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CHAPTERR 8 
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CHAPTERR 8 

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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Ihhh and colonic differentiation 

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 

++ + + + 
-- "  + + 

10.0--

B B villinn cip-1 

hours s 

164 4 



Ihhh and colonic differentiation 

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 
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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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