicates that the switch in differentiation from 
squamouss to gastric epithelial tissue with fundic glands is accompanied by 
inductionn of Shh expression. 

Discussion n 

Shhh is an important endodermal signal in endodermal-mesenchymal cross talk 
duringg development in both anterior-posterior and radial patterning of the 
gutt tube. Mice deficient in Shh lack gastric epithelium.9 We have shown 
previouslyy that Shh is expressed in the fundic glands of the adult GI tract.17 

However,, the distribution of Shh along the GI tract has so far not been 
addressedd systematically. Here we have examined its expression in normal tis-
suee and in various conditions characterized by loss and gain of fundic gland 
differentiationn along the GI tract. Our data show that Shh protein expression 
iss closely correlated with fundic gland differentiation in the adult. 
Thee stem cells of the glandular stomach are situated approximately halfway up 
thee tubular invaginations that contain the gastric glands. Cells that migrate up 
fromm this point (towards the lumen) form the mucus producing or pit cells of 
thee so-called pit region. Cells that migrate down from the stem cell region 
formm the gland proper with a variety of functional cell types. Several inde-
pendentt lines of evidence indicate that there are polarizing signals in the 
gastricc units that promote either pit or gland cell proliferation and differen-
tiation.. Initial evidence for the existence of polarizing signals in the fundic 
unitss comes from patients with hypertrophic gastropathies. These gas-
tropathiess include Ménétrier disease and hyperplastic hypersecretory gas-
tropathyy (HHG).-4 Massive proliferation and differentiation of pit cells and 
concomitantt loss of glandular epithelial cells characterize Ménétrier disease, 
whereass patients with HHG show an increased mass of gland cells. The pit 
cell-promotingg factor that causes Ménétrier disease has been identified as 
Transformingg Growth Factor (TGF)a, a Iigand for the EGF receptor.*3 27 

Untill  recently no glandular epithelial cell-type promoting factor had been 
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identified.. However, we have previously shown that Shh selectively influences 
thee cell cycle of gastric epithelial gland cells and in this manner may act as a 
polarizingg signal. Indeed, the exclusive expression of Shh in the fundic 
glandss along the normal adult human and rodent GI tract as observed m the 
currentt study suggests a specific role for Shh in fundic gland differentiation. 
Apartt from the above-mentioned patients with HHG, the pathology observed 
inn patients with autoimmune gastritis-*  provides additional evidence for 
thee existence of a gland cell-type promoting factor and suggests that the pari-
etall  cell may be the source of this factor. In these patients autoantibodies 
againstt the H + K+ ATPase result in cytotoxic T cell mediated parietal cell 
depletion.. Although most of these patients lack antibodies against epitopes 
expressedd by zymogenic cells,-9 loss of parietal cells is followed by loss of 
zymogenicc cells, suggesting that parietal cells secrete a factor important 
forr zymogenic cell differentiation. The loss of gland cells in autoimmune gas-
triti ss is in the end often followed by intestinal metaplasia. Findings similar 
too the histopathology observed in patients with autoimmune gastritis have 
beenn described in parietal cell depleted mice.-5^ Finally, evidence trom the 
mousee suggests that Activi n antagonizes the gland cell type promoting 
polarizingg signal.31 Mice deficient for a-Inhibin develop gonadal sex-cord-
stromall  tumors producing large quantities of Activi n A and B. The gastric 
(epithelial)) histology of these mice resembles that of patients with autoim-
munee gastritis the parietal cell depleted mouse. The fundic glands of these 
micee 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 
iss intriguing in the light of our finding that this factor may be Shh. Activin 
hass been shown to repress Shh expression in Hensen's node during the 
establishmentt of chick left-right asymmetry3- and notochord derived Activin 
antagonizess cndodermal Shh expression in the area of the prospective pan-
creaticc buds,1' which is essential for normal pancreas development, '2 Thus, 
previouss work in the literature is consistent with a role tor Shh in the mech-
anismss that promote polarized gastric epithelial gland cell differentiation. 
Thiss notion is further strengthened by the Shh expression pattern observed 
inn several pathologic human conditions in this study. Loss of fundic glands 
inn gastric intestinal metaplasia is accompanied by loss of Shh expression, 
whereass gain of Shh expression is observed in fundic gland ectopics, making 
Shhh a fundic gland specific factor. Although gene expression in intestinal 
metaplasiaa of the stomach has been extensively characterized, mostly how-
everr these studies have addressed markers of intestinal differentiation that are 
unlikelyy them selves to play a role in the conversion of a gastric to intestinal 
epitheliall  phenotype. Silberg et a!, have previously identified the intestine-
specificc transcription factor Cdxl as a factor that may play a role in the 
inductionn or maintenance of intestinal metaplasia of the esophagus and 
stomach.333 The present study, howrever, is to the best of our knowledge 
thee first report of the loss of a fundic gland specific soluble morphogen in 

150 0 



Shhh expression and fundic gland differentiation 

intestinall  metaplasia. It is not clear from these results whether Shh loss 
precedess or is necessary for the development of intestinal metaplasia. 
Theoretically,, the loss of expression of a morphogen that is known to con-
troll  gastric gland morphogenesis may be a relevant step in the sequence of 
eventss that lead to intestinal metaplasia. This is especially so in the case of 
Shhh in view of the intestinal metaplasia observed in the stomach of the Shh 
nulll  mouse.9 

Anotherr observation made using simultaneous immunohistochemical detec-
tionn of MUC2 and MUC5AC is that goblet cells can display several pheno-
types.. These findings confirm results obtained by Reis et al. who have 
shownn that goblet cells can express MUC5AC in intestinal metaplasia of the 
stomach344 and results from Shaoul et al. who found that goblet cells in gas-
tricc metaplasia of the duodenum can co-express MUC2 and MUC5AC.35 

Similarr 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 
distancee from the precursor cell region lost MUC5AC expression and 
expressedd only MUC2 thus representing a more pure intestinal phenotype. 
Thiss finding seems consistent with a process of transdifferentiation of 
epitheliall  cells in an altered environment of differentiation specifying solu-
blee signals due to the inflammatory infiltrate. 
Inn conclusion, we have presented evidence that Shh is a fundic gland specific 
factorr in the normal stomach and in several human diseases characterized by 
aberrantt gastric epithelial differentiation. These results support the hypoth-
esiss that Shh may be an essential polarizing signal for fundic gland differ-
entiation,, an idea that is supported by the existing literature. 
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Abstrac t t 
BackgroundBackground & Aims 

Inn the colon, differentiated epithelial cells are continuously replaced from a 
pooll  of precursor cells at the base of the colonic crypts. We still have only 
limnedd insight into the mechanisms that regulate differentiation of colonic 
epitheliall  cells. Here we investigate a possible role of Hedgehog signaling 
herein, , 

Methods s 

Wee examined expression of Indian Hedgehog (Ihh) in adult human and 
rodentt colon, in colonic epithelial differentiation models and during col-
orectall  carcinogenesis. We studied the role of Hh signaling in differentiation 
off  HT-29 cells. 

Results Results 

Wee show that Ihh is expressed by the differentiated absorptive enterocytes 
off  the adult colon and that this expression is lost at the earliest detectable 
stagess of colorectal carcinogenesis. HT-29 cells can be differentiated with 
recombinantt Hh protein. Ihh expression was induced in HT-29 cells upon 
differentiationn with butyrate and butyrate induced differentiation is blocked 
byy cyclopamine. 

Conclusions Conclusions 

Ihhh is a novel regulator of colonic epithelial differentiation; loss of Ihh 
expressionn occurs early during colorectal carcinogenesis and may play a 
rolee in the development of epithelial dysplasia. 
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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 
risee to a variety of epithelial cell types with absorptive, protective and endocrine 
functions1"4.. The epithelial cells differentiate as they move towards the intesti-
nall  lumen and undergo a death program thus maintaining homeostasis.5 

Differentiationn of the epithelial cells is a cell non-autonomous process that 
seemss to be critically dependent on extrinsic positional information along the 
verticall  axis of renewal.6, 7 Several tissue and cell lineage-specific transcrip-
tionn factors have been identified that regulate the expression of cell type spe-
cifi cc markers of differentiation.2 However, the molecular mechanisms that 
timee and direct the induction of these transcription factors at the appropri-
atee position along the vertical axis remain largely unresolved. During embryo-
genesiss cells receive the positional information that determines their devel-
opmentall  fate from their relation to gradients of secreted morphogens.8 

Morphogenss could play a similar role in the ongoing patterning events of GI 
epitheliall  homeostasis.9' 10 

Duringg development the GI tract is patterned through endodermal-mes-
enchymall  interactions. In this interplay Sonic Hedgehog (Shh) and Indian 
Hedgehogg (Ihh) are endodermally derived morphogens.3,' l> '2 Both have par-
tiallyy overlapping functions and act through the same receptor complex: 
Patchedd (Ptc), a Hh binding receptor and Smoothened (Smo) a receptor that 
signalss through the Gli family of transcriptional effectors,13 Hh signaling 
playss an important role in the development of the hindgut and this role is 
conservedd from fly to mice.14"19 We have previously shown that although a 
feww cells at the base of some of the colonic crypts produce Shh mRNA, 
Shhh protein is undetectable in the adult colon.-0 However Ihh mRNA is pro-
ducedd in the colonic epithelium until at least one day prior to birth in mice)y 

andd the adult colon has so far not been examined for expression of this Hh 
familyy member. Here we show that Ihh is expressed by the absorptive ente-
rocytess in the adult colon, this expression is lost early in the development of 
colorectall  cancer and demonstrate that Hh signaling regulates colonic 
epitheliall  differentiation in vitro. Our data suggest that loss of Ihh expres-
sionn may play a role in the development of colorectal cancer. 

Method s s 
Antibodies Antibodies 
Antibodiess used are listed below, concentrations for immunohistochem-
istryy are in normal font those used for immunoblot are italicized, A goat 
polyclonall  anti-Shh (N-19) that predominantly recognizes the Shh precur-
sorr protein9 (1:200, 1:2000), a goat polyclonal anti-Ihh that recognizes the 
199 kDa mature N-terminal peptide and also recognizes other Hh proteins (I-
19;; 1:50; 1:500), a goat polyclonal anti-Ihh that reacts with its C-terminus 
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andd Is Ihh specific (C-15, 1:50, 1:1000), a goat polyclonal anti-Villi n (C-19; 
1:1000)1:1000) and a goat polyclonal anti-/?-actin (1-19; 1:10,000) were all from Santa 
Cruzz (Santa Cruz, CA). An anti-Galectm-3 antibody (clone 9C4, 1:4000) was 
fromm Novocastra (New Castle Upon Tyne, UK) anti-Cip-1 (clone 70, 
1:5000)1:5000) mAb was from Transduction laboratories (Lexington, KY) . The 
anti-humann E-cadhenn mAb (clone HECD-1) was from Takara (Shiga, 
Japan).. Specificity of all antibodies used in immunohistochemistry was con-
firmedd on immunoblot and in experiments using the appropriate control Ig 
orr by omission of the primary antibody. Secondary antibodies used were all 
fromm Dako (Glostrup, Denmark). 

Immunohistochemistry Immunohistochemistry 

Formalinn fixed paraffin embedded human biopsy and resection specimens of 
uninflamedd colonic mucosa, sporadic adenoma and carcinoma and patients 
withh FAP were obtained from the archives of the pathology department of 
thee Academic Medical Center following institutional standards for human 
sub|ectt research. Immunohistochemistry was performed on 4/Jm sections 
usingg a three-step diaminobenzidine (DAB) detection method with antigen 
retrievall  as described in detail previously,-' no antigen retrieval was per-
formedd for the anti-Ihh C-terminal antibody (C-15). Sections were coun-
terstainedd with Mayer's hematoxylin. Two different negative controls were 
usedd for the immunohistochemical staining, omission of the primary anti-
bodyy and use of an appropriate control Ig. 

InIn  situ  hybridization 

Humann Ihh cDNA, a gift of Dr C. Tabin, was used to transcribe a digoxi-
genin-labelledd (Roche) mRNA probe according to Mango et al.~ Following 
deparaffinizationn 4(ifJ sections were treated with 10 mg/ml Proteinase K 
forr 8 minutes and postfixed in 4% paraformaldehyde. Prior to application of 
thee mRNA probe, sections were incubated in 0.1M tnethanolamine/Q.25% 
aceticc anhyridc and rinsed in 0.1M Tris-buffered glycine. Ihh probe 
hybridizedd at 70°C overnight. Post-hybridization washes were carried out in 
(1)) 50% formamide. 5XSSC, 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 blocked for 30 minutes RT in 5% sheep 
serumm and incubated for 2 hours RT in anti-digoxigemn (Roche) antibody 
solution.. After additional washes in TBST, Ihh expression was detected 
usingg purple AP substrate (Roche, Mannheim, Germany). Tissue was 
mountedd with Ultramount (DAKO) . 

Immunoblot Immunoblot 

Cellss were scraped in protein sample buffer (125 mmol/L Tr is/HCl, pH 
6.8;; 4% sodium dodecyl sulfate; 2% /9-mercaptoethanol; 20% glycerol, I 
mgg bromophenol blue), and 100 /Ag of lysate was loaded per lane on a sodium 
dodecyll  sulfate-polyacrylamide gel electrophoresis gel. After protein sepa-
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ration,, the proteins were blotted on to a PVDF membrane (Millipore, 
Bedford,, MA) . Membranes were blocked with 2% protifar (Nutricia, 
Zoetermeer,, The Netherlands) in phosphate-buffered saline (PBS), sup-
plementedd with 0,1% Tween-20 for 1 hour at room temperature. After a brief 
washh in washing buffer (0.2% protifar; 0.1% Tween-20), membranes were 
incubatedd overnight at 4°C with antibody diluted in washing buffer at the 
indicatedd concentration. The next day, membranes were washed and subse-
quentlyy incubated with a secondary horseradish peroxidase (HRP)-conju-
gatedd antibody in a 1:2000 dilution. After enhanced chemoluminescence 
usingg Lumilight + substrate (Roche, Mannheim, Germany), antibody bind-
ingg was visualized and relative expression levels quantified using a Lumi-
Imagerr (Boehringer Mannheim, Mannheim, Germany). 

CellCell culture 

HTT 29 colon cancer cell lines were cultured according to routine proce-
duress in the presence of 10% fetal calf serum and 4.5 mM glucose (GIBCO). 
Experimentss were performed in 6 well plates at the moment the cells reached 
confluence.. Butyrate (Sigma) was used at the indicated concentration. The 
Hhh inhibitor cyclopamine was complexed with 2-hydroxypropyl-/?-cyclodcx-
trinn (HBC; Sigma) as described.9 Cyclopamine was used at 2 /Jg/ml. To 
studyy the effect of Hh signaling on HT-29 cells we used recombinant Shh at 
aa concentration of 2 mg/ml. The N-terminal mature Shh peptide is 91% 
identicall  with the corresponding Ihh peptide, binds Ptc with the same affin-
ityy and induces the same biological response.23' 24 Recombinant Ihh was 
nott available for study. 

