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ACKGROUND & AIMS: Intestinal stem cells (ISCs)
re regulated by the mesenchymal environment via phys-
cal interaction and diffusible factors. We examined the
ole of Indian hedgehog (Ihh) in mesenchymal organiza-
ion and the mechanisms by which perturbations in
pithelial�mesenchymal interactions affect ISC fate.

ETHODS: We generated mice with intestinal epithe-
ial-specific disruption of Ihh. Gross and microscopic an-
tomical changes were determined using histologic, im-
unohistochemical, and in situ hybridization analyses.
olecular mechanisms were elucidated by expression

rofiling and in vitro analyses. RESULTS: Deletion of
ntestinal epithelial Ihh disrupted the intestinal mesen-
hymal architecture, demonstrated by loss of the muscu-
aris mucosae, deterioration of the extracellular matrix,
nd reductions in numbers of crypt myofibroblasts. Con-
urrently, the epithelial compartment had increased Wnt
ignaling, disturbed crypt polarity and architecture, de-
ective enterocyte differentiation, and increased and ec-
opic proliferation that was accompanied by increased
umbers of ISC. Mechanistic studies revealed that Hh

nhibition deregulates bone morphogenetic protein signal-
ng, increases matrix metalloproteinase levels, and disrupts
xtracellular matrix proteins, fostering a proliferative envi-
onment for ISCs and progenitor cells. CONCLUSIONS:
hh regulates ISC self-renewal and differentiation. In-
estinal epithelial Ihh signals to the mesenchymal com-
artment to regulate formation and proliferation of
esenchymal cells, which in turn affect epithelial pro-

iferation and differentiation. These findings provide a
asis for analyses of the role of the muscularis mucosae

n ISC regulation.

eywords: Hedgehog Signaling; ECM; MMP; BMP.

n the intestine, epithelial cells undergo repeated pro-
genitor cell proliferation, terminal differentiation, and

ell death, a process that requires intestinal epithelial
tem cells (ISCs) to engage in a continuous dialogue with
eighboring epithelial and mesenchymal cells.1,2 Recent
ell lineage tracing experiments have identified Lgr5 and
mi1 as ISC markers, although they appear to represent

distinct ISC populations.3,4 The regenerative capacity of
D
 P

R
O

O

SCs is directed by structural and biochemical cues re-
eived from the ISC microenvironment.5 This microenvi-
onment is a complex structure that modulates intestinal
omeostasis by maintaining a fine balance between ISC
elf-renewal and downstream differentiation. While mul-
iple cell types, including endothelial cells, lymphocytes,
nd muscle cells, may contribute to ISC regulation, the
ells generally considered the most important to ISC
egulation are intestinal subepithelial myofibroblasts
ISEMFs) because of their close proximity to ISCs.6 These

esenchymal cells secrete various factors that favor or
estrict ISC self-renewal, including cytokines, matrix pro-
eins, and growth factors, such as bone morphogenetic
rotein (BMP) antagonists Noggin and Gremlin.7,8 Yet
ow ISEMFs are regulated within the ISC microenviron-
ent, their precise role in fostering ISC self-renewal and

roliferation, and whether they are the only major con-
ributors to the mesenchymal ISC microenvironment,
emain unclear.

The Hedgehog (Hh) signaling pathway plays a critical
ole during gut development.9 Expression of the Hh
igands, Sonic Hedgehog and Indian Hedgehog (Ihh), has
een detected exclusively in the intestinal epithelium,
hile expression of Hh target genes, Patched (Ptch1) and
li1, has been observed in the mesenchyme, including

he villus core, muscularis mucosae, and pericryptal myo-
broblasts.10,11 Both Sonic Hedgehog- and Ihh-null mice
isplay marked gastrointestinal abnormalities, including
ttenuated smooth muscle layers and intestinal malrota-
ion.10 In mice, overexpression of Hedgehog interacting
rotein (Hhip), a negative regulator of Hh signaling in
he gut, leads to mislocalization of ISEMFs and expan-
ion of immature smooth muscle cells.12 Furthermore,
hese mice showed increased cell proliferation and aber-
ant crypt-like structures, as well as enhanced Wnt activ-

Abbreviations used in this paper: BMP, bone morphogenetic protein;
CM, extracellular matrix; Hh, hedgehog; Hhip, Hedgehog interacting
rotein; Ihh, Indian Hedgehog; ISC, intestinal stem cell; ISEMF, intes-
inal subepithelial myofibroblast; MMP, matrix metalloproteinase;
MA, smooth muscle actin.

