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CHAPTERR 9 
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CHAPTERR 9 

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. 
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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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