Result s s 

IhhIhh is expressed in the adult colon 

Wee first examined Hh protein expression in humans and rats (Fig. \b-d). In 
alll  three species only the terminally differentiated absorptive enterocytes 
reactedd with the anti-Ihh N-terminal antibody that cross reacts with other 
Hhh proteins (Fig. \a,b). The Ihh specific anti-C-terminal antibody stained 
thee same cells as the N-terminal antibody (Fig \c,d). These same cells did not 
reactt with the Shh specific antibody (Fig \e) whereas the anti-Shh anti-
bodyy did react with epithelial cells in the rat stomach, used as a positive con-
troll  (not shown). These results show that the absorptive enterocytes express 
Ihh.. This expression was confirmed at the RNA level by in situ hybridization 
(Fig.. \f). No signal was detected in the immunohistochemical experiments 
whenn leaving out the primary antibody or when using control Ig. 

IhhIhh expression is lost at the polyp stage in the adenoma-carcinoma 
sequence sequence 

Wee examined Ihh expression in the adenoma to carcinoma sequence of 
colonn carcinogenesis (Fig. 2). We used two different anti-Ihh antibodies that 
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Figur ee "l.lh h is expressed by terminally differentiated enterocytes (A.B) 
Immunohistochemistryy on human (A) and rat (B) adult colon using the 
anti-NN terminal Ihh antibody that cross-reacts with other Hh proteins 
andd DAB detection. Hh protein is expressed by the absorptive ente
rocytess in both species (arrows). (CD) Similar results were obtained 
usingg the Ihh specific antibody indicating that these cells express Ihh 
(C)) human, (D) rat. (E) Rat, no signal is detected with the anti-Shh spe
cificc antibody. (F) In situ hybridization using an Ihh probe on normal 
humann colon, detection with purple AP Substrate. The terminally dif
ferentiatedd enterocytes at the tips of the crypts (arrow) produce Ihh 
mRNA.. Original magnification: A-F: 80x. 

gavee the same results. In resect ion specimens of histological ly normal t issue 
(w=3)) we found Ihh s ta in ing of all the terminal ly d i f ferent ia ted en te ro-
cytes.. In tubulov i l lous adenomatous polvps (>; = 8), Ihh sta in ing was lost in 
thee dysplastic epithelial cells. In contrast, we found normal Ihh staining in the 
morphological lyy normal t issue present in 5 of these specimens. Of the 9 ade-
nocarc inomass studied 6 were local ized within an adenomatous po lyp and 7 
conta inedd normal t issue. Ihh staining was detected in the normal epi thel ium 
butt was lost in 8 out of 9 carc inomas and in all of the adenomatous areas. In 
onee poor ly dif ferentiated mucinous adenocarc inoma, small c lusters of poor-
lyy di f ferent iated cells s t rong ly reacted with the Ihh an t ibody. These exper-
imentss show that loss of Ihh expression occurs at the po lyp stage. 

LossLoss  of  Ihh expression  precedes  the development  of  epithelial  dysplasia 

T oo s tudy the very early lesions of the adenoma-carc inoma sequence, we 
examinedd 12 resect ion specimens of six different pat ients with FAP (famil-
iall  adenomatous polyposis col i ). These pat ients develop numerous adenomas 
duee to a germl ine A PC mu ta t ion, and somat ic inact ivat ion of the wi ld- type 
AA PC-Allele. Mult ip l e very small adenomas can be found in these specimens 
duee to the f requent inac t iva t ion of bo th APC al leles in those pa t ien ts. 
Similarr to our observat ions in sporadic adenomas, Ihh expression was lost in 
thee dysplast ic epithel ial cells on adenomas in pat ients with FAP (Fig 2f-g). 
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Figur ee 2. (A-E) Immunohistochemical detection of Ihh in human resection spec
imenss of sporadic adenomas. (A) A sporadic adenoma (asterisks) 
borderingg a patch of histologically normal epithelium (arrows). (B) 
blow-u pp of the area boxed with the continuous line in (A), the terminally 
differentiatedd histologically normal epithelial cells show intense stain
ingg with the anti-lhh antibody. (C) No staining in the superficial epithe
liall cells of the adenoma boxed with the dotted line in (A). (D) Another 
examplee of Ihh expression in normal tissue (arrow) and (E) loss of Ihh 
expressionn in the adenomatous area of a sporadic adenoma. (F-H) 
Immunohistochemicall detection of Ihh in a small adenoma (F) of a 
patientt with FAP. Normal Ihh expression in the morphologically normal 
epitheliall cells boxed in (G) and loss of Ihh expression in the dysplastic 
cellss boxed in (H). Original magnifications: A: 120x; B, C: 800x; D, E: 
300x.. F 120x: G,H, 800x. 

In terest ing lyy in two different FAP pat ients we found areas with complete 
losss of Ihh staining in the epithelium of a few morphologically normal adjacent 
cryptss (Fig. 3a). /?-catenin staining of consecut ive sect ions (Fig. 3b) demon-
stratedd loss of membrane staining and cytoplasmic accumulation (Figure 3d) of 
/?-cateninn in the same area. This aberrant localization of /?-catenin corresponds 
too that described previously in human aberrant crypt foci, the earliest mor-
phologicallyy recognizable putative premalignant lesion.-6 Loss of Ihh seems to 
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Figur ee 3. Immunohistochemical detection of Ihh and /?-catenin in a resection 
specimenn of a patient with FAP. (A) Ihh stain. Loss of Ihh expression in 
aa few morphologically normal crypts (asterisks) with a sharp transition 
too normal Ihh expression in the adjacent crypts on both sides (arrows). 
(B)) /3-catenin stain in adjacent slide. The same crypts show abnormal 
localizationn of /?-catenin (see blow-ups). (C) Blow-up of boxed area in 
A.. A sharp transition (arrow) can be seen between the crypt with nor
mall Ihh expression and the crypt with loss of Ihh expression. (D) Loss 
off membrane staining and cytoplasmic accumulation (arrows) of /?-
cateninn in the area boxed with the dotted line in (B). (E) Normal strong 
membranee staining (arrows) in the epithelial cells from the adjacent tis
suee boxed with the continuous line in (B). Original magnifications: A, 
BB 500x: C-E 1000x. 

occurr at this very early stage. Since this loss appears to precede microscopically 
detectablee morphological change (dysplasia) it may be an important step in the 
transi t ionn of the histologically normal crypt into the adenoma. 

InductionInduction  of  Ihh precedes  differentiation  in  butyrate  treated  HT-29 cells 

T oo gain insight in the role of Hh signal ing in the di f ferent iated en te rocy tes 
off  the co lon we used the H T - 29 colon carc inoma di f ferent iat ion mode l. 
Thesee cells have a relatively undi f ferent ia ted phenotype when grown in the 
presencee of g lucose. HT-29 cells start to polar ize and form apical microvi l-
lii  when treated with the shor t -chain fatty acid bu ty ra te27 or when glucose is 
depletedd from the m e d i u m .: s We have used several di f ferent markers of 
thiss differentiat ion process. Villi n is a cytoskeletal protein that is specific for 
microvi l l ii  and is a marker of en te rocy te d i f ferent ia t ion.2 8' 29 The cell-cell 
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Figur ee 4. Induction of Ihh precedes the induction of markers of differentiation in 
butyratee treated HT-29 cells. HT-29 cells were treated with 2.5 mM 
butyratee for the indicated times. Shown are immunoblots for Ihh (C-ter-
minall antibody), cip-1, galectin-3 (gal-3). E-cadherin, villin and loading 
controll jS-actin. Representative example of three experiments. 

adhesionn molecule E-cadherin is also st rongly induced upon enterocyte dif-
ferentiat ion.-100 Ga lec t in -3 is a basement membrane cons t i t uent that is p ro-
ducedd by the di f ferent iated enterocytes in the co lon.31 Final ly, we used the 
celll  cycle inh ib i tor p2 l c i p -l that plays an essential role in the growth inhi-
b i t ionn dur ing di f ferent iat ion. ' '- As can be seen in figure 4, Ihh pro te in is 
inducedd rapidly upon t rea tment of HT-29 cells with 2.5 mM butyra te. This 
induct ionn precedes the induct ion of c ip -1, vil l in , galect in-3 and E-cadherin 
byy several hours. 

HhHh signaling  is  necessary  and sufficient  for  differentiation  of  HT-29 cells 

Sincee Ihh induct ion was found to precede the induct ion of markers of dif-
ferentiationn in butyrate treated HT-29 cells we were interested to examine the 
rolee of Hh signal ing in this process. There fore we used the specific Hh sig-
nalingg inh ib i tor evc lopamine. Th is plant steroidal alkaloid was found to 
inducee cyclopia in vertebrate embryos,33 a feature tvpical for both human and 
mousee Shh null mutants . -l 4 ° 6 Cyclopamine has been shown to inhibit the cel-
lularr response to Hh signaling ' ' '"38 and seems to act at the level of the Smo 
receptor . ' '99 T rea tment of H t -29 cul tures with 2 /Jg/nil cyc lopamine signifi-
cant!)'' reduced bu ty ra te mediated induct ion of cip-1 and villi n (Fig 5a,b). 
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Figur ee 5. Ihh mediates butyrate induced differentiation in HT-29 cells. (A) 

Westernn blots of duplicate cultures of control HT-29 cells and HT-29 
cellss treated for 24 hours with butyrate or butyrate and cyclopamine. 
(B)) Mean and standard error of three independent experiments 
(coo = control, but = butyrate. cyc = cyclopamine). (C) Western blots of 
HT-299 cells treated with 2.5 ^g/ml recombinant Shh for the indicated 
periods.. Representative example of three independent experiments. 

Alsoo we were able to induce the same proteins (Fig 5c) with recombinant N-
terminall  mature Shh pept ide, which is 9 1% identical with the cor respond ing 
Ihhh pept ide, binds Ptc with the same affinity and induces the same bio logi-
call  response . -1- - 4 These resul ts indicate the Hh signal ing is bo th necessary 
andd sufficient for H T - 29 cell d i f ferent iat ion. 

Discussio n n 

Thee epi thel ium of the Gl tract is in a state of constant rapid renewal dur ing 
ourr adult lives. The con t ro ls ol this ongo ing pa t te rn ing of the epithel ial 
m ic roarch i tec tu ree may have some in terest ing simi lar i t ies with pa t te rn ing 
eventss dur ing development . ' -- In a developing embryo two types of pat-
tern ingg molecules are d iscerned; intr insic regulators ol cell-fate ( that act at 
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thee level of the cell) and extrinsic regulators of cell-fate (that act between 
cells).. The presence of extrinsic regulators allows the building of complex 
multicellularr organisms with spatial regulation of gene expression. The 
mostt important extrinsic regulators of cell fate in the embryo are mor-
phogens.. These are soluble molecules that form concentration gradients 
throughh a tissuee and have a concentration dependent effect on the cell fate of 
theirr target cells.8 The TGF/?, Fgf, Wnt and Hedgehog families are the four 
majorr conserved families of morphogens that have been identified. 
Manyy intrinsic regulators of adult intestinal epithelial differentiation have 
beenn identified. Transcription factors such as hepatocyte nuclear factor 1 
(HNF-1)) 4C"43, the caudal-related homeodomain (Cdx) proteins44 and the 
zincc finger containing GATA factors45' 46 have been recognized as important 
mediatorss in the differentiation of the absorptive enterocyte. Much less is 
knownn about the extrinsic controls of cell fate that regulate enterocyte dif-
ferentiationn in the adult. There is however ample evidence that such regula-
torss should exist. As in the embryo, gene expression of adult intestinal 
epitheliall  cells is spatially regulated. Evidence for the extrinsic control of this 
spatiall  regulation comes from an elegant study by Hermiston et al. in which 
itt was shown that intestinal epithelial cell fate depends on the cells position 
alongg the axis of renewal.6 Morphogens are important candidates to fulfil l a 
rolee in this kind of extrinsic regulation of epithelial cell fate in the adult. An 
importantt role for morphogens in colonic epithelial homeostasis is sug-
gestedd by the fact that mutations in both the TGF/?47 and Wnt23 family 
havee been found to play a role in the development and progression of col-
orectall  carcinogenesis. 

Hhh signaling plays an important role in the endodermal-mesenchymal inter-
actionss that dictate the patterning of the developing gut tube and both Shh 
andd Ihh play an important role in this cross-talk.3, n*  '2- L^-48-49 A possible 
rolee for Hh signaling in the adult colon has thus far not been examined. Here 
wee show that Ihh has a conserved expression pattern in the adult colon. 
Bothh Ihh mRNA and protein are expressed by the terminally differentiated 
enterocytess with highest expression in the most differentiated enterocytes. 
Shhh and Ihh are highly homologous proteins and their precursor proteins 
sharee a similar processing into a C-terminal fragment and an N-terminal 
maturee signaling peptide. The N-terminal signal peptides of both proteins 
sharee the same binding receptor patched and signaling receptor smoothened 
andd induce the same biological responses.'3 Although it was long believed 
thatt Hh proteins can only signal short range and that their long-range 
effectss are effected by secondary messengers (e.g. members of the TGF/? fam-
ily )) it has now been shown for Shh that many of its long-range effects are in 
factt direct.^0"52 Ihh expressed by the mature enterocytes of the colon may 
thereforee act as an extrinsic regulator of cell fate for cells that migrate from 
thee precursor cell compartment towards the lumen and the source of Ihh. 
Clearlyy further experimentation is necessary to address this possibility. 
Wee show that Ihh expression is lost from the dysplastic epithelial cells on 

165 5 



CHAPTERS S 

sporadicallyy occurring adenomatous polyps and polyps in patients with 
TAP.. Interestingly we found two lesions in the FAP specimens with complete 
losss of Ihh staining in epithelial cells with apparently normal histology. 0~ 
cateninn staining in adjacent sections suggests that these are very early.4PC 
mutantt lesions. We conclude therefore that Ihh expression seems to be lost 
att a very early stage in colorectal carcinogenesis and may precede micro-
scopicallyy detectable loss of epithelial differentiation. 
Ourr in vitro experiments in HT-29 cells support the notion that loss of 
Ihhh expression may play a role in the development of epithelial dysplasia dur-
ingg colorectal carcinogenesis. In accordance with the observed loss of Ihh 
expressionn form dysplastic epithelial cells, we find that relatively undiffer-
entiatedd HT-29 cells express very low levels of Ihh protein. Upon differen-
tiationn of HT-29 cells with butyrate however Ihh protein is strongly induced 
andd this induction precedes the expression of markers of differentiation. 
Usingg the Hh inhibitor cyciopamine, we were able to show that this induc-
tionn oi Ihh is involved in butyrate mediated HT-29 cell differentiation and 
thatt treatment of HT-29 cells with recombinant Hh protein is sufficient to 
restoree differentiation in these cells. These in vitro experiments suggest 
thatt there may be a causal relationship between loss of Ihh expression and 
losss of epithelial differentiation in the development of colonic adenomas. 
InIn conclusion, we find that Ihh is expressed by the enterocytcs of the adult 
colon.. Ihh seems to play a role in enterocyte differentiation and its loss 
duringg colorectal carcinogenesis may play a role in the development and/or 
progressionn of colorectal cancer. 
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A b s t r a c t t 

BackgroundBackground & Aims 

Wee have previously shown that Hedgehog (Hh) signaling regulates entero-
cytee differentiation in vitro. Here we use an in vivo approach to examine the 
rolee of Hh signaling in the adult colon in rats. 