© 2010 by the AGA Institute
0016-5085/$36.00
doi:10.1053/j.gastro.2010.06.014 57
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ty. In converse experiments, enhanced Hh signaling due
o conditional deletion of Ptch1 resulted in accrual of
olonic myofibroblasts and colonic crypt hypoplasia.13

Despite these recent advances, the exact role of Ihh in ISC
egulation and gut development remains unclear. Here we
nd that loss of Ihh signaling causes profound morpholog-

cal changes to the intestinal mesenchymal compartment,
ith the most consistent and severe changes occurring near

rypt bottoms, where ISCs are located. Our data suggest
hat the muscularis mucosae might be a novel component
f the mesenchymal microenvironment, which acts with
yofibroblasts to limit the size of the crypt and ISC pool.
ltogether, the results support that Ihh functions as a
ritical regulator of ISC self-renewal through epithelial�
esenchymal interactions.

Materials and Methods
(See Supplementary Materials
and Methods for Details)
Mice
The Ihhflox/flox mice were provided by Dr Beate

anske of Harvard University.14 Villin-Cre mice15 and
moflox/flox mice16 were obtained from the Jackson Labora-
ory. Ihhflox/flox and Villin-Cre mice were mated and the
ffspring were backcrossed to generate Villin-Cre;Ihhflox/flox

ice. Genotyping was performed by polymerase chain
eaction on genomic DNA from tail clips as described
reviously.14,15 The Villin-Cre:Ihhflox/flox pups suffer early

ethality and were sacrificed when they displayed lethargy
nd inability to feed. All mice were housed, fed, and
reated in accordance with protocols approved by the
ommittee for animal research at the University of Cali-
ornia, San Francisco.

Immunohistochemistry, Immunofluorescence,
and In Situ Hybridization
Animals were euthanized and their intestine was

emoved and flushed with phosphate-buffered saline.
ixed tissue was embedded in paraffin. Immunostaining
as performed using standard protocols after heat-me-
iated antigen retrieval. Olfm4 in situ hybridization was
erformed as described previously.17

Statistical Analysis
Student’s t test was used to evaluate statistical sig-

ificance. Values of P � .05 were considered significant.

Results
Generation of Ihh-Conditional Knockout Mice
A partial description of Ihh’s role in intestinal

evelopment has been provided by 2 studies of Ihh�/�

ice: 1 study described a loss of proliferative epithelial
ells in Ihh�/� mice,10 while the second study noted an
xpansion of proliferative epithelial cells in Ihh�/� mice.18
owever, Ihh�/� mice die at birth, precluding any analysis d
D
 P

R
O

O
F

f Ihh’s role during postnatal intestinal development. To
xamine the full role of Ihh in intestinal development,
ncluding the critical postnatal period when crypt struc-
ures are established, we generated a conditional Ihh-
eficient mouse line by breeding Ihhflox/flox mice to Villin-
re mice. This cross generated Villin-Cre;Ihhflox/flox mice

hat had intestinal Ihh messenger RNA expression levels
hat were 4% of control mice, and an absence of Ihh at the
rotein level (Supplementary Figure 1A and 1B). The
essenger RNA expression level of Ptch1 and Gli1, 2 direct

ranscriptional targets of Hh signals, were 19% and 9% of
he control mice, respectively (Supplementary Figure 1A),
uggesting that Ihh is the key Hh molecule mediating Hh
ignaling in intestinal tissues, and Sonic Hedgehog or
esert hedgehog cannot replace its function.
Villin-Cre;Ihhflox/flox mice were born alive and appeared

ormal. However, at P3 it was apparent that the mutant
ice were not thriving, as they were noticeably smaller

han their control littermates (detailed gross phenotypes
re described in Supplementary Figure 1). The majority
f Villin-Cre;Ihhflox/flox mice died between P7 and P10, al-
hough some managed to survive until P30. The early
ethality of Villin-Cre;Ihhflox/flox mice is likely caused by

alnourishment (Supplementary Figure 1C and 1D).

Disruption of Intestinal and Colonic
Mesenchymal Compartment in
Villin-Cre;Ihhflox/flox Mice
It has previously been reported that Ihh signals in

paracrine direction, moving from its origin in intestinal
pithelial cells toward Hh signaling effectors in mesen-
hymal cells.11 We investigated the myofibroblast and
mooth muscle changes by �-smooth muscle actin (�-
MA) immunostaining. The most striking and consistent
hange observed in the Villin-Cre;Ihhflox/flox mice was the
oss of a horizontal layer of �-SMA�positive cells at the
rypt base in the small intestine and colon that corre-
ponds to the muscularis mucosae (Figure 1A and 1B;
upplementary Figure 2). The complete loss of muscu-

aris mucosae cells was observed soon after birth and
ersisted throughout development (Supplementary Fig-
re 2). Because the cellular components of the muscularis
ucosae in mice have not been well-characterized, we

erformed double-labeling experiments for �-SMA and
esmin, as well as �-SMA and vimentin. Myofibroblasts
an be distinguished from fibroblasts by their expression
f �-SMA, and separated from smooth muscle cells by
heir expression of vimentin and lack of desmin expres-
ion. The staining results revealed that in control mice,
he cells comprising the thin layer below small intestinal
rypts expressed �-SMA and vimentin, but not desmin
Figure 1A; Supplementary Figure 2). The results indicate
he muscularis mucosae layer absent from the small in-
estine of Villin-Cre;Ihhflox/flox mice is predominantly com-
osed of myofibroblasts. In control colon, �-SMA and

esmin were coexpressed along the muscularis mucosae 113
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nderneath colonic crypts (Figure 1B). Noticeably, this
ell layer does not express the fibroblast marker vimentin
Figure 1B), demonstrating the missing muscularis mu-
osae layer in the colon of Villin-Cre;Ihhflox/flox mice is
omposed of smooth muscle cells (Figure 1B; Supple-
entary Figure 2).
Because ISEMFs, especially pericryptal myofibroblasts,

igure 1. Disrupted mesenchymal compartment in Villin-Cre;Ihhflox/flo

�-SMA) (left), co-staining of �-SMA (green) and desmin (red) (middle) an
A) and colon (B), illustrating the loss of muscularis mucosae cells an
taining reveals the muscularis mucosae in control mice (red arrows
yofibroblasts displayed in the black doted box are shown in detail (ins

n the small intestine (white arrows) expresses �-SMA and vimentin (ye
ntestinal subepithelial myofibroblast (ISEMFs). In the colon, the muscu
ndicating that this layer is composed mainly of smooth muscle cells (S
rrowheads), but is reduced in Villin-Cre;Ihhflox/flox mice; (D, E) The Hedge

D) and bromodeoxyuridine labeling (E). **P � .001. DMSO, dimethyl s
ave traditionally been considered the key mesenchymal V
D
 P

R
O

O
F

ell type that regulates ISCs, we examined the composi-
ion of these cells in mutant mice. In the colon, we
onsistently observed diminished numbers of pericryptal
yofibroblasts at the crypt base (Figure 1B; Supplemen-

ary Figure 2). In the small intestine, loss of pericryptal
yofibroblasts was more variable. Additionally, the mis-

ocalization of pericryptal myofibroblasts as described in

e. (A, B) Immunostaining of stromal marker ��smooth muscle actin
staining of �-SMA (green) and vimentin (red) (right) in the small intestine
inished pericryptal myofibroblasts in Villin-Cre;Ihhflox/flox mice. �-SMA

ereas in mutant mice no muscularis mucosae is evident. Pericryptal
he double immunofluorescent stainings show the muscularis mucosae
revealing that the composition of this layer consists predominantly of

mucosae (white arrows) expresses both �-SMA and desmin (yellow),
. (C) Mesenchymal cell proliferation is observed in P5 control mice (red
Hh) inhibitor GANT61 inhibits ISEMF proliferation as assayed by WST-1
e; Ihh, Indian Hedgehog; KO, knockout.
E

x mic
d co-
d dim
), wh
et). T
llow),
laris

MCs)
hog (
illin-Hhip mice12 was not observed in Villin-Cre;Ihhflox/flox 169
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ice (Figure 1A; Supplementary Figure 2). Examination
f villus core mesenchymal cells revealed a consistent
eduction in desmin-positive smooth muscle cells and
entral core myofibroblasts (Supplementary Figure 2).
owever, some villi exhibited an expansion of myofibro-

lasts in regions with superimposed inflammation, suggest-
ng myofibroblast numbers may also be affected by second-
ry changes. Notably, in P5 control mice, we detected active
roliferation of mesenchymal cells surrounding newly
orming crypts. In mutant mice, however, mesenchymal cell
roliferative activity was profoundly attenuated at this stage

Figure 1C). These data suggest that Ihh loss might impair
SEMF proliferation. To test this hypothesis, we examined
n vitro ISEMF cell growth in the presence of GANT61, a
mall-molecule antagonist of GLI-mediated transcription.19

e found GANT61 significantly inhibits ISEMF cell viabil-
ty and proliferation (Figure 1D and 1E). Thus, these in vivo
nd in vitro studies support that Hh signaling is required
or ISEMF growth.

Altogether our data indicate that deletion of Ihh re-
ults in the disappearance of the muscularis mucosae and
ewer ISEMFs surrounding the crypt base, disrupting the
ey mesenchymal cells that surround ISCs.

Morphological Alterations in the Intestine
of Villin-Cre;Ihhflox/flox Mice
As we detected marked differences in the mesen-

hymal compartment surrounding ISCs between control
nd mutant mice, we sought to determine whether these
ifferences were accompanied by changes in the intesti-
al epithelium. We found that elimination of Ihh re-
ulted in crypts that appeared wider, loosely organized,
nd crowded with nuclei (Figure 2A). Villus branching
ccompanied by aberrant crypt-like structures was also
etected in the small intestine of Villin-Cre;Ihhflox/flox mice