Methods Methods 

Wee studied the expression of putative Hh target proteins by immunohisto-
chemistryy and western blot. Rats were treated with the specific Hh signaling 
inhibitorr cyclopamine and protein levels of putative Hh targets, markers of 
differentiationn and proliferation were determined by western blot. 

Results Results 

Wee found that Bone morphogenetic protein (BMP)-2, BMP4, Hepatocyte 
Nuclearr Factor (HNF)3j3, Engraüed-1 and GATA6 are expressed in the 
adultt colon. Inhibition of Hh signaling in vivo led to disturbed enterocyte 
maturationn with villi n redistribution, loss of carbonic anhydrase IV expres-
sionn and induction of the goblet cell marker intestinal trefoil factor in 
colonicc enterocytes. In cyclopamine treated rats BMP4, HNF3jS and 
Engrailed-11 expression were enhanced whereas GATA6 expression was 
diminished.. Finally, cyclopamine treatment resulted in increased precursor 
celll  proliferation. 

Conclusions Conclusions 

Wee show that Hh signaling is involved in colonic enterocyte maturation in 
vivovivo and identify several new Hh regulated proteins in the adult colon. 

172 2 



Targetss of Hh signaling 

Introductio n n 

Thee Hh family members Sonic Hedgehog (Shh) and Indian Hedgehog (Ihh) 
playy an important role in the endodermal-mesenchymal cross talk that reg-
ulatess patterning of the gastrointestinal (GI) tract.1"6 A role for Hh signal-
ingg in the development of the hindgut has been shown in Drosophila* chick 
andd mouse embryos.1- 7"10 

AA possible role for Hh signaling in the adult gut has thus far not received 
muchh attention. We have previously shown that both Shh and Ihh mRNA are 
expressedd in the adult colon; Shh is expressed at low levels the base of the 
cryptss in the colon11 whereas Ihh is expressed by the differentiated entero-
cytess at the luminal end of the crypt {see chapter 8 of this thesis). In our 
handss only Ihh was detectable at the protein level by immunohistochemistry 
andd we have shown that Ihh regulates enterocyte differentiation in vitro. 
Thee Hh proteins are produced as precursor proteins that are processed into 
aa 19 kDa N-terminal signaling peptide and a biologically inactive C-terminal 
fragmentt after the covalent attachment of a cholesterol moiety. Al l hedgehog 
proteinss share the same receptor complex of a Hh binding receptor Patched 
(Ptc)) and a signaling receptor Smoothened (Smo) that signals through the Gli 
familyy of transcription factors.1- To try to identify possible targets of Hh sig-
nalingg in the adult colon we use the Hh signaling inhibitor cyclopamine. This 
plantt steroidal alkaloid was found to induce cyclopia in vertebrate embryos,13 

aa feature typical for both human and mouse Shh null mutants.1 4" 16 

Cyclopaminee has been shown to inhibit the cellular response to Hh signaling 
17-1SS and acts at the level of the Smo receptor.19 

Inn trying to identify Hh regulated proteins in the colon, we focused the ver-
tebratee homologs of four Drosophila genes with an established role in 
hindgutt formation. These are Dpp (vertebrate homologs BMP2 and BMP4), 
ForkFork Head (vertebrate homolog HNF3ft/FoxA2), Serpent (vertebrate GATA 
factors)) and Engrailed (vertebrate Engrailed-1 and 2),20 Several of these 
geness have an established interaction with the Hh pathway. HNF3/? is a 
targett for Shh signaling in the differentiating floorplate,21" 23, an important 
endodermall  transcription factor during development of the gut, and its 
mRNAA is expressed in the adult murine colon.24 We studied the expression 
off  the Drosophila Dpp homologs BMP2 and BMP4 as these are co-expressed 
withh Hh family members during development25 and have been found to 
interactt with the Hh pathway in many models including the developing 
gut.9'' 10The transcription factor Engrailed-1 is a vertebrate homolog of 
EngrailedEngrailed which interacts with Wingless (vertebrate Wnt) and Hedgehog in the 
specificationn of segment borders in the Drosophila embryo.26, 27 

Inn this study we show that Hh signaling is involved in colonic enterocyte 
maturationn in vivo and identify several Hh regulated factors in the rat colon. 
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Methods s 
Antibodies Antibodies 
Antibodiess used are listed below, concentrations tor immunohistochem-
istrvv are in normal font those used for immunoblot are italicized. An anti-
BMP22 mouse monoclonal antibody (mAb) (355; 1:1000; 1:5000), and an 
anti-BMP44 mAb (757; 1:25; 1:1000) were from R&D systems (Minneapolis, 
MN) .. A goat polyclonal anti-Ihh that recognizes the 19 kDa active N-ter-
niinall  peptide and also recognizes other Hh proteins (1-19; 1:50; 1:500), a 
goatt polyclonal anti-Ihh that reacts with its C-terminus and is Ihh specific 
(C-15,, 1:50), a Rabbit polyclonal anti-GATA6 (H-29; 1:50; 1:500), a goat 
polyclonall  anti-Villi n (C-19; 1:50) and a goat polyclonal anti-/?-acrin (I-
19;; 1:1000) were all from Santa Cruz (Santa Cruz, CA). An anti-HNF3j8 
mAbb (4C7; 1:10; 1:500), and an ami-Engrailed-1 mAb (1:50; 1:1000), both 
developedd by Dr j . M. Jessell 's laboratory, were obtained from the 
Developmentall  Studies Hybridoma Bank (Iowa City, IA) . An anti-PCNA 
mAbb (1:5000) and an anti-BrdU mAb (1:50) were from Roche (Almere, 
thee Nether lands). An anti-cyclin Dl mAb (DCS6, 1:1000) was from 
Neomarkerss (Fremont, CA). Two different anti-Ptc antibodies were used, a 
goatt polyclonal anti-Ptc (C-20, 1:50) from Santa Cruz and A rabbit poly-
clonall  anti-Ptc28 (1:200), a kind gift o fD rR. Töftgard. A rabbit polyclonal 
anti-ratt ITF was a kind gift of Dr D.K. Podolsky. A rabbit anti-rat CA IV 
antibodyy (1:2000) was a kind gift of Dr Sly. Specificity of all antibodies 
usedd in immunohistochemistry was confirmed on immunoblot and in exper-
imentss using the appropriate control Ig or by omission of the primary anti-
body.. Secondary antibodies used were all from Dako (Glostrup, Denmark). 

Immunohistochemistry Immunohistochemistry 
Formalinn fixed paraffin embedded human biopsy and resection specimens of 
uninflamedd colonic mucosa, were obtained from the archives of the pathology 
departmentt of the Academic Medical Center following institutional standards 
forr human subject research. Immunohistochemistry was performed on 4/Jm 
sectionss using a three-step diaminobenzidine (DAB) detection method with 
antigenn retrieval as described in detail previously.29, no antigen retrieval was 
performedd for the anti-Ihh C-terminal antibody (C-15). For BrdU visual-
ization,, sections were incubated in 2N HCI at 37°C for 60 minutes after 
deparaffinizationn and then washed in 0.1 M boric acid pH 8.5. Sections were 
counterstainedd with Mayer's hematoxylin, except when stained for HNF3/3 or 
Engrailed-11 to allow optimal visualization of nuclear staining. Two different 
negativee controls were used for the immunohistochemical staining, omission 
off  the primary antibody and use of an appropriate control Ig. 

CyclopamineCyclopamine treatment 
S-week-oldd female Wistar rats (n=7) were treated with daily intraperitoneal 
injectionss of 1 mg/kg of the Hh inhibitor cyclopamine complexed with 2-
hydroxypropy]-/?-cyclodextrinn (HBC; Sigma) as described.30 Control rats 
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(n(n = 7) received solvent only. After 14 days, rats were given a single intraperi-
toneall  injection of 150 mg/kg BrdU one hour before being killed. The distal 
halff  of the colons was dissected along the longitudinal axis one half was fixed 
inn paraformaldehyde and paraffin embedded the other half was homoge-
nizedd to produce a protein lysate. The experiment was approved by the ani-
mall  ethics review board of the University of Amsterdam. 

ScoringScoring  BrdU  positive  celts 
Ann investigator blind to the treatment performed BrdU scoring. To score 
BrdUU positive cells in cyclopamine treated rats and controls three pictures 
weree taken of each rat colon at lOOx magnification and positive nuclei were 
countedd in each microscope field with the use of an image analysis pro-
gramm (EFM Software, Rotterdam, The Netherlands). In each field, 5 well-ori-
entedd crypts were counted for the BrdU stain. The average numbers of pos-
itivee nuclei per crypt were compared between groups. To enable comparison 
off  the results between animals, all sections visualized the entire axis from the 
superficiall  epithelium to the muscularis mucosa. 

Immunobtot Immunobtot 
Thee distal colon was homogenized in lysis buffer (300 mmol/L NaCl, 30 
mmol/LL Tris, 2 mmol/L MgCl2, 2 mmol/L CaCl2 , 1% Triton X-100, pH 7.4, 
supplementedd with 1 tablet of protease inhibitor (Roche) per 50 mL). 
Proteinn concentration was measured using the Bradford method. Lysates 
weree diluted 1:3 in protein sample buffer (125 mmol/L Tris/HCl, pH 6.8; 4% 
sodiumm dodecyl sulfate; 2% /?-mercaptoethanol; 20% glycerol, 1 mg bro-
mophenoll  blue), and 100-200 jug of homogenate was loaded per lane on a 
sodiumm dodecyl sulfate-polyacrylamide gel electrophoresis gel. After protein 
separation,, the proteins were blotted on to a PVDF membrane (Milüpore, 
Bedford,, MA) . Membranes were blocked with 2% protifar (Nutr icia, 
Zoetermeer,, The Netherlands) in phosphate-buffered saline (PBS), supple-
mentedd with 0,1% Twreen-20 for 1 hour at room temperature. After a brief 
washh in washing buffer (0.2% protifar; 0.1% Tween-20), membranes were 
incubatedd overnight at 4°C with antibody diluted in washing buffer at the indi-
catedd concentration. The next day, membranes were washed 3 times for 5 min-
utess each and subsequently incubated with a secondary horseradish peroxidase 
(HRP)-conjugatedd antibody in a 1:2000 dilution. After enhanced chemolu-
minescencee using Lumilight+ substrate (Roche, Mannheim, Germany), anti-
bodyy binding was visualized and relative expression levels quantified using a 
Lumi-Imagerr (Boehringer Mannheim, Mannheim, Germany). 

Results s 
HhHh signaling  is  involved  in  colonic  enterocyte  maturation  in  vivo 
Inn order to examine the role of Hh signaling in adult colonic epithelial 
homeostasis,, we treated rats for 14 days with the Hh signaling inhibitor 
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Figur ee 1. Cyclopamine treatment disturbs enterocyte maturation. (A-D) H&E 
stainn of distal colon from control (a,c) and cyclopamine treated (b,d) 
animals.. (C) blow-up of boxed area in A, arrows denote normal slender 
terminallyy differentiated enterocytes in controls. (D) blow-up of boxed 
areaa in B, arrows denote two enterocytes with normal appearance 
amidd abnormal enterocytes with enlarged nuclei. (E,F) ViMin immuno-
histochemistry.. (E) Normal enterocytes show light cytoplasmic stain
ingg and strong staining of the apical membrane (arrows). (F) In the 
abnormall appearing enterocytes of cyclopamine treated animals api
call staining is diminished and cytoplasmic staining enhanced (arrows). 
(G.H)) CA IV immunohistochemistry. (G) Strong staining of the ente
rocytee apical membrane in control animals (arrows). (H) Loss of CA IV 
expressionn in the abnormal enterocytes in cyclopamine treated ani
mals,, arrows denote a few remaining CA IV expressing enterocytes. (I-
L)) ITF immunohistochemistry. (K) blow-up of boxed area in I, strong 
stainingg of goblet cells (asterisks) and apical staining of enterocytes 
(arrow)) in control colon. (L) blow-up of boxed area in J. strong 
immunoreactivityy of the abnormal enterocytes (arrows) in cyclopamine 
treatedd animals. 
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cvc lopamine.. Th is p lant steroidal alkaloid was found to induce cyclopia in 
ver tebra tee embryos ,1 3 a feature typical for bo th human and mouse Shh null 
mutants.1 4" 166 Cyc lopamine has been shown to inhibit the cellular response to 
H hh signal ing '7> 18 and seems to act at the level of the Smo receptor. '^ The 
cyc lopaminee t r e a t m e nt induced a remarkab le h is to log ical change in the 
enterocytess of t reated animals. In large areas oi the distal colon, enterocytes 
att the luminal end of the crypt had an enlarged nucleus and large cytoplasm 
inn cont rast to the s lender nucleus and cytoplasm of terminal ly di f ferent iat-
edd en te rocy tes of con t ro ls (sec fig. \a~d). Th is h is to log ical change was 
observedd in all of the 7 t reated rats but none of the con t ro l s. In cont rol 
co lonss a few morpho log ica l ly simi lar en te rocy tes can of ten be observed 
justt under l y ing the te rmina l ly d i f ferent ia ted cel ls, ind ica t ing that these 
cellss may represent a matura t ion phase of the absorp t ive en te rocy tc. To 
be t terr cha rac te r i ze the m a t u r a t i on s ta te of these ep i the l ial cells in the 
cyclopaminee treated rats we used three molecular markers of colonic epi the-
liall  d i f ferent iat ion, vill in , carbonic anhydrase (CA) IV and intest inal trefoil 
factorr ( ITF). Villi n is a cytoskeletal protein that is specific for microvill i and 
iss a marker of en terocy te di f ferent iat ion.3 j- 32 As can be seen in figure 1 nor-
mall  en te rocy tes have a uni form villi n express ion that local izes p redomi-
nant lyy to the brush border (Fig. le) whereas the abnormal en terocy tes in 
cyc lopaminee t rea ted animals show he te rogeneous vil l i n express ion with 
losss of villi n expression at the brush border and redist r ibut ion of villi n to the 
cy top lasmm (Fig. !ƒ). CA IV is one of the b rush bo rder enzymes that is 
expressedd in colonic enterocytes, whereas the colonic enterocytes of control 
animalss showed s t rong sta in ing of their b rush borders wi t h the an t i -CA 
IVV ant ibody the abnormal cells in cyclopamine t reated animals were most ly 
CAA IV negative (F i g l . g,b) In cont rol rats we found IT F sta in ing as previ-
ouslyy descr ibed by o the rs, IT F is expressed mainly by goblet cells whereas 
normall  en terocy tes show brush border staining and only minimal cytoplas-
micc immunoreac t i v i ty (F ig l . ; ,&) . 3 3 , 34 In terest ing ly, the abnormal en te ro-
cytess in cyc lopamine t reated animals showed s t rong immunoreac t i v i ty tor 
IT FF indicat ing that they inappropr iate ly express a marker of the goblet cell 
l ineagee (Fig. 1/,/). 