Figure 2A). The ectopic crypt-like structures contained
ells that were positive for the proliferation marker Ki67
Figure 2A). Furthermore, proliferating cells in the mu-
ants greatly outnumbered those in control littermates,
ith their distribution extending beyond the normal

onfines of the crypt (Figure 2A). Crypt fission is a pro-
ess in which new crypts are produced and is believed to
ccur in response to stem cell expansion. While crypt
ssion normally occurs in neonatal mice, we observed a
ignificantly higher incidence of crypt fission in the jeju-
um of P9 Villin-Cre;Ihhflox/flox mice compared to control,
evealing major proliferation abnormalities (Figure 2B).
n P30 Villin-Cre;Ihhflox/flox jejunum, we observed marked
longation of crypts with florid proliferation (Figure 2C).
dditionally, in some areas, we saw a loss of epithelial
aturation, characterized by the absence of villus archi-

ecture and proliferative cells reaching the luminal sur-
ace (Figure 2C). A similar epithelial phenotype was noted
n the colon of Villin-Cre;Ihhflox/flox mice in which crypts
ere dilated with frequent branching and had disturbed

rientation and a high degree of proliferation (Supple- o
D
 P

R
O

O
F

entary Figure 3). Furthermore, in one P30 Villin-Cre;
hhflox/flox colon, a lesion mimicking a small adenoma with

ild dysplasia was detected in the midst of disorganized
nd disoriented crypts (Figure 2C). These observations
uggest that loss of Ihh expression induces florid prolif-
rative events. To determine whether this may eventually
ulminate in neoplastic transformation would require a
tudy of aged Ihh mutants; however, the early death of
illin-Cre;Ihhflox/flox mice makes such a study infeasible in
ur setting.

It is known that a small amount of mosaic Cre expres-
ion exists in the colon of Villin-Cre transgenic mice.15 In
ases in which Villin-Cre;Ihhflox/flox mice survived beyond
15, we noticed normal crypt structures adjacent to di-

ated crypts in the colon (Figure 2D). Interestingly, be-
eath the normal crypt structures �-SMA staining de-
ected an intact muscularis mucosae (Figure 2D), whereas
elow neighboring dilated crypts, no �-SMA staining was
etected, revealing an absence of the muscularis mucosae

Figure 2D). Furthermore, Ki67-positive cells were re-
tricted to crypt bottoms in regions where the muscularis

ucosae was present (Figure 2D); however, in the absence
f the muscularis mucosae, differentiated cells occupied
rypt bottoms and proliferative cells were found at crypt
ottoms and tops (Figure 2D). These results suggest the
uscularis mucosae might influence crypt epithelial fate

nd polarity, and contribute to ISC regulation.

Loss of Intestinal Epithelial Ihh Signaling
Activates Wnt/�-Catenin and Expands the
ISC Population
Given that we observed several manifestations in

he Villin-Cre;Ihhflox/flox mice that were comparable to those
een in mice with increased Wnt signaling, including
nhanced epithelial cell proliferation, branched villi, and
nlarged crypts, we sought to analyze whether mutant
ice displayed increased Wnt activity.20,21 Typically, ex-

ression of Wnt/�-catenin target genes (eg, Cd44, Sox9,
phB2) is restricted to the crypt proliferative compart-
ent (Figure 3A; Supplementary Figure 4). However, in
utant mice Cd44, Sox9, EphB2 expression was highly

xpressed throughout the crypt and along the villus in
he small intestine, as well as along the entire crypt
ength in the colon (Figure 3A; Supplementary Figure 4).
urthermore, staining for �-catenin in mutant mice
howed increased cytoplasmic staining in crypts and villi,
roviding additional evidence that the mutants have in-
reased Wnt activity (Supplementary Figure 4).

We next addressed whether the loss of Ihh affected the
SC population by performing in situ hybridization for
lfm4, a marker for small intestinal stem cells.17 Villin-
re;Ihhflox/flox mice showed an increase in expression of
lfm4, as well as an increase in the number of Olfm4� cells
er crypt compared to control mice (Figure 3B). A previ-
us study of Ihh�/� mice suggested that a complete loss

f Ihh diminishes the number of ISCs, whereas a second 225
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tudy suggested the opposite.10,18 However, both studies
acked a definitive ISC marker and based their findings
olely on a cell proliferation marker. Thus, by utilizing a
pecific ISC marker, we provide compelling evidence that
eactivation of Ihh leads to ISC expansion.

Altered Differentiation of the Absorptive
and Secretory Cell Lineages in
Villin-Cre;Ihhflox/flox Mice
Next, we investigated whether the expansion of

pithelial proliferation occurred to the detriment of in-
estinal epithelial differentiation in Villin-Cre;Ihhflox/flox

ice. We examined the differentiation pattern of the 4
ifferent intestinal cell types (ie, enterocytes, goblet, en-

igure 2. Abnormal intestinal epithelial phenotypes in Villin-Cre;Ihhflox/fl

illin-Cre;Ihhflox/flox mice. Note the sprouting villi and ectopic crypt form
rypts in fission in control (n � 3) and Villin-Cre;Ihhflox/flox mice (n � 3
denomatous foci in the colon of P30 Villin-Cre;Ihhflox/flox mice. Yellow
nlarged images are shown to the right. The jejunum displays focal mark

arrows), whereas adjacent epithelium shows retained maturation at the
nd disoriented crypts that leads to a localized elevated lesion in t
C) Relationship between dilated crypts in colon of Villin-Cre;Ihhflox/flox mic
&E (left), ��smooth muscle actin (�-SMA) (middle) and Ki67 (right)
-SMA� muscularis mucosae cells. Typical Ki67 staining pattern is obse

hroughout dilated crypts (pink arrows). Ihh, Indian Hedgehog; KO, kno
eroendocrine, and Paneth cells) using specific markers i
D
 P

R
O

O
F

or each cell lineage, as well as electron microscopy (Sup-
lementary Figures 5–7). Our analyses demonstrated that
here is an expansion of the secretory cell lineages at the
xpense of the enterocyte differentiation program in
illin-Cre;Ihhflox/flox mice. Furthermore, we detected an ac-
umulation of vacuolated cells at crypt�villus junctions
n the small intestine, indicating the Ihh mutants have
ome maturation arrest at the enterocyte precursor stage
Supplementary Figure 6).

Inflammatory Response in
Villin-Cre;Ihhflox/flox Mice
A recent report22 showed that chronic Hh inhibi-

ion in adult mice results in villus atrophy and profound

e. (A) H&E and Ki67 staining of small intestine tissues from control and
in Villin-Cre;Ihhflox/flox mice (green arrows). (B) Average percentage of

� .05. (C) H&E staining shows florid proliferation in the jejunum and
designate regions displaying florid proliferation or adenomatous foci.
ngation of crypts and a loss of differentiation toward the luminal surface
al surface (arrowheads). The colon presents an accumulation of dilated
ucosa, with evolution into a tubular adenoma with mild dysplasia.
loss of muscularis mucosae cells subjacent to crypts revealed through

ng. Blue arrows indicate areas with normal crypt morphology above
n morphologically normal crypts (black arrows), while Ki67 is expressed
t.
E

ox mic
ation
) *P

boxes
ed elo
lumin
he m
e and
staini
rved i
nflammatory responses in the intestine. We noted patchy 281
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nd variable inflammatory responses in the small intestine
nd colon of Villin-Cre;Ihhflox/flox mice. Early inflammatory
hanges were observed in regions lined by vacuolated cells at
rypt�villus junctions, where breach of epithelial integrity
as accompanied by neutrophil infiltration. In acutely in-
amed regions, we noticed villus sloughing, resulting in
illus loss, mucosal ulceration, dense neutrophil infiltration,
nd fibrosis (Supplementary Figure 8). Similar surface ul-
eration with neutrophil infiltration was also noted in the
olon (Supplementary Figure 8).

Paracrine Ihh Signaling Responsible for
Villin-Cre;Ihhflox/flox Phenotype
While some studies suggest Hh signals in an au-

ocrine direction, acting directly on intestinal epithelial
ells,18,23 more recent reports indicate that Hh signals
redominantly in a paracrine fashion in the intestine.11,24

o exclude the possibility that the phenotypes we ob-
erved in Villin-Cre;Ihhflox/flox mice were due to autocrine
h signaling, we deleted the required hedgehog receptor

moothened (Smo) in intestinal epithelial cells by crossing
illin-Cre mice with Smoflox/flox mice to generate Villin-Cre;
moflox/flox mice. We found that Villin-Cre;Smoflox/flox mice
ere born at normal frequencies and were healthy with
o gross abnormalities up to 15 months of age. Micro-

igure 3. Increased Wnt/�-catenin activity and intestinal stem cell
xpansion in Villin-Cre;Ihhflox/flox mice. (A) Immunostaining of Wnt target
ene CD44 in control and Villin-Cre;Ihhflox/flox mice. (B) In situ hybridiza-
ion (ISH) of the jejunum for Olfm4 in control and mutant mice. Note
hat the expression pattern of Olfm4 reveals an increase in intestinal
tem cell number and expression level in Villin-Cre;Ihhflox/flox mice.
rrows indicate weak and restricted Olfm4 expression in the control

ejunum. IHC, immunohistochemistry; Ihh, Indian Hedgehog; KO,
nockout.
copic examination revealed normal intestinal and co- d
D
 P

R
O

O
F

onic architecture (Supplementary Figure 9A). All 4 epi-
helial cell lineages were well-developed and normal Wnt
ignaling was observed (Supplementary Figure 9B). The
esults provide strong genetic evidence that Hh signaling
unctions strictly in a paracrine manner during gut mor-
hogenesis.

Expression Analysis of Genes Deregulated in
Villin-Cre;Ihhflox/flox Mice
To investigate the molecular mechanisms under-

ying the disruption of the mesenchymal compartment
nd how it leads to abnormal ISC proliferation, we per-
ormed expression array analysis of colon samples from
ontrol and Villin-Cre;Ihhflox/flox mice. Statistical analysis
dentified 508 transcripts, including 298 named genes up-
egulated and 532 transcripts, including 429 named genes
own-regulated in Villin-Cre;Ihhflox/flox mice (Supplementary
able 1). As expected, all Hh signaling targets, such as Gli1,
tch, and Hhip, were significantly down-regulated in colon
amples from mutant mice (Figure 4A).