HhHh signaling regulates the expression of BMP4 and transcription factors 
involvedinvolved in tissue specific gene expression 
Too begin to understand some of the molecular changes that resulted from the 
inhibit ionn of Hh signaling in the adult rat colon, we examined the expression 
off  several ver tebra te homo logs of genes with a role in h indgut format ion in 
Drosophila.Drosophila. We local ized the expression of these pro te ins by immunoh is to-
chemis t ryy and de te rm ined their relat ion to the Hh signal in vivo using the 
cyc lopaminee t reated rats. 

Wee used two di f ferent an t i -P tc ant ibod ies with the same resu l ts. We found 
thatt the Hh b ind ing recep tor and t ranscr ip t ional target Ptc was broadly 
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Figur ee 2. Expression of Ptc. BMP2, BMP4. Engrailed-1. HNF3/5 and GATA6 
Immunohistochemistryy on normal rat colon, using DAB as a substrate. 
Expressionn of (A) the Hh receptor Ptc is detected in the epithelial 
cellss throughout the crypt and in several stromal cell types (arrows). (B) 
BMP22 is expressed by the terminally differentiated enterocytes (arrow). 
(C,D)) In the distal colon BMP4 is expressed by epithelial cells at the 
basee of the crypts, in the proximal colon cells with endocrine cell 
morphologyy (arrow, D) stain most intensely. (E) Engrailed-1 is 
expressedd by the epithelial cells with a gradient towards the lumen and 
inn lamina propria lymphocytes (F) The transcription factor HNF3/? is 
detectedd at highest levels in the nuclei of the epithelial cells at the base 
off the crypt and its expression gradually diminishes towards the 
lumen.. (G-l) GATA6 is expressed in the nuclei of epithelial cells, espe
ciallyy at the base of the crypt (I. arrow denotes positive nucleus) 
whereass cytoplasmic staining is observed at the tips of the crypts 
withh this antibody (H. arrow indicates cytoplasmic staining of a differ
entiatedd enterocyte). Bars indicate most prominent staining. Original 
magnification:: A-C: 100x; D: 200x; E-G: 100x; H,l: 200x. 

expressedd in the epithelial cells along the crypt axis and on mesenchymal cells 
(Fig.. 2a). Thus Ihh may d i rect ly affect a wide range of target cells bo th 
wi th i nn the ep i the l i um and in the mesenchyme. Hh genes are of ten co-
expressedd with BMP2 and BMP425' 30. We used an an t i -BMP2 monoc lonal 
ant ibodyy that reacts mainly with the 36kDa BMP2 proreg ion35 (fig 3) and an 
ant i -BMP44 monoc lonal an t ibody that reacts with the g lycosylated 23 kDa 
maturee BMP4 m o n o m er (fi g 3 ) .3 5 

InIn the adult co lon BMP2 is expressed by the d i f fe rent ia ted en te rocy tes 
(Fig.. 2b), we detected BMP4 expression in cells in the lamina propr ia and in 
epitheliall  cells at the lower half of colonic crypts, especially in the distal colon 
whereass the superficial en te rocy te show only faint immunoreact iv i ty in the 
normall  co lon (F ig. 2c). In the prox imal co lon the an t i -BMP4 antibody-
stainedd cells with endocr ine cell morpho logy most p rominen t ly (Fig. 2d). 
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Whereass no effect was found on the expression levels of BMP2 upon 
cyclopaminee treatment, levels of BMP4 were markedly induced in response 
too Hh inhibition as assessed by western blot, immunohistochemistry showed 
thatt the BMP4 expression gradient observed in controls was lost in 
cyclopaminee treated animals that displayed high expression of BMP4 in the 
superficiall  enterocytes (Fig. 3). This finding supports the known interaction 
betweenn the Hh and BMP signaling pathways. 
Thee transcription factor Engrailed-1 was expressed in a gradient with high-
err expression at the base of the crypt and lower expression in the differen-
tiatedd enterocytes (Fig. 2e). Such a gradient of expression was even more 
prominentt for the transcription factor HNF3/Ï. HNP3/Ï is expressed in the 
epitheliall  cells at the base and middle of the crypt, but this expression is lost 
inn the superficial enterocytes (Fig. If). Both HNF3/Ï and Engrailed-1 are 
stronglyy upregulated in response to cyclopamine treatment, however where-
ass Engrailed-1 was found to accumulate in the superficial enterocytes in 
cyclopaminee treated animals no alteration in the distribution of HNF3/? 
expressionn was observed (Ftg. 3). 
Thee GATA factors 4,5 and 6 are transcription factors with an important role 
inn the regulation of tissue specific gene expression in the intestine36 and 
GATA66 is expressed in several colon cancer cells.37, 38 Of the GATA factors 
wee only found GATA6 in colon (unpublished observations). GATA6 is 
expressedd in the nuclei of epithelial cells at the base and the middle of the 
cryptt (Fig. 2g,i). The antibody also strongly reacts with the superficial dif-
ferentiatedd enterocytes{Fig. 2h)> this staining is most likely aspecific for three 
reasons,, firstly it is cytoplasmic, secondly it has been shown previously 
thatt GATA6 is downregulated upon enterocyte maturation in vitro,}7 con-
sistentt with the nuclear expression observed at the base and middle of the 
cryptt in vivo. Lastly, whereas the nuclear staining was diminished in 
cyclopaminee treated animals the cytoplasmic staining was unaltered. Upon 
cyclopaminee treatment GATA6 was significantly downregulated (Fig. 3). 
Downn regulation of GATA6 as assessed by western blot corresponded to 
diminishedd nuclear staining as determined by immunohistochemistry. In 
somee of the crypts the basal epithelial cells maintained expression of GATA6 
whereass nuclear staining in the mid-crypt was consistently lost (Fig. 3). 
Levelss of Ihh were unaltered upon cyclopamine treatment indicating that Ihh 
signalingg is not necessary for maintenance of its own expression (Fig. 3). 

IncreasedIncreased proliferation in cyclopamine treated animals 

Wee used three markers of proliferation to assess the effect of cyclopamine 
treatmentt on the precursor cell compartment. Cyclopamine treatment 
increasedd both the expression of the cyclin PCNA and cyclin Dl as assessed 
byy western blot (Fig 4). and resulted in a modest increase ot the number of 
5-bromo-2'-deoxyuridinee (BrdU) labeled epithelial precursor cells (Fig 4c). 
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Figur ee 4. The effect of cyclopamine treatment on precursor cell proliferation. (A) 
Westernn blots showing protein levels of markers of differentiation and 
proliferation.. The first seven lanes represent colonic homogenates of 
sevenn individual control animals whereas the seven lanes on the right are 
cyclopaminee treated animals. (B) Quantification of blots shown in (A), 
meann and standard error of the relative expression compared to the mean 
off the seven controls, p values: Cyclin D1 p=0.01; PCNA. p<0.0001. (C) 
Graphh showing the number of BrdU labeled cells per crypt in controls and 
cyclopaminee treated animals. Student's Mest: p = 0.036. 

Discussio n n 

Morphogenss arc the seminal extrinsic regulators of pat terning in a developing 
embryo.. In this class of molecules four major families with their own unique 
signall  t ransduc t ion pathways have been recogn ized, the TGF/? family ( that 
includess the BMPs and act iv ins), the Fgf family, the Writ family and the Hh 
family.399 Two members of the Hh family, Shh and Ihh play an important role 
inn the developing gut.1-5- 6 We have shown previously that Hh signaling plays 
aa role in fundic gland homeostas is in the adult s tomach.1 1' '° In the adult 
colonn we found that the differentiated enterocytes are the major source of Hh 
prote in.. These cells react with an ant ibody that recognizes all Hh proteins as 
welll  as an Ihh specific ant ibody whereas they do not react with a Shh specific 
an t i body.. We have shown in vitro that Ihh s t imu la tes d i f ferent ia t ion of 
colonn carc inoma cell lines that can be used as a model of en te rocy te differ-
ent ia t ionn ( th is thesis chapter 8). 
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Heree we find that Hh signaling is involved in enterocyte maturation in the 
adultt rat colon in vivo. The redistribution of villi n from the apical membrane 
too the cvtoplasm, loss of expression of brush border enzymes and inappro-
priatee induction ot ITF expression in the enterocyte lineage are all aspects of 
losss of differentiation that are also observed during colorectal carcinogen-
esis.14-- 40 Together with our previous results that showed that loss of Ihh 
expressionn precedes the development of epithelial dysplasia in patients with 
Famiall  Adenomatous Poliposis coli these data may suggest a causal role 
torr loss of Ihh expression in the loss of epithelial differentiation during 
colorectall  carcinogenesis. 
Severall  factors with an established role in gut development are expressed in 
thee adult colon. HNF3/Ï (Foxa2) is a winged helix transcription factor with 
ann important role in the developing endoderm.41 We examined the expression 
off  HNF3/Ï because it is a known target of Hh signaling during floorplate dif-
ferentiation.*1"--11 In the adult hiNF3fimRNA is expressed in the lung, liver, 
stomachh and colon24 but this expression had not been localized in the colon. 
Heree we show that HNF3/Ï is expressed in the epithelial cells at the base and 
middlee of the crypt. Upon inhibition of Hh signaling, levels of HNF3/Ï are 
stronglyy increased without redistribution of its expression pattern indicat-
ingg that Hh signaling represses HNF3/Ï expression. During morphogenesis 
off  the Drosophila gut Engrailed plays an important role in the specification 
oii  the large intestine.-0 Expression of the transcription factor Engrailed-1 had 
nott yet been examined in the vertebrate gut. We find that Engrailed-1 is 
expressedd in epithelial cells along the entire crypt axis with highest expres-
sionn at the base of the crypt. Engrailed-1 levels are strongly induced upon 
cyclopaminee treatment and was found to accumulate in the superficial ente-
rocytess indicating that Hh signaling represses Engrailed-1 in these cells. The 
vertebratee Dpp homologs BMP2 and BMP4 are co-expressed with Hh genes 
andd have previously been shown to be widely expressed throughout the 
developingg gut in the mouse.-5 We find that BMP4 is expressed by the 
epitheliall  cells at the lower half of the crypt in the normal distal colon 
whereass endocrine cells show the most prominent staining in the proximal 
colon.. As with HNF3/? and Engrailed-1 levels of BMP4 were induced upon 
Hhh inhibition in the distal colon. This induction as assessed by western 
blott correlates with loss of its graded expression pattern and increased 
BMP44 expression in the superficial enterocytes. This finding indicates the Hh 
signalingg acts to repress BMP4 expression in these cells. The only tran-
scriptionn factor examined in this study that reacted differently was GATA6. 
Thee antibody used in this study reacts with the nuclei of epithelial cells at the 
basee and middle of the crypt consistent with the down regulation of GATA6 
uponn differentiation of HT-29 cells that has previously been described in vit-
ro?ro?77 Although GATA6 has an expression pattern similar to that of HNF3/Ï 
andd Engrailed-1, its expression is downregulated upon cyclopamine treat-
ment.. Loss of nuclear staining was most prominent in the mid crypt where-
ass in most of the crypts GATA6 expression in basal epithelial cells was 
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maintained.. These data may indicate that Hh signaling is necessary to main-
tainn GATA6 expression in maturing enterocytes. Finally we find that BMP2 
iss produced by the differentiated enterocytes, the same cells that produce 
Ihh.. BMP2 does not seem to be Hh regulated as levels of BMP2 are unaltered 
bvv cyclopamine treatment. 
Blockingg Hh signaling increased PCNA and cyclin Dl expression and mod-
estlyy increased the number of epithelial precursor cells in S-phase. We pre-
viouslyy noted a similar effect in the adult stomach.30 This contrasts with the 
proliferativee effect of Hh signaling observed on both keratinocyte and neu-
rall  precursor cells and the effect of activating mutations in the Hh pathway 
inn tumors derived from these cell types.4"" 44 Hh signaling in the adult colon 
seemss to act mainly on differentiating enterocytes however and the effects 
observedd on precursor cell proliferation may be indirect and the result of the 
observedd defect in epithelial maturation. 
Wee cannot tell from our experiment if the factors under study arc direct tar-
getss of (long-range) Ihh signaling or may be affected via the modulation of 
anotherr (long-range acting) factor. Considering the wide spread expres-
sionn of the Hh receptor and transcriptional target Ptc along the crypt axis 
somee of these effects may be direct. Indeed, although many long-range 
effectss of Hh signaling are mediated via secondary messengers such as mem-
berss of the TGF-jS family, it has recently been shown that Hh proteins can 
signall  over long distances,45"47 Of note, although we are unable to detect Shh 
proteinn immunohistochemically with a Shh specific antibody and do not 
findd Hh expression with the antibody that reacts with different Hh family 
memberss other than in the differentiated enterocytes that also stain with the 
Ihhh specific antibody, Shh raRNA is expressed at the base of the crypts in the 
colon.111 We can therefore not exclude that some of the effects observed with 
cyclopaminee are the effect of inhibition of Shh. Clearly further experimen-
tationn is necessary to examine this possibility. 
Wee have found both differences and similarities between Hh signaling in the 
adultt stomach30 and Hh signaling in the colon. In contrast to the negative 
regulationn of HNF3/3 by Ihh in the colon HNF3/3 is positively regulated by 
Shhh in the stomach, similar to their relationship during floor plate differ-
entiation.21"233 Consistent with the observed difference in regulation, expres-
sionn of HNF3/Ï diminishes towards the source of Ihh in the colon, whereas 
inn the stomach expression is highest in the parietal cell that also produces 
Shh.. A similar difference was found in the relation between Hh signaling and 
BMP44 expression. Shh is a positive regulator of BMP4 in the adult stomach, 
howeverr in the adult colon we find that inhibition of Hh signaling leads to 
increasedd BMP4 expression. This variation in the reciprocal regulation of 
Hh'ss and BMP4 has been found before. For example, Shh and BMP4 nega-
tivelyy regulate each others expression in Hensen's node in the chick.4S In 
contrast,, Shh positively regulates BMP4 expression in the developing chick 
midgutt and hindgut.9, 1C The outcome of their relationship has been shown 
too be concentration dependent in the mouse tooth germ.49 In conclusion, 
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althoughh the same players are often involved in organ patterning their recip-
rocall  relationships are highly context dependent. 
Inn conclusion, we show for the first time that Hh signaling plavs a role in 
enterocytee maturation in vivo and identified several new proteins in the 
adultt colon with a role in tissue specific gene expression. We tound that Hh 
signalingg regulates the expression of HNF3/7, Engrailed-1, GATA6 and 
BMP4.. These data are support an important role for morphogens in the 
maintenancee of the epithelial microarchitecture in the adult GI tract. 
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Introduction n 
Differentiatedd epithelial cells of the adult gastrointestinal (GI) mucosa are 
continuouslyy replaced from a pool of progenitor cells. These precursor cells 
givee rise to modules of differentiated cell types with the appropriate spe-
cializedd functional properties for their position along the anterior-posteri-
orr (AP) axis of the gastrointestinal tract. This process of continuous renew-
all  shows a remarkable stability during our adult lives.1 However, in the 
contextt of chronic damage and inflammation, deregulation of epithelial 
turnoverr is a common finding. Progenitor cells can then be found to give rise 
too epithelial cells not normally found at a given position along the AP axis, 
aa condition called metaplasia.2 For example, in a setting of chronic reflux of 
gastricc content columnar epithelial metaplasia occurs in the esophagus that 
iss normally lined by squamous epithelium. This metaplasia is called Barrett's 
esophaguss and is considered a premahgnant lesion with an estimated cancer 
riskk of around 0.5% per patient year.3 Interestingly it is not known what 
underliess the development of metaplasias. Although genetic mutations play 
aa critical role in the progression from metaplasia to dysplasia and cancer there 
iss no evidence to support a role for genetic mutations as a cause of the initial 
changee in epithelial phenotype in epithelial metaplasias. 
Ass pointed out by Slack,2 metaplasias show features of homeotic transformations 
(aa change from a tissue appropriate to one position in the body to a tissue appro-
priatee to another position during development) observed when misexpressing 
homeoboxx genes. However, somatic mutations in such genes have rarely been 
describedd in humans. The inappropriate induction or repression of transcrip-
tionn factors that regulate tissue specific gene expression seems however to provide 
aa possible explanation for the etiology of metaplasias. The question remains 
thenn what is responsible for this inappropriate regulation of the expression of tran-
scriptionn factors? These metaplasias occur in a context of chronic inflamma-
tion.. We therefore hypothesize that soluble signals, most likely morphogens, ema-
natingg from the chronic inflammatory cells (lymphocytes and macrophages) 
mayy be responsible for such coordinated changes in expression. These signals may 
providee an altered instructive environment to maturing epithelial cells. 
Thee role of morphogens in body patterning and cell fate determination dur-
ingg development is well established. Deregulation of morphogens expression 
duringg development has been shown causes changes in epithelial phenotype. 
Forr example, mice that lack Sonic Hedgehog display intestinal transformation 
off  the stomach and bone morphogenetic protein (BMP) signaling has been 
shownn to regulate body axis patterning throughout development. 4' 5 Such 
morphogenss are also expressed and functional in the adult GI tract.6- 7 