Among the genes that were up-regulated in mutants
ere Wnt targets, including c-Myc, Sox-9, and matrix met-
lloproteinase (MMP) 7, as well as the ISC marker Lgr5
Figure 4B). Furthermore, comparison of genes up-regu-
ated in Villin-Cre;Ihhflox/flox mice with Lgr5 stem cell genes
dentified several genes that overlap, including Lgr5,
cot1, Adora1, Sox9, Soat1, and Slc12a2 (Figure 4B).25

enes involved in gut hormones (CCK and glucagon),
eflecting changes in enteroendocrine cells, as well as
oblet cell marker genes (Spdef, Spink4, Muc2, Gcnt3, and
oxa3) were up-regulated in Villin-Cre;Ihhflox/flox mice (Fig-
re 4C), which is consistent with expansion of secretory
ell lineages observed in the mutants. Intriguingly, sev-
ral MMPs (MMP3, MMP7, MMP8, and MMP10), which
re known to degrade extracellular matrix (ECM) pro-
eins and connective tissues, were up-regulated in mutant
olon samples (Figure 4D).

Interestingly, the most prominent genes down-regu-
ated in the mutants encode proteins that help support
nd maintain the intestinal epithelium (Figure 4D and
E). For example, genes that may provide structural sup-
ort to ISCs, such as genes involved in smooth muscle
evelopment (Myh10, Myh11, myocardin, Mef2c, desmin,
tc.) were down-regulated in Ihh mutant colons (Figure
E). Furthermore, genes encoding ECM proteins (multi-
le isoforms of collagen and laminin; as well as fibronectin,
steoglycin, versican, nidogen 1, Ecm2, etc.), which provide
upport, organization, and mechanical signals to the
pithelium, were extensively down-regulated in Villin-Cre;
hhflox/flox mice (Figure 4D). Additionally, several integrins
Itga1, Itga8, Itga9, Itgav, Itgb6) that attach epithelial cells
o the ECM and mediate epithelial cell�matrix interac-
ions were down-regulated in mutant mice (Figure 4D).
verall, expression analysis demonstrates that the gut
esenchymal compartment is compromised when Ihh is
eleted in the intestine, suggesting the possibility that 337
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isruption of the mesenchymal cells surrounding ISCs
ay be the key mechanism that leads to abnormal ISC

xpansion in Villin-Cre;Ihhflox/flox mice.
We next analyzed the signaling pathways that have

een implicated in gut development, including Notch,
MP, and Ras/MAPK pathway genes. We found that the
MP pathway was one of the major targets for Ihh
ignaling during gut morphogenesis (Figure 4F). For ex-
mple, BMPs, including BMP2, BMP4, and BMP5 were all
own-regulated. BMP antagonists showed a more com-
licated pattern of expression: some were up-regulated,
uch as Gremlin1 and Chordin-like-2, while others were
own-regulated, such as Gremlin2 and Twsg1. Neverthe-

ess, analysis of transcriptional targets of BMP signaling,
ncluding ID1, ID2, and ID4, revealed that all these genes
ere down-regulated in the mutant mice. Furthermore,

mmunostaining of phosphorylated Smad1/5 (p-Smad1/5)
howed decreased expression of p-Smad1/5 in the epithelial
ells of mutant mice (Figure 5), confirming an overall de-
rease in BMP signaling in Villin-Cre;Ihhflox/flox mice.

Inactivation of Ihh Disrupts Stromal Gene
Expression and Basement Membrane
Formation
Given that the gene expression profiling data sug-

ested that the smooth muscle character and ECM com-
onents undergo marked changes in Villin-Cre;Ihhflox/flox

ice, we decided to investigate how the loss of Hh sig-
aling directly affects expression of muscle and ECM-
elated genes in ISEMFs. Quantitative reverse-transcrip-
ion polymerase chain reaction performed on ISEMFs
reated with the Gli transcription inhibitor GANT61
ound a significant down-regulation of Mef2c and Myocd,
transcription factors known to regulate smooth muscle
evelopment (Figure 6A). These results are consistent
ith the microarray analysis, suggesting cultured ISEMFs

igure 4. Genes differentially expressed in colon tissues from contr
ignificantly increased or decreased in Villin-Cre;Ihhflox/flox mice vs con
arget genes; (B) Wnt target and intestinal stem cell�related gene
atrix�related genes; (E) muscle-related genes; (F) bone morphoge

nockout.
losely resemble the in vivo situation. Furthermore, these p
D
 P

R
O

O
F

ndings imply that Hh signals may promote the differ-
ntiation of fibroblasts toward a myofibroblast pheno-
ype in the intestine. We next examined the ability of
SEMFs to produce matrix proteins in the absence of Hh
ignals. Expression of laminin4 was significantly down-
egulated in GANT61-treated ISEMFs (Figure 6A), while
ther ECM genes, such as fibronectin and collagen, showed
o significant change (data not shown). Strikingly,
MPs, including MMP3 and MMP10, were significantly

p-regulated in GANT61-treated ISEMFs (Figure 6A).
hese data suggest that loss of Hh signaling amplifies
xpression of MMPs in intestinal stromal cells, poten-
ially leading to degradation of ECM components.

These studies indicate that ECM components may be
ignificantly compromised in Villin-Cre;Ihhflox/flox mice.
n normal colon, collagen IV expression was detected
hroughout the lamina propria. In mutant mice, collagen
V staining was significantly reduced in the colon (Figure

Villin-Cre;Ihhflox/flox mice. Heat maps of genes whose expression is
ice. Each panel represents a functional category: (A) Hedgehog (Hh)
) goblet cell and enteroendocrine-related genes; (D) extracellular
protein (BMP) signaling pathway genes. Ihh, Indian Hedgehog; KO,

igure 5. Down-regulation of bone morphogenetic protein (BMP) sig-
aling in Villin-Cre;Ihhflox/flox mice. Immunofluorescent staining of phos-
ol and
trol m
s; (C

netic
ho-Smad1/5 in control and Villin-Cre;Ihhflox/flox mice. 393
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B). Another basement membrane protein, laminin, was
xpressed in the lamina propria with intense staining at
he epithelial�mesenchymal interface corresponding to
he basement membrane in control colon. In contrast,
aminin staining appeared diffusely weak and completely
bsent from the basement membrane in the mutant mice
Figure 6B). Thus, inactivation of Ihh in the gut leads to
own-regulation of ECM genes and matrix protein deg-
adation, resulting in a weakened ECM that is vulnerable
o crypt expansion.

Discussion
The epithelial phenotypes we observed in the

illin-Cre;Ihhflox/flox mice are, overall, consistent with other
ouse models that disrupt Hh signaling during gut
orphogenesis, such as mice overexpressing the Hh in-

ibitor Hhip, or mice with a conditional deletion of
tch1.12,13 However, none of the previous studies ad-

ressed the critical question of whether paracrine Hh a
D
 P

R
O

O
F

ignaling affects ISC self-renewal or whether the epithe-
ial phenotypes are due to the disruption of trans-ampli-
ying/progenitor cells near the crypt base. Our study
howed that in Villin-Cre;Ihhflox/flox mice, there is a clear
xpansion of the ISC compartment, providing solid evi-
ence that Ihh regulates ISCs during gut development.
urthermore, our findings indicate that Ihh is the key Hh

igand mediating the observed epithelial phenotypes in
he small intestine and colon after birth. Additionally,
ur studies with conditional epithelial Smo knockout
ice demonstrated that Ihh regulates ISC fates strictly in
paracrine fashion. This statement is corroborated by

he fact that there is a profound and consistent disrup-
ion of the mesenchymal compartment, especially at the
rypt base surrounding ISCs in Villin-Cre;Ihhflox/flox mice.
ltogether, these data suggest that ablation of Ihh leads

o significant deterioration of the microenvironment sur-
ounding ISCs, which in turn leads to expansion of ISCs

Figure 6. Hedgehog (Hh) regu-
lates stromal gene expression and
promotes basement membrane
formation. (A) Quantitative re-
verse-transcription polymerase
chain reaction analysis of Ptch1,
Hhip, Mef2c, Myocd, Lama4,
MMP10, and MMP3 expression
in 18Co cells after GANT61 treat-
ment. *P � .05; **P � .01. (B)
Extracellular matrix proteins
collagen IV and laminin are ex-
pressed in stromal cells and the
basement membrane surround-
ing the crypt in control colon. In
Villin-Cre;Ihhflox/flox mice, there is
decreased expression of both col-
lagen IV and laminin.
E

nd altered epithelial cell differentiation programs. In 449
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ddition, previous studies have suggested that the mes-
nchymal cells surrounding ISCs are the major source of

nt and function primarily to maintain ISC prolifera-
ion. Here, we propose a different role of the ISC micro-
nvironment, which is to restrain crypt size and prevent
bnormal stimulation. Thus, a delicate balance between
he proliferative and restrictive activity by mesenchymal
ells surrounding ISCs likely exists to refine the shape,
ize, and function of the gut epithelium to form proper
rypt-villus structures.