Wee hypothesize that ectopic expression of morphogens in the chronic 
inflammatoryy infiltrate associated with epithelial metaplasias may alter the 
epitheliall  precursor cells perceived position along the AP axis of the GI 
tract.. Such ectopic expression may therefore cause or contribute to the 
developmentt of epithelial metaplasia. 
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Methods s 
Antibodies Antibodies 
Thee following antibodies were used in this study: an anti-BMP2 mouse 
monoclonall  antibody (mAb) (355; 1:1000; 1:2000), an anti-BMP RIa goat 
polyclonall  antibody (AF346) and an anti-BMP Rib mouse monoclonal anti-
bodyy (MAB505) were from R&D systems (Minneapolis, MN) . 

Immunohistochemistry Immunohistochemistry 
Formalinn fixed paraffin embedded human resection specimens were obtained 
fromm the archives of the pathology department of the Academic Medical 
Centerr and the Massachusetts General Hospital following institutional 
standardss for human subject research. We used 5 resection specimens of nor-
mall  esophagus and 33 specimens from 20 different patients with Barrett's 
esophagus.. Immunohistochemistry was performed on 4fim sections using a 
three-stepp diaminobenzidine (DAB) detection method with antigen retrieval 
ass described in detail previously.s Two different negative controls were 
usedd for the immunohistochemical staining, omission of the primary anti-
bodyy and use of an appropriate control Ig. 

InIn situ hybridization 
Humann Shh and BMP-2 cDNAs, a gift of Dr C. Tabin, were used to tran-
scribee a digoxigenin-labelled (Roche) mRNA probe according to Mango et 
al.99 Following deparaffinization 4^m sections were treated with 1 0 mg/ml 
Proteinasee K for 8 minutes and postfixed in 4% paraformaldehyde. Prior to 
applicationn of the mRNA probe, sections were incubated in 0.1M tri -
ethanolamine/0.25%% acetic anhyride and rinsed in 0.1M Tris-buffered 
glycine.. The probe hybridized at 70°C overnight. Post-hybridization wash-
es'weree carried out in (1) 50% formamide, 5X SSC, pH 4.5,' 1% SDS, (2) 0.5M 
NaCl,, lOmMTrisHCl, pH 7.5, 0.1% Tween-20, 10 mg/ml RnaseA, (3) 50% 
formamide,, 2X SSC, pH 4.5, (4) TBST. Sections were blocked for 30 minutes 
RTT in 5% sheep serum and incubated for 2 hours RT in anti-digoxigenin 
(Roche)) antibody solution. After additional washes in TBST, expression was 
detectedd using purple AP substrate (Roche, Mannheim, Germany). Tissue 
wass mounted with Ultramount (DAKO) . 

Results s 
BMP2BMP2 and Shh mRNA are expressed in the chronic inflammatory infiltrate 
inin Barrett's esophagus. 
Duringg the course of our experiments that try to localize morphogen expres-
sionn in the adult gastrointestinal tract, we noted that inflammatory cells 
expressedd two of these morphogens, Shh and BMP2 (unpublished observa-
tions).. Both of these morphogens play an important role in the regulation of 
GII  epithelial cell fate during development, are downregulated early in the 

191 1 



CHAPTERR 10 

Figur ee 1. Localization of Shh (A-C) and BMP-2 (D-F) mRNA in patients with 
Barrett'ss esophagus by in situ hybridization. (A) Strong signal with the 
Shhh probe in gastric glands (arrows) in gastric metaplasia. (B) In 
areass of intestinal metaplasia the signal was mainly in the inflammatory 
infiltrate.. (C) Blow-up of boxed area in B showing the many inflam
matoryy cells (arrows) that express Shh mRNA. (D) BMP-2 mRNA is 
expressedd in the gastric type glands in gastric epithelial metaplasia of 
thee esophagus. (E) Blow-up of boxed area in D, showing the BMP-2 
expressingg gastric type glands (arrows). (F) Inflammatory cells (arrows) 
expresss BMP-2 in an area of intestinal metaplasia. 

developingg esophagus and are not normal ly expressed in the adult esophagus. 
Wee therefore set out to invest igate ii Shh and BMP2 could be ectopical ly 
expressedd by the chron ic in f lammatory inf i l t rate that is assoc ia ted with 
Barret t 'ss esophagus. For the detect ion of Shh we used in situ hybr id iza t ion 
sincee we have found prev ious ly that this method is more sensi t ive than 
immunoh is tochemis t ryy on paraffin sec t i ons /' As can be aeen in f igure l we 
detectedd abundant Shh m R NA expression in areas of fundic gastr ic gland 
metaplasiaa (fig. la). This finding is in accordance with the expression pattern 
off  Shh we have previously ' In addi t ion to the staining ol fundic 
glandss we found that many in f lammatory cells under ly ing the metaplast ic 
epithel iumm expressed Shh m R NA in all specimens with metaplasia (Fig. lb,c) 
Similarly,, we found express ion of BMP2 m R NA at the base ot glands in 
fundicc gland type metaplasia (F ig la ,b). This is in accordance with the expres-
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sionn of BMP2 protein we have previously reported in the norma) stomach.7 In 
additionn to the signal detected at the base of the gastric glands we also found 
stainingg of inflammatory cells with the BMP2 probe (Fig lc). 

LocalizationLocalization  of  protein  expression  for  BMP2 and the BMP receptors  ia and lb. 

Thee expression of BMP2 by inflammatory cells was confirmed by immuno-
histochemistryy with a monoclonal anti-BMP2 antibody. Whereas we did 
nott observe any BMP2 immunoreactivity in the normal esophagus (Fig 2a) we 
detectedd strong staining of the base of fundic type glands in areas of gastric 
metaplasiaa (Fig 2b). This is in accordance with the BMP2 expression pattern 
previouslyy observed in the normal stomach and with the BMP2 mRNA 
expressionn pattern observed in fundic gland metaplasia of the esophagus in 
thiss study. In all of the metaplastic areas we found BMP2 expressing inflam-
matoryy cells (Fig 2c), indicating that these cells are an exogenous source of 
BMP22 in the esophagus. 
Too identify possible target cells for BMP signaling in areas ot esophageal meta-
plasia,, we used antibodies against the two BMP signaling receptors, the BMP 
receptorss Ia and IbJc The BMP receptor lb was widely expressed in columnar 
epitheliall  cells. In gastric type metaplasia (Fig 2d) the receptor is expressed in 
thee surface epithelial cells (pit cells) (Fig 2e) and on parietal cells in the 
gastricc glands (Fig 2f). In areas of intestinal metaplasia all epithelial cells were 
positivee for the BMP receptor lb (Fig 2g) with highest expression in the 
mostt superficial cells. Importantly, the basal cells of islets of squamous 
epitheliumm in areas of metaplasia also expressed the BMP receptor lb, (Fig 2h) 
indicatingg that these cells can respond to BMPs present in the inflammatory 
infiltrate.. In a specimen with squamous epithelium with gland like growth this 
receptorr expression was highest at the leading edge (Fig 2i,j). The BMP 
receptorr Ia was widely expressed throughout the lamina propria (Fig 2k). 
Inn conclusion, inflammatory cells in the lamina propria are a source of 
exogenouss BMPs in Barrett's metaplasia. A wide variety of epithelial and mes-
enchymall  cell types express BMP signaling receptors Ia and lb, including the 
basall  precursor cell region in squamous epithelium. 

193 3 



CHAPTERR 10 

Figur ee 2. Immunohistochemical detection of BMP-2 and BMP receptors in 
Barrett'ss esophagus. (A) No BMP-2 is detected in the normal esopha
gus.. (B) gastric metaplasia. BMP-2 is expressed in gastric glands 
andd inflammatory cells. (C) Inflammatory cells produce BMP-2 in 
intestinall metaplasia. (D) Expression of the BMP Rib in gastric type 
metaplasiaa in both pit type cells (zoom in E) and gland type cells 
(zoomm in F). (G) BMP Rib expression in intestinal metaplasia. Both the 
columnarr epithelial cells and the basal layer of the squamous epithe
liumm (see blow-up in H) are positive. (I) A gland like structure in the 
squamouss epithelium is strongly positive for the BMP Rib (see blow-up 
inn J). (K) The BMP Rla is mainly expressed in cells in the mesenchyme. 
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Discussion n 
Inn Barrett's metaplasia of the esophagus the epithelial phenotype is altered in 
thee context of chronic inflammation. In this study we show that cells in the 
inflammatoryy infiltrate can be an ectopic source of expression of morphogens 
withh an established role in cell fate regulation in the GI tract. 
Thee molecular etiology of epithelial metaplasias is unclear and rarely addressed. 
Althoughh a role for somatic genetic mutations has sometimes been considered 
inn the development of metaplasias, such a hypothesis does not seem to explain 
severall  interesting features of these pathologies. (1) The conversion of one tis-
suee module to another can be complete. This must involve complex repro-
grammingg of the precursor cells at the level of the transcription factors that 
regulatee tissue-specific gene expression. (2) Different degrees of metaplasia 
existt that seem to represent a sequence from normal tissue to a complete 
switchh of the epithelial phenotype. 6- ' '>l 2 Such varying degrees of complete-
nesss of the metaplasia would argue for the need for several sequential genetic 
mutationss to cause complete metaplasia. (3) Initiall y differentiation of the 
metaplasticc cells is complete (there is no dysplasia). In types of metaplasia 
wheree dysplasia is found (such as Barrett's metaplasia) the dysplasia arises years 
afterr the conversion of the tissue type.13, l4 (4) Large areas of mucosa can show 
metaplasticc change without obvious proliferative advantage of the metaplastic 
precursorr cells, arguing against clonal spread of a mutated cell.55'16 (5) Areas 
off  metaplasia are often patchy and multifocal, again arguing against a model of 
clonall  spread.17 (6) Mutations that drive neoplastic change in areas of meta-
plasiaa seem to arise after the initial metaplastic transformation and are main-
lyy found in patients with a diagnosis of dysplasia.14* l i ! 

Epitheliall  metaplasias have to be understood form the perspective of a rapid-
lyy regenerating epithelium. Precursor cells continuously replace the epithelial 
cellss in this dynamic homeostatic system. In each position along the anterior-
posteriorr axis of the GI tract precursor cells produce a module of differentiated 
celll  types that contribute to the local functions of the epithelium. It is not 
knownn if precursor cells produce the appropriate cells because of an intrinsic 
transcriptionall  makeup specified at birth or whether cell fate of their descen-
dantss is continuously regulated by extrinsic signals that precursor cells receive 
inn their precursor cell niche. Both intrinsic pre-birth patterning and extrinsic 
ongoingg patterning are likely to play a role in adult precursor cell fate speci-
fication,, metaplasias seem to provide an interesting example of the importance 
off  the extrinsic milieu. 
Ass mentioned in the introduction, metaplasias show features of homeotic 
transformations.22 The similarity between metaplasia and homeotic transfor-
mationn is important and may point to an explanation that does not involve 
geneticc mutations. It has been shown that the intestine specific homeobox gene 
Cdx-11 is inappropriately expressed in areas of intestinal metaplasia of the 
stomachh and esophagus in humans.1V And when the intestine specific home-
oboxx gene Cdx-2 was ectopically expressed in the stomach of mice, their 
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gastricc units developed features of the intestinal metaplasia observed in the 
humann stomach.~  ̂ The inappropriate induction or repression of transcription 
factorss that regulate tissue specific gene expression seems to provide a possi-
blee explanation for the etiology of metaplasias. We hypothesize that epithelial 
precursorr cells may be sensitive to extrinsic morphogenetic signals derived 
fromm the chronic inflammatory infiltrate that underlies areas of metaplasia. 
Duringg development morphogens are the most important extrinsic cues in the 
regulationn of cell fate and body axis patterning. We have shown previously that 
manyy morphogens with a role in the development of the GI tract are expressed 
alongg the adult gut in regionally distinct patterns.6' 7 The two morphogens 
examinedd in this study, Shh and BMP2 are not expressed in the adult esopha-
guss (ref6 and figure 2 of this study). Experiments in chicks and mice have 
shownn an essential role for both Hh and BMP signaling in the development gas-
tricc glands and of the gastric epithelial phenotype.21~-J We conjecture that the 
precursorr cells oi the squamous epithelium may switch the cell fate of their dif-
ferentiatedd progeny towards a columnar epithelial phenotype upon exposure 
too morphogens like Shh and BMP2 produced by inflammatory cells. The 
expressionn of such morphogens by inflammatory cells is likely to play a role in 
thee differentiation of immature inflammatory cells in the infiltrate. Indeed, a 
rolee for both Hh and BMP signaling in T cell development has already been 
established.'4,, -  ̂Epithelial cells at the site of inflammation may be affected by 
thesee molecules as innocent bystanders. 
Thiss hypothesis can provide an explanation for all of the features of metapla-
siaa listed above. (1) Experiments by embryologists have shown that misex-
pressionn of a single morphogen can cause homeotic transformation,4, 5 (2) 
Varyingg concentrations of the morphogen or its antagonist, produced by 
inflammatoryy cells throughout the tissue may account for varying degrees of 
completenesss of the metaplasia. (3) Although misexpression of a morphogen 
mayy alter the precursor cells perceived position along the A-P axis and thus the 
naturee of the differentiation of its progeny, it does not necessarily affect the 
completenesss of differentiation (no dysplasia). (4) The abundant presence of 
chronicc inflammatory celts in the mesenchyme may account for the large areas 
off  metaplasia without the necessity of clonal spread of mutated epithelial 
cells.. (5) Local differences in the composition of the inflammatory infiltrate may 
explainn the patchy and multifocal nature of metaplasias. (6) The altered mor-
phogeneticc environment is not likely to completely recapitulate the environ-
mentt of the tissue-type the metaplastic precursor cell perceives to be in. This 
mayy result in conflicting maturations signals that may compromise the normal 
celll  cycle controls and make precursor cells more sensitive to genetic change. 
Inn conclusion, epithelial metaplasias are a poorly understood phenomenon; 
misexpressionn of morphogens could provide an explanation for a switch in the 
epitheliall  phenotype. In this study we provide the first evidence that the 
chronicc inflammatory infiltrate can be an ectopic source of such morphogens 
inn Barrett's esophagus. 
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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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Discussio n 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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Samenvattingg voor de leek 
(Bluff  y o ur way t h r o u gh Gi js' p roefschr i f t) 