Pericryptal myofibroblasts are generally considered
he key mesenchymal cells that regulate ISCs. On the
ther hand, cells within the muscularis mucosae layer,
espite its vicinity to the ISCs, are not known to be

nvolved in regulating ISCs. In our current study, we
nd the development of muscularis mucosae cells is
trictly dependent on epithelial Ihh signaling, as dele-
ion of Ihh leads to total ablation of the muscularis

ucosae in both the colon and small intestine. Our
tudies suggest that loss of the muscularis mucosae
ayer may contribute to ISC expansion and deregula-
ion of intestinal epithelial cell differentiation. These
ndings provide a basis for further investigation of the
ole of the muscularis mucosae in ISC regulation. For
xample, in vitro coculture of muscularis mucosae cells
ith Lgr5� ISCs will provide additional evidence of
ow the muscularis mucosae modulates ISC self-re-
ewal and expansion. In addition, using genomic ap-
roaches, one could identify secretory factors pro-
uced by the muscularis mucosae. The functions of
hese secretory factors in regulating ISCs should then
e further explored using either knockout mouse mod-
ls or through in vitro analysis of Lgr5� ISCs.

What are the molecular mechanisms behind expansion
f the ISC compartment upon Ihh loss during gut mor-
hogenesis? Our genomic analyses indicate that Ihh

ikely regulates ISC self-renewal and cell fate determina-
ion via multiple mechanisms. The reduction of BMP
ignaling upon Ihh deletion could constitute one possi-
le mechanism that leads to the described phenotype, as
MP signaling normally acts to inhibit ISC self-renewal
nd repress crypt formation in the gut.7,26 Nevertheless,
he reduced BMP signaling does not account for all the
henotypes observed in Villin-Cre;Ihhflox/flox mice. For ex-
mple, in villin-noggin mice, in which BMP signaling is
ompletely abrogated, no morphological alternations are
etected until 4 weeks of age.26 Other factors that likely
ontribute to the severe phenotypes seen in mutant mice
re the complete loss of muscularis mucosae cells and
isruption of the ECM that surrounds ISCs. One can

magine muscularis mucosae cells likely provide solid
tructural support for ISCs at the crypt base. It is also
ikely that muscularis mucosae cells secrete additional
actors that maintain proper ISC number and crypt
tructure, such as the Wnt antagonist Sfrp2, a down-

egulated gene in Villin-Cre;Ihhflox/flox mice identified by our v
D
 P

R
O

O
F

icroarray analysis. Additionally, our microarray analysis
howed a profound loss of ECM gene expression in
illin-Cre;Ihhflox/flox mice at the RNA level. The ECM com-
onents were further impaired by up-regulation of
MPs, the major enzymes that degrade ECM proteins.

ltogether, these mesenchymal compartment changes
rovide a pro-growth microenvironment for ISCs, pro-
oting ISC expansion and subsequent expansion of the

ransit-amplifying compartment.
These findings imply a very interesting possibility that

hh deletion, resulting in the loss of structural ECM
ntegrity, the loss of the muscularis mucosae, and expan-
ion of ISCs may predispose to neoplastic transforma-
ion. This is in contrast to many other organs where
bnormal activation of the Hh pathway promotes tumor
evelopment.27,28 Indeed, the role of the Hh pathway in
olorectal cancer remains controversial, with numerous
onflicting reports.18,24,29 –31 Clearly, the precise role of
h signaling in colorectal tumorigenesis needs to be

urther clarified.
In a recent study, Zacharias et al reported that chronic
h inhibition in adult mice resulted in villus atrophy and
rofound inflammatory responses in the intestine, resem-
ling human celiac disease.22 These data suggest that Hh
ignaling acts as an important anti-inflammatory factor
n the gut. In our study, we also noted the presence of
cute inflammation in the intestine of Villin-Cre;Ihhflox/flox

ice, but mostly in a patchy manner and centered around
egions lined by vacuolated cells at the crypt�villus junc-
ion in the small intestine and crypt-surface in the colon.

e speculate that in the absence of generalized inflamma-
ion, the acute inflammatory changes in Villin-Cre;Ihhflox/flox

ice most likely results from a weakened mucosal barrier
aused by defective enterocyte differentiation. It is possi-
le that the inflammatory changes may also be aggra-
ated by proinflammatory responses released by stromal
ells in the absence of Ihh signaling. Our microarray
nalysis also demonstrated an increased acute inflamma-
ory response in Villin-Cre;Ihhflox/flox mice. For example,
urface markers expressed by neutrophils and/or macro-
hages, such as CD11�/ITGAM, CD14 and CD177, and
roinflammatory cytokines or chemokines, such as inter-

eukin-1�, CCL6, CCL9, CCL25 and CXCL5 were all
p-regulated in Villin-Cre;Ihhflox/flox mice (Supplementary
able 1). Many of these genes overlap with the genes

dentified by Zacharias et al. However, we detect no
esemblance of the inflammatory process in Villin-Cre;
hhflox/flox mice to human chronic inflammatory bowel
iseases. Specifically, lymphocytic infiltration, which is
haracteristically seen in celiac disease or Crohn disease,
nd significant cryptitis or crypt abscess formation,
hich is typically seen in ulcerative colitis are all absent

n Villin-Cre;Ihhflox/flox mice. Altogether, the analysis sug-
ests that Hh signaling may play distinct roles in regu-
ating inflammatory responses during gut development

s homeostasis. 505AQ: 9
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Supplementary Material

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2010.06.014.
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