Naa de opmerkeli jke groei en ontwikkel ing die wij van eitje lot volwassen mens 
ondergaann lijk t ons l ichaam bij opperv lakk ige beschouwing een stabiel en af 
geheell  te vormen. Voor veel weefsels blijk t dit echter bij nadere bes tuder ing 
niett het geval, het meest in het oog spr ingend is daarbij wellicht onze con t i-
nuee haargroei. O ok de opperv lakten in ons lichaam die ons afgrenzen van de 
buitenwereld,, zoals de huid en het slijmvlies van het maagdarmstelsel, bestaan 
uitt een zich cont inu verversende laag van cellen. Deze voor tdu rende ver-
vers ingg is zeer nut t ig voor het herstel van de cont inue schade die de opper-
vlakkigee weefels ondergaan en het bemoei l i jkt colonizat ie door parasieten. 

Eenn belangri jk deel van dit proefschr i ft gaat over de n immer af latende ver-
n ieuwingg van cellen in de bek ledende laag aan de b innenkant van het maag-
darmste lse l.. Deze cel len, die epi theelce l len worden genoemd (zie f iguur 
1),, vervangen zich over het algemeen elke drie tot zeven dagen. Gegeven het 
feitt dat de b innenkant van onze darm een opperv lakte heeft van ongeveer de 
g roo tee van een voetbalveld, gaat dit om een onvoors te lbaar groot aantal 

epithee l l 

ontstekingscelle n n 

spierlaa g g 

Figuu rr  1. Een schematische weergave van de doorsnede van het maag
darmkanaal.. De wand is opgebouwd uit drie lagen. Een dun laagje 
cellen,, het epitheel. vormt de barrière tussen de inhoud van dit kanaal 
(hett lumen) gevuld met voedsel en bacterieën en ons l ichaam. 
Hieronderr ligt een laag met vooral ontstekingscellen die ons bescher
menn tegen invasie door parasieten (zoals bacterieën en virussen). 
Dee buitenste laag bestaat uit spierweefsel om de inhoud van de darm 
vann voor naar achter te kunnen verplaatsen. 
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cellen.. In een muis (met ongeveer twintig gram lichaamsgewicht zo'n 3500 
keerr kleiner dan een mens) worden in de dunnedarm alleen al ongeveer 250 
miI)oenn nieuwe epitheelcellen per dag gegenereerd. Dit enorme proces van 
constantee vernieuwing wordt nog gecompliceerd door de grote verscheiden-
heidd van gespecialiseerde epitheelcellen. Zo zijn er specifieke cellen die de 
beschermendee slijmlaag maken (goblet cellen), die voedingsbestanddelen 
afbrekenn en opnemen (enterocyten) en cellen die bijvoorbeeld hormonen 
producerenn die in de bloedsomloop worden uitgescheiden (endocriene cellen). 

Dee vervanging van epitheelcellen vindt plaats vanuit de darmwand. In de 
darmwandd bevinden zich delende cellen die zich nog moeten ontwikkelen tot 
eenn gespecialiseerde epitheelcel, de zogeheten precursorcellen (voorloper-
cellen)) die voortkomen uit met-gespecialiseerde stamcellen. Deze epitheel-
cellenn specialiseren zich op hun weg van de diepe lagen van de darmwand naar 
hett oppervlak van het maagdarm stelsel. Eenmaal aangekomen bi] het epi-
theeloppervlakk worden de cellen in de maagdarmholte uitgescheiden waar de 
cell  resten een belangrijk deel van onze faeces (poep) uitmaken (zo n 30%!). 
Ondankss de snelle en continue turnover van cellen is de samenstelling (of 
microarchitectuur)) van ons maagdarmslijmvlies van een verbijsterende con-
stantheidd gedurende ons volwassen leven. Alleen bij continue schade en 
daardoorr veroorzaakte onsteking van de maagdarmwand, kan er een merk-
waardigee verstoring van de microarchitectuur optreden. Als er bijvoorbeeld 
jarenlangg zuur lekt vanuit de maag in de slokdarm, of er een langdurige 
infectiee van de maag is met de maagzweer bacterie Helicobacterpylori, ont-
staatt een chronische ophopmg van ontstekingscellen onder het epitheel van 
dee maag of de slokdarm. Geassocieerd met zo'n ontsteking wordt soms het 
epitheell  vervangen door epitheel dat verkeerd gespecialiseerd is (er zijn 
dann bijvoorbeeld darm cellen in de maag of slokdarm). Deze afwijking wordt 
ookk wel metaplasie genoemd en wordt in sommige gevallen beschouwd als 
voorstadiumm van kanker. 

Err is zeer weinig bekend over hoe het kan dat een nakomeling van bijvoorbeeld 
eenn maag stamcel "weet" dat hij een maagepitheelccl moet worden en bij-
voorbeeldd niet een nier- of darmepitheelcel. Ook weten we niet welke signalen 
err voor verantwoordelijk zijn dat de verschillende maagepitheelceltypes (bij-
voorbeeldd de slijm, zuur en hormoon producerende cellen) altijd in de juiste 
aantallenn geproduceerd worden. Het is dus ook niet bekend hoe het kan dat dit 
soortt processen verstoord kunnen worden, zoals bij metaplasie, maar uit het 
bestaann van metaplasie kan men wel concluderen dat er specifieke signalen moe-
tenn zijn die een maagstamcel aangeven dat deze een maagcel moet worden en 
datt deze signalen tevens beïnvloed kunnen worden door ontstekingscellen. 

Omm beter te begrijpen welke signalen betrokken zouden kunnen zijn bij 
hett instrueren van een zich specialiserende maag- of darmcel, hebben wij ons 
inn dit onderzoek tot de embryologie gewend. Nergens is het instrueren van 
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Figuu rr  2. Tijdens de embryonalefase ontstaan onze ledematen uit een knobbelt
jee aan de zijkant van ons lichaam (de zgn. "limbbud"). De manier 
waaropp dit gebeurt is geconserveerd van vogel tot mens. Een klein 
groepjee cellen aan de punt van het knobbeltje maakt een type mor-
phogenn van de Fibroblast Groeifactor familie (Fgf) terwijl een paar 
cellenn aan de achterkant Sonic Hedgehog (Shh) maken. Zo weet 
iederee cel in het groeiende knobbeltje dankzij de concentratie Fgf 
enn Shh die hij waarneemt wat hij moet worden. 

zichh spec ia l i se rende cel len be langr i j ker dan in een zich o n t w i k k e l e n de 
embryo.. Een embryo ontwikke lt zich in zeer kor te tij d van een klompje 
cellenn tot een volwaardig organisme met alles erop en eraan - bij een vis is dit 
bi jvoorbeeldd een kwestie van een paar dagen. Nergens is ook zo goed bekend 
welkee moleculen be t rokken zijn bij cel lulaire special isat ie. Embryo logen 
zijnn er in de afgelopen twint ig jaar in geslaagd om een groot netwerk van sig-
nalenn b loot te leggen die zijn geconserveerd in de evolut ie van fruitvlieg tot 
mens.. Deze signalen worden in kleine variaties gebruikt bij de aanleg van vrij -
well  elk orgaan in ons lichaam. Hierbij hebben onderzoekers gebruik gemaakt 
vann u i teen lopende mode lsys temen, zoals b i jvoorbeeld de ontwikke l ing van 
eenn vleugel (in de fruitvl ieg en k ip), vin (vis) of poot (muis). De on tw ikke-
lendee ledemaat wordt graag als model gebru ikt omdat er twee duidel i jke 
assenn in onts taan (zie figuur 2); van achter naar voor (pink naar duim) en van 
bovenn naar onder (bovenarm naar onde ra rm). Di t soort complexe dr iedi-
mensionalee s t ruc tu ren kunnen ontstaan dankzij specif ieke oplosbare bood-
schappermoleculenn (morphogenen) die de communicat ie tussen de cellen van 
eenn groe iend orgaan mogeli jk maken. Deze morphogenen worden door een 
paarr cellen in een on tw ikke lend orgaan gemaakt waarbij elke "hoek" van 
eenn orgaan z'n eigen morphogen maakt. Een morphogen vormt vanuit het 
clubjee cellen waardoor het gemaakt word t, een zogeheten "organiz ing cen-
ter",, een gradient (van hoge naar lage concentrat ie) door het weefsel van het 
on tw ikke lendee orgaan. Omdat elke "hoek" van een orgaan een eigen morp-
hogenn maakt, on ts taat in het orgaan versch i l lende concen t ra t i es van de 
morphogenen.. De cellen in het orgaan die zich aan het specialiseren zijn, kun 
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Figuu rr  3. Een maagepitheel buisje. De delende stamcel zit halverwege het buis
je.. Nakomelingen die omhoog migreren naar de binnenkant van de 
darmm (het lumen) specialiseren zich voor andere taken dan degenen 
diee naar beneden migreren. 

nennen aan de concent ra t ies van de morphogenen die zij meten met hun .speci-
fiekee morphogenrecep to rs opmaken waar zij zich in het orgaan bevinden en 
koppelenn hier aan hun lot (dus weten of ze onderdeel van een duim of een 
pinkk moeten worden). Embryo logen hebben grofweg vier van fruitvl ieg tot 
menss geconserveerde families van morphogenen on tdek t. 

Err is tot nu toe weinig tot geen aandacht besteed aan de vraag of dit soort 
morphogenenn niet ook heel belangrijk zijn in de zich snel regenererende epit-
heelweefselss van de volwassen mens. Di t lijk t vooral waarschijnli jk omdat in 
dezee weefsels net als in de on tw ikke lende embryo verschi l lende assen te 
ondersche idenn zijn. Zo is er in het volwassen maagdarmste lsel de as van 
vern ieuwingg (van de stam cel tot de supergespecia l iseerde cel die aan de 
darmholtee kant is aangekomen) en de voor-achter as van mond naar anus. Het 
tweedee deel van dit proefschr i ft (hoo fds tuk 6 t /m 10) beschri j ft exper i-
mentenn die er op gericht zijn deze mogel i jkheid te onde rzoeken. In deze 
samenvat t ingg beperk ik mij tot dit onderwerp omdat dit het meest vernieu-
wendee deel van dit proefschr i ft is. 

Hett probleem waar deze gedachtengang (om naar de embryo log ie terug te 
gri jpen)) uit voo r t kwam, is beschreven in hoofds tuk 6. Di t hoo fds tuk gaat 
overr maagepi theel. In de maag liggen de stamcel len in kleine buisjes in de 
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maagwand.. De stamcel bevindt zich halverwege zo 'n huisje en de cons tant 
gegenereerdee nakome l ingen mig re ren ofwel o m h o og naar de maagho l te 
ofwell  naar beneden naar de d iepere lagen van de maag. Het in te ressante 
hierr aan is dat cellen die o m h o og migreren heel anders worden (zij maken 
voornamel i jkk een beschermende laag sli jm) dan de cellen die naar beneden 
migrerenn (die zich special iseren om / u u r, voedsel a fbrekende enzymen of 
ho rmonenn te maken). In het vern ieuwingsproces van het maagepi theel is et-
duss sprake van asymmetr ie (zie figuur 3). Om asymmetr ie te laten onstaan is 
hett nodig dat er polar iserende factoren zijn. F.mbryologen hebben verschi l-
lendee polar iserende morphogenen on tdekt die bij het onstaan van bi jvoor-
beeldd l inks-rechts asymmetr ie be t rokken zijn (dus zorgen dat b i jvoorbeeld 
hett hart l inks zit en de lever rech ts ). De klassieke po lar iserende factor is 
gevondenn in hel model \\\n de on tw ikke lende ledematen (f iguur 2) en is 
naarr een Sega compu ter spel let je genoemd: Sonic Hedgehog (zie figuur 4). 
Omm redenen die later niet bleken te k loppen was dit de eerste po lar iserende 
factorr waarvan we bekeken ot die in de maag voorkwam. Deze factor bleken 
wi jj  hier echter wel te vinden en wat belangri jk was: Sonic Hedgehog wordt 
maarr aan één kant van de maagstamcel gemaakt (de kant van de cellen die naar 
benedenn mig re ren). Di t is natuur l i jk essent ieel als het een po la r iserend 
effectt moet hebben. In de rest van dit hoofds tuk beschri jven wij de eerste 
aanwijzingenn dat Sonic Hedgehog inderdaad een rol speelt in asymmetr ische 
maagcell  tu rnover. 

Terwij ll  wij met deze proeven bezig waren, werd ook het maagdarmste lsel 
beschrevenn van muizen die geen Sonic Hedgehog kunnen maken, de zoge-
hetenn " knockou t" muis (omdat het gen dat Sonic Hedgehog maakt bij deze 
muizenn verwijderd is). Het bleek dat deze muizen t i jdens de embryonale fa-
see geen normaal maagep i theel o n t w i k k e l e n. In deze mu izen is de maag 
bekleedd met epitheel dat darmacht ige special isat ie ve r toon t. Aangezien we 

Figuu rr  4 Sonic the Hedgehog (egel), de held van een Sega computerspelletje. 
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inmiddelss uit ons eigen onderzoek wisten dat Sonic Hedgehog ook in de vol-
wassenn maag belangrijk is, vroegen wij ons at of de produktie van Sonic 
Hedgehogg bij een soortgelijke afwijking bij volwassen patiënten (darmmetaplasie 
vann de maag) misschien verloren gaat. Dat bleek in het onderzoek dat beschre-
venn is in hoofdstuk 7 inderdaad het geval. Hoewel dit in de mens noodzakelij-
kerwijss een beschrijvend onderzoek is, is onze hypothese natuurlijk dat hier net 
alss in de Sonic Hedgehog knockout muis een causaal verband bestaat. 

Tijdenss de ontwikkel ing van het maagdarmstelsel speelt ook Indian 
Hedgehogg (een zeer op Sonic Hedgehog lijkend morphogen) een belangrij-
kee rol. Wij vroegen ons dus vervolgens af in het in hoofdstuk 8 beschreven 
deell  van het onderzoek of ook deze Hedgehog een rol in het volwassen 
maagdarmstelsell  zou kunnen spelen. Screening van het maagdarmstelsel 
liett zien dat in de dikke darm (het colon) Indian Hedgehog gemaakt wordt. 
InIn het colonslijmvlies bevinden zich net als in de maag buisjes (crypten) met 
daarr in snel delende precursorcellen. In tegenstelling tot de maag bevindt de 
stamcell  zich op de bodem van de crypt en bewegen alle cellen zich in de rich-
tingg van de darmholte. Het bleek dat Indian Hedgehog gemaakt wordt door 
éénn van de drie types epitheelcellen die men in het colon kan vinden. Deze 
cellenn (enterocyten), die vooral bezig zijn om water aan onze poep te ont-
trekken,, bevinden zich aan de uiterste kant (darmholtekant) van de as waar-
langss het epitheel zich vernieuwd. Gegeven de lokalisatie van het eiwit was 
onzee hypothese dat Indian Hedgehog betrokken zou kunnen zijn bij het spe-
cialiserenn van deze enterocyten. Allereerst keken wij dus naar een situatie die 
gekarakteriseerdd wordt door het verlies van enterocyt specialisatie, dikke-
darmkankerr (colonkanker). Het bleek dat Indian Hedgehog-produktie inder-
daadd afwezig was in voorstadia van colonkanker. In het volgende deel van dit 
hoofdstukk maakten we gebruik van het feit dat sommige humane colonkan-
kercellenn in bakjes (in vitro) te kweken zijn en dus beschikbaar zijn voor het 
doenn van proeven. Deze cellen zijn kankercellen en in principe ongespeciali-
seerd.. Er bestaat een methode om deze cellen kunstmatig te specialiseren. 
Allereerstt laten we in hoofdstuk 8 zien dat tijdens kunstmatige in vitro sti-
mulatiee van colonepitheel specialisatie de produktie van Indian Hedgehog al 
gestimuleerdd wordt voordat de cel zich daadwerkelijk specialiseert. Vervolgens 
latenn we zien dat de specialisatie van deze cellen te remmen is door een spe-
cifiekee blokker van Indian Hedgehog aan het kweekmedium toe te voegen. 
Tenn slotte laten we zien dat toevoegen van Indian Hedgehog-eiwit aan het 
kweekmediumm ook voldoende is om de colonkankercellen te specialiseren. Al 
mett al lijk t het er dus op dat het verlies van Indian Hedgehog-produktie dat 
wcc in colonkanker in patiënten zien, wellicht ook zeer relevant is voor het ver-
liess van specialisatie dat bij deze afwijking optreedt. 

Inn Hoofdstuk 9 gaan we verder met dit onderzoek en proberen we de rol van 
Indiann Hedgehog in enterocytspecialisatie in "het echt" (in vivo) te bevesti-
gen.. In dit deel van het onderzoek hebben we tevens getracht meer eiwitten te 
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vindenn die in het Indian Hedgehog signaleringsnetwerk participeren. Hierbij 
makenn wij gebruik van het feit dat dit soort netwerken vaak van fruitvlieg tot 
menss geconserveerd zijn. Hiertoe bestudeerden we de colons van ratten die we 
tweee weken behandelden met een Hedgehog signaal blokkerend stofje. Dit 
stofjee is een bestanddeel uit een plant die groeit in het westen van Amerika, de 
VeratrumVeratrum Californicitm. Het stofje is ontdekt als hedgehogblokker omdat de 
jongenn van dieren die deze plant eten er net zo uitzien als muizen (en mensen) 
diee geen functioneel Sonic Hedgehog gen hebben. Zij worden namelijk gebo-
renn met 1 centraal in het hoofd gepositineerd oog. Het stofje werd dan ook 
zeerr toepasselijk cyclopamine genoemd. De darmen van de met cyclopamine 
behandeldee ratten laten inderdaad een sterk gestoorde specialisatie van de 
enterocytenn zien. De afwijking is duidelijk met een routine kleuring te zien, 
maarr daarnaast tonen we ook op moleculair niveau aan dat de enterocyten 
abnormaall  zijn. We vinden verder in dit hoofdstuk dat verschillende genen die 
betrokkenn zijn bij de embryonale aanleg van de darm van de fruitvlieg, ook in 
dee volwassen rattendarm zijn terug te vinden. We laten zien dat verschillen-
dee eiwitten die door deze genen gemaakt worden ook door Indian Hedgehog 
gereguleerdd worden. De resultaten in dit hoofdstuk bevestigen in vivo het 
conceptt dat uit hoofdstuk 8 naar voren komt, namelijk de belangrijke rol van 
Indiann Hedgehog in enterocyt differentiatie. 

Inn Hoofdstuk 10 tenslotte komen we terug op het onderwerp van de meta-
plasie.. We hadden inmiddels de localisatie van verschillende morphogenen in 
dee magen en darmen van patiënten bestudeerd. Hierbij vonden wij dat ten-
minstee twee van de morphogenen met een rol in de specialisatie van epit-
heelcellenn door ontstekingscellen geproduceerd kunnen worden. Tevens 
haddenn we gevonden dat deze twee morphogenen in de normale slokdarm niet 
voorkomen.. We waren daarom benieuwd of deze twee morphogenen (Sonic 
Hedgehogg en Bone Morphogenic Protein-2) wellicht door onstekingscellen 
gemaaktt worden die slokdarmmetaplasie veroorzaken. In de slokdarm komt 
namelijkk een belangrijk soort metaplasie voor. Mensen die chronische terug-
vloedd van zuur uit de maag naar de slokdarm hebben ("opkomend zuur") kun-
nenn hier een slokdarmontsteking door krijgen. Bij een deel van deze mensen 
wordtt het slokdarmepitheel vervangen door darmepitheel als gevolg van de 
ontsteking.. Dit is een vorm van metaplasie die we Barrett's metaplasie noe-
men.. Waarom de ontstekingscellen de metaplasie veroorzaken is zoals al 
eerderr gezegd onbekend. Het is belangrijk om patiënten met Barrett's meta-
plasiee te vinden en te behandelen omdat deze afwijking een sterk verhoogde 
kanss (tot 300 keer) op slokdarmkanker geeft. We vonden inderdaad dat 
ontstekingscellenn in Barrett's metaplasie deze twee morphogenen maken 
diee hier normaal gesproken niet aanwezig horen te zijn. Onze gedachte is nu 
datt de aanwezigheid van deze signalen rond de slokdarmcellen die zich aan het 
specialiserenn zijn, deze slokdarmcellen in de war brengt over waar ze zich 
langss de lengte of mond-anus as van het maagdarmstelsel bevinden. Deze 
hypothesee zal in verder onderzoek in ons lab getest moeten worden. 
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Inn conclusie, in het zich continu verversende epitheel van het maagdarm-
stelsell  zijn twee assen te herkennen, de lengteas van mond naar anus en de 
vernieuwingsass van delende stamcel naar supergespecialiseerde - en ten-
slottee stervende - cel. Tijdens de embryonale fase bestaan dit soort assen bij 
dee gratie van de aanwezigheid van gradiënten van morphogenen. In dit 
proefschriftt laten we zien dat dit ook voor de instandhouding van de micro-
architectuurr van het volwassen maagdarmstelsel het geval lijk t te zijn. We 
hopenn dat we met deze kennis afwijkingen zoals metaplasie en het onstaan 
vann kanker in patiënten beter kunnen gaan begrijpen. 
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Ann English old wives' tale advises us to "feed a cold and starve a fever" . 
Heree we report that the nutritiona l status modulates the Thl/Th 2 balance 
off  activated T cells in human volunteers. Food intake resulted in increased 
IFN- yy production, whereas food deprivation stimulated IL- 4 release. 

Despitee the fact that popular wisdom holds that one should "feed a cold and 
starvee a fever" it is, to the best of our knowledge, not known if nutrient avail-
abilityy acutely modulates the immune response. The adaptive immune 
responsee employs different strategies to ward off infection by pathogens. A 
subsett of T lymphocytes, the CD4 expressing, T helper (Th) cells are impor-
tantt in directing this strategy.1 So-called Thl cells stimulate primarily the 
cell-mediatedd immune response against intracellular invaders by activating 
macrophagess and CD84" cytotoxic T lymphocytes.2,3 Th2 cells favor the B cell 
dependentt humoral immune response against extracellular organisms.4,5 

Whereass interferon (IFN)-g is the hallmark Thl cytokine,2,3 interleukin 
(IL)- 44 is an important Th2 cytokine,4,5 We decided to study the Th 1/Th2 bal-
ancee in blood of healthy volunteers in response to food intake. 
Sixx non-smoking healthy male volunteers (mean age 28, range 26-33, mean 
Bodyy Mass Index 23.8, range 21.5-26.3) were studied on two occasions. 
Thee medical ethical committee of our hospital approved the study. After 
overnightt starvation the participants received a liquid meal on one occasion 
(8000 ml "nutrldrink", containing 1200 kcal, 40 g protein, 144 g carbohydrate, 
888 g lipids of Nutricia, Zoetermeer, the Netherlands), and an equal volume 
off  water on the second occasion. The water was to control for gastric dis-
tension.. Heparinized blood was obtained at the start of the experiment at 
9:000 am and every hour for six hours hereafter. Blood was diluted 1:1 in pyro-
gen-freee medium (RPMI 1640, Bio Whittaker, Verviers, Belgium) and 1 ml 
ahquotss were cultured in triplicate for 24 hr in the presence or absence of the 
TT cell receptor activating antibodies anti (or)-CD3/cr-CD28 (CLB, 
Amsterdam,, The Netherlands, at concentrations of 1.5 mg/ml and 2 mg/ml 
respectively).. IFN-y and IL-4 were measured by ELISA according to the 
manufacturerss protocol (kits from CLB). Different time points of the same 
volunteerr were always measured in the same assay. 

Inn unstimulated blood both IFN-y and IL-4 were below the detection limi t 
off  the assay. Upon a 24 hour stimulation mean baseline levels (t = 0) of IL-4 
productionn were 2 pg/ml in controls and 3 pg/ml in volunteers 
aboutt to receive nutridrink. Baseline levels of INF-y were 5 ng/ml 
andd 8 ng/ml respectively. Thus the baseline cytokine levels were com-
parablee in both groups. These levels were altered in blood obtained at later 
timee points, both in the calorie-fed group as well as in the control situation. 
Sixx hour after calorie ingestion, six out of six volunteers showed strongly 
increasedd IFN-y production averaging 450% of the starting value (range: 117-
867%),, Fasting however, decreased IFN-y production to an average 83% of 
thee starting value (range: 47-115%), see figure 1. Both calorie intake and 
waterr ingestion increased IL-4 production. The increase was significantly 

215 5 



Appendixx 1 

higherr however in fasted vo lunteers, the most marked difference being no t-
edd five hou rs af ter meal in take. Whereas in fasted con t ro ls IL- 4 levels 
reachedd an average 3 9 8% of the s tar t ing value ( range: 67 -1114%), after 
foodd intake IL- 4 product ion reached only an average of 142% of the start ing 
valuee (range: 80-243%), see figure 1. Hence food intake acutely increases the 
IFN-y ,, not the IL- 4 lymphocyte response. Converse ly, starvat ion increases 
thee IL- 4 and not the lb 'N-y response in T l ymphocy tes. 

Calor iee ingestion apparent ly favors cel l -mediated immuni ty (as evident by 
thee dramatic upregulat ion of ILN- y product ion) , - -' whereas starvation skews 
thee immune system toward a humoral immune response.4 ,3 In our whole blood 
approachh we did not correct for possible changes in white blood cell counts, it 
iss possible that these are influenced by food intake. We feel however this is 
unlikelyy to have an effect on the T h l / T h2 rat io as observed in our study and 
suchh differences would be unlikely to explain our results. Although clearly fur-
therr studies are needed for a better comprehension ot the relation between food 
consumpt ionn and the immune response, our data support the notion that such 
aa relation does exist. O ur results also have the impor tant implication that one 
shouldd carefully standardize food intake when comparing cytokine product ion 
betweenn different t ime points or people. Thus the English popular belief "feed 
aa cold, starve a fever" may reflect the observat ion of a bona fide effect ot the 
nutr i t ionall  status on the regulat ion of the immune response. 

Hours s Hours s 

Figur ee 1. Changes in IFN-y and IL-4 production in response to meal intake 
(nn = 6. closed circles) and fasting (n = 6, open circles) during six hour 
follow-up.. % cytokine production of baseline. Baseline levels (t = 0) of 
IL-44 production were 61 2 pg/ml in controls and 3 pg/ml in vol
unteerss about to receive nutridrink. Baseline levels of INF-y were 

55 ng/ml and 8 ng/ml respectively. Statistical analysis was 
performedd using a two-factor repeated-measurement design on abso
lutee measurements relative to baseline.6 The food/time interaction was 
significantt for both cytokines, p<0,001 for IFN-g. p<0.05 for IL-4. 
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Fromm 1959 until its wi thdrawal from the market in 1961, after a larming 
reportss by Mc Bride and Lenz, ' -- the administrat ion of thal idomide as a seda-
tivee caused several thousands of cases of congenital mal format ions. Al though 
thee mechanism under ly ing the et io logy of these ia t rogenic deformi t ies has 
beenn studied by many, an explanation for thal idomide's teratogenic effect on 
thee human embryo has remained elusive for a lmost four decades now. The 
renewedd interest for the pharmacological act ion of the drug tha l idomide as 
ann immunomodu la to ry agent in diseases such as e ry thema nodosum lepro-
sum,-11 diverse ulcerat ive d isorders,4" 6 reumato id ar thr i t is and graf t-versus-
hostt d isease,8 on ly intensif ies the need to unders tand its mechanism of 
action.. Here we would like to use the st rong similarit ies between thal idomide 
embryopa thyy and two human syndromes, the H o l t - O r am and u lnar -mam-
maryy synd rome, to come to a genet ic explanat ion for the compl ica ted phe-
no typee observed in tha l idomide deformi t ies. 

Inn 1986, N e w m an po in ted out the similar i t ies be tween the embryopa thy 
causedd by admin is t ra t ion of thal idomide and a genetic syndrome: "I n Ho l t -
Oramm syndrome, . . ., the upper l imb reduct ion pat tern is verv similar to that 
off  thal idomide, a l though the legs are unaffected".9 Indeed, a str ik ing resem-
blancee exists between the phenotypes of many of the thal idomide victims and 
pat ientss with H o l t - O r am synd rome9 ( O M I M 142900) (see figure I ) , both 
showw identical severe upper l imb deficiencies and cardiac septat ion defects. 
I nn bo th cases one f inds the same t h u mb abno rma l i t i es ( t r i pha lang ism, 
hvpoplasiaa and aplasia), and severe aplasia of the fore l imb long bones, with 
aplasiaa of the forearm most p rominent on the radial side (radial aplasia). 

Figur ee 1. (A) Thalidomide deformities of upper limb, showing phocomelia, pro
jectingg acromio clavicular joints and loss of the preaxial fingers. (B) 
Holt-Oramm syndrome, note the similarities between both phenotypes 
(Fromm Newman, C.G.H: teratogen update. Teratology, 32:133, 1985. 
withh permission of Wiley-Liss, Inc.). 
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However,, patients with Holt-Oram syndrome do not show any deformities 
off  the lower limb, and thus the similarity between both conditions has 
receivedd littl e further attention. 

Anotherr genetic syndrome which shares some of the features of thalidomide 
embryopathyy is the ulnar-mammary syndrome (OMIM 181450),1C' both 
syndromess have in common the same defects in tooth (hypoplasia), renal 
(agenesis/hypoplasia),, genital, anal (atresia/stenosis) and pyloric (atre-
sia/stenosis)) development. 
Interestingly,, the genetic defects underlying the cause of both the Holt-
Oramm and the ulnar-mammary syndrome have now been identified,1'~'3 this 
givess a surprising new insight in the possible correlation between the phe-
notypess observed in these genetic syndromes and those in children with 
thalidomidee deformities. Holt-Oram syndrome is caused by mutations in the 
genee encoding the human transcription factor TBX-5, whereas the ulnar-
mammaryy syndrome is caused by mutations in TBX-3. Both are members of 
thee T-box family of transcript ion factors, originally identified in the 
mouse.14**  '5 Members of the T-box gene family share a DNA-bmding domain, 
thee so-called T-box. Interestingly, where TBX-5 plays a critical role in the 
developmentt of the upper limb and heart, a highly homologous T-box fam-
il yy member, TBX-4, specifies the development of the lower limb.16, '7 Thus 
itt is tempting to postulate that thalidomide or one of its many metabo-
lites188 negatively interferes with either the function of the T-box domain or 
withh a common mechanism whereby those T-box containing transcription 
factorss are activated. 
Thee most pronounced effect of thalidomide is disturbance of limb develop-
ment.. Interference with the action of T-box transcription factors would 
fi tt well within the framework of our current understanding of this complex 
process.199 Both thalidomide exposure and Holt-Oram syndrome lead to 
thee same loss of proximal limb structures specifically. In the development of 
thee vertebrate limb, the proximal-distal axis is established by the specialised 
epitheliumm at the tip of the outgrowing limb bud, in an area called the apical 
ectodermall  ridge (AER), which secretes and can be replaced by FGF. At the 
outset,, the developing limb mesenchyme is only able to generate proximal 
limbb structures. However, the FGF produced by the AER re-specifies the cell 
fatee of some of the cells with a high proliferation rate underlying the AER, 
calledd the progress zone, to form distal structures. Tabin proposed that as 
thalidomidee blocks proliferation in the progress zone and the limb bud fails 
too lengthen, all cells in the developing limb are exposed to the FGF still pro-
ducedd by the AER, and are therefore distalised.20 The FGF specifies a distal 
celll  fate in these cells and as a result a limb develops in which the lack of 
proximall  elements is especially pronounced, whereas distal elements may still 
bee present (figure 2). 

Sincee Holt-Oram syndrome shows the same defects in limb development, this 
hypothesiss also applies to this syndrome. Importantly, identification of 
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Figuree 2. (A) Normal situation. Initially all cells in the limb bud mesenchyme have 
aa proximal cell fate. The FGF from the AER forms a concentration 
gradientt that distalises the fate of the rapidly proliferating cells in the 
progresss zone. In our model the proliferation of the mesenchyme 
dependss on TBX-5 mediated transcription of T-box target genes. (B) 
Holt-Oramm syndrome/thalidomide embryopathy. Defective TBX-5 medi
atedd transcription interferes with proliferation of the limb bud mes
enchyme.. As a result, the limb bud fails to lengthen, however the 
AERR continues to secrete FGF. All cells in the limb bud are now 
exposedd to a high concentration of FGF, thus most of limb is dis-
talised.. resulting in the deformities observed in both Holt-Oram syn
dromee and thalidomide embryopathy. 

thee genetic defect in H o l t - O r am syndrome has now shown that the lack oi 
prol i ferat ionn of the l imb bud mesenchyme in this synd rome is caused by 
impairedd act ion of TBX-5. The identical features in tha l idomide-af fected 
embryo 'ss can thus be explained by the same mechanism. 

Thiss is .\\-\ a t t ract ive and unify ing hypo thes is because this mechan ism of 
actionn is easily extrapolated to account for other features o\ the very complex 
"thal idomidee phenotype" and more important ly may also explain some ot the 
ant i - inf lammatoryy act ions ot thal idomide. An identical interference with the 
act ionn of TBX- 4 can account for the observed lower l imb abnormal i t ies 
andd analysis of the u lnar -mammary syndrome shows that inhibi t ion ol t ran-
scriptionall  activity of TBX-3 can explain many of the deformities of the inter-
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nall  organs. At the time we became aware of the similarity between the 
thalidomidee phenotype and syndromes caused by mutations in T-box factors 
wee were unable to account for the anti-inflammatory effects of thalido-
mide.. Recently however one of the T-box family members, T-bet has been 
shownn to be the critical transcription factor in the development of a T-
helperr 1 type immune response and the production of IFN-gamma and 
interleukin-122 by these ce l ls . '1 ' - ' 
Inn conclusion, we propose that thalidomide interferes with T-box family 
memberr mediated transcription. We suggest a T-box family specific, but not 
aa single T-box gene selective activity of the drug. This interference could 
accountt for the upper and lower limb deformities, cardiac septal wall defects 
andd many of the other internal organ abnormalities, observed in children 
affectedd by the thalidomide syndrome. 
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Dankwoord d 

"But"But will  we actually be able to sit through it? .... Or is it one of these 
thingsthings where we have to be reverent because we're in the presence of greatness 
butbut we're really all sitting there determined to be the first ones out the door so 
wewe can get a taxi?" 
Underworld,Underworld, Don De Lillo. 

Zoalss de meeste lezers van dit proefschrift heeft u voor de uitgang gekozen. 
Opp deze plek zet ik graag nog even mijn voet voor de deur om een aantal 
mensenn te bedanken voor hun bijdrage aan de tot stand koming van dit 
proefschrift. . 
Allereerstt mijn ouders, lieve Els en Wulfert, julli e liefde voor ons en enthou-
siasmee voor lezen, ratio en bovenal julli e vak is een enorme bron van inspi-
ratie.. De afgelopen jaren ben ik langzaam naar het gemiddelde van julli e 
beidenn gedreven (psycholoog + wetenschapper/2 = arts-onderzoeker). 
Mij nn broertjes, lieve Jens en Pieter, het zij julli e vergeven dat julli e allebei 
juristt geworden zijn. We zijn denk ik het levende bewijs dat het gewoon 
gezondd is als je elkaar als kind de hersens in slaat, ik hoop nog eindeloos met 
julli ee (én met Eem en Delphine) te borrelen. Penne, twaalf jaar bij elkaar in 
dee klas gezeten en niet alleen veel mooie dingen meegemaakt maar ook 
twaalff  jaar spijkerharde discussies gevoerd (ik weet nog steeds niet wie van 
onss eigenwijzer is) - reviewers zijn een makkie vergeleken bij jou. Binnenkort 
eindelijkk de vriend-broer transitie? Steven, als groencommissaris wist je 
niett echt indruk op me te maken, als grote vriend des te meer. Huisgenoot, 
studiegenoot,, reisgenoot en onderzoeksgenoot, ik hoop dat we nog veel 
meerr zullen genieten. Lieve Mart en Marie-José ("schoonouders") julli e 
oprechtee interesse en betrokkenheid is een belangrijke steun geweest tijdens 
m'nn promot ie onderzoek, het is altijd weer heerlijk om bij julli e in 
Breukeleveenn op vakantie te komen. 

Meerr direct met dit proefschrift verbonden zijn mijn oom Leendert Krol en 
Hanss Büller. Dankzij hen is het allemaal voor me begonnen. Hun liefde 
voorr Boston zorgde er voor dat ik om volstrekt opportunistische redenen 
(well  nog even opgezocht wat DNA ook al weer was) in Hans' eigen roem-
ruchtee Holland-Amerika onderzoekslijn naar de bean-town vertrok. Daar ben 
ikk zoals zovelen voor en na mi) dankzi) Steven Krasinski definitief voor de 
basalee wetenschap gevallen en meer specifiek voor darmceldifferentiatie. 
Stevee thank you for introducing me to the joy of science and our daily mor-
ningg sessions! (I'l l never make an "ass out of you and me"). 
Naa mijn co-schappen vond ik in mijn zoektocht naar een mooie onder-
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zoeksplekk tijdelijk onderdak bij Kristien Tytgat en Jan Dekker. Een heel mooi 
halfjaarr en ik ben blij dat onze vruchten daarvan het eerste hoofdstuk van dit 
proefschriftt vormen. Vervolgens kwam ik hoe ik het ook wende of keerde bij 
Sanderr van Deventer terecht. Sander, waarde promotor, ik heb de mooiste 
plekk gevonden die ik me had kunnen wensen. Jij hebt van de Experimenteel 
Internee een wetenschappelijke speeltuin gemaakt waar volop de mogelijkheid 
wordtt geboden om hoog in het rek te klimmen en er weer hard uit te vallen. 
Eenmaall  op de grond is het enorm goed te weten dat jij altijd achter ons staat 
voorr de pleister op de wonde, of dit nou om strubbelingen met de NVGE gaat 
off  met de editors van Gastroenterology. Misschien wel de belangrijkste 
redenn dat ik na mijn -zeer korte- (zie ook het proefschrift van J CH 
Hardwick)) gesprek met Sander ("shoot") geen seconde meer hoefde te twij -
felen,, was omdat daar plotseling Maikel Peppelenbosch rond bleek te lopen. 
Bestee Maikel, waarde co-promotor en inspirator, met je naar later bleek 
gebruikelijkee enthousiasme stond je me het LPS project uit te leggen. Ik voel-
dee me meteen op m'n plek bi) jou en dat is in de afgelopen vier jaar altijd zo 
gebleven.. Het feit dat de LPS receptor waar ik naar opzoek zou gaan een 
maandd later gekloond werd, heeft het Gasthuis een goede omzet opgeleverd 
enn ons veel ideeën. Van die ideeën hebben we een fractie uit kunnen werken 
maarr we hebben gelukkig nog vele jaren om hier samen mee door te gaan. Je 
hebtt in de tijd dat ik voor jou werk een enorme groep weten op te bouwen en 
ikk vind het ongelofelijk hoe je toch elke keer weer volledig overzicht weet te 
houdenn over de vele uiteenlopende onderwerpen waar we aan werken. 
Dann ben ik natuurlijk aangeland bij de enorme lijst van collegas waar ik de 
afgelopenn vier jaar mee heb door gebracht. De lijst (oud)analisten en mede 
(oud)AIO'ss van binnen en buiten de afdeling die ik zou moeten bedanken is 
enormm en dus te lang. Maar Henri V. maak je geen zorgen, ik ga je toch 
noemenn en wel samen met Bernt en James, mijn collegas van het eerste uur. 
Samenn hebben we door alle mooie en teleurstellende momenten heen gezeten. 
Henri,, om dan maar met jou te beginnen ik heb bewondering voor je serieuze 
benaderingg van de wetenschap en geniet altijd weer van je soms wat zwart-
galligee kijk op de zaken. Bernt, unique supererimus! Dispuutsgenoot, huis-
genoot,, promotiegenoot en nu straks weer samen op het OLVG en AM C (of 
komm je niet naar de Gastro?). James, ook al heeft iedereen er altijd de mond 
vann vol, je bent een van de weinigen die echt translationeel onderzoek doet, 
nooitt het cricket kijken met patiënten uit het oog verloren. Ik heb het 
geweldigg gevonden om de kans te krijgen om samen met jou ons GE onder-
zoekk te kunnen opzetten waarbij we elkaar voortdurend hebben kunnen 
aanvullen.. Verder ben ik veel dank verschuldigd aan de studenten die met me 
gewerktt hebben, Danielle, Berber, Cuiping en Jeroen. 
Tijdenss mijn onderzoek op de afdeling heb ik een enorme steun ondervonden 
vann een paar bijzondere mensen van daarbuiten. First and foremost: Drucilla 
Roberts,, dear Drucilla, pathologist, scientist, farmer and interior decorator 
(II  still don't know in what order). Luckily I got it in to my head to visit you 
onn my way to Manelle in New York, the start of our overseas collaboration. 
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II  had an excellent time those few months in your lab during my chick 
embryologyy masterclass. As most people that know you, I'm impressed by 
thee enormous hospitality and generosity you (and Nick) show to the peop-
lee around you. It was a privilage to work with you and the members of your 
team:: Corinne, Sarah and Pascal. Dit alles was nooit zo'n mooie tijd gewor-
denn als ik daar niet bij Herbert van Wering, de meest recente telg van de 
Büller-boomm onderdak had gevonden. Beste Herbert ik ben blij dat je in 
Nederlandd terug bent en ik hoop dat we samen met Inge en Sanne nog vele 
biertjess mogen doen. IFOP rules! Bij mijn thuiskomst was er Maurice van den 
Hofff  die me zonder beperkingen toeliet tot de domeinen van zijn mooie 
groepp bij de Anatomie (Sylvia dank voor de buitenschoolse opvang van de 
meestt concrete resultaten van dit onderzoek tot nu toe). Dana, helaas zijn 
m'nn zebravisproeven nooit het embryologisch stadium ontgroeid. 
Desondankss heb ik het een eer en een groot genoegen gevonden om je 
mogenn te leren kennen. Ik bewonder je om je inzicht in en liefde voor de 
wetenschap.. Professor Ten Kate en professor Offerhaus van onze afdeling 
pathologiee ben ik zeer erkentelijk voor hun belangrijke steun aan vrijwel elk 
hoofdstukk in dit proefschrift. 

Tenslotte,, lieve Mariëlle, dankzij jou is het zo makkelijk om alle voortdurend 
mislukkendee proeven te doorstaan. Ik ben blij dat we de Uiterwaarden ont-
studentikoostt hebben. In de tijd dat ik dit proefschrift bij elkaar heb gepi-
peteerdd ben je niet alleen afgestudeerd maar heb je je ook nog door de waan-
zinnigee selectie procedure van BZ weten te worstelen. Het is heerlijk om zo 
trotss op je te kunnen zijn. 
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