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Indian Hedgehog Regulates Intestinal Stem Cell Fate Through
Epithelial —-Mesenchymal Interactions During Development

CYNTHIA KOSINSKI,* DANIEL E. STANGE,* CHUANRUI XU,* ANNIE SY CHAN,% CORAL HO,* SIU TSAN YUEN,S
RANDY C. MIFFLIN,! DON W. POWELL,! HANS CLEVERS,* SUET VI LEUNG,® and XIN CHEN*

*Department of Bioengineering and Therapeutic Sciences, University of California, San Francisco, California; *Hubrecht Institute, KNAW and University Medical Center
Utrecht, Utrecht, The Netherlands; SDepartment of Pathology and Center for Cancer Research, The University of Hong Kong, Queen Mary Hospital, Pokfulam,
Hong Kong; and |Department of Internal Medicine, University of Texas Medical Branch, Galveston, Texas

BACKGROUND & AIMS: Intestinal stem cells (ISCs)
are regulated by the mesenchymal environment via phys-
ical interaction and diffusible factors. We examined the
role of Indian hedgehog (Ihh) in mesenchymal organiza-
tion and the mechanisms by which perturbations in
epithelial —mesenchymal interactions affect ISC fate.
METHODS: We generated mice with intestinal epithe-
lial-specific disruption of Ihh. Gross and microscopic an-
atomical changes were determined using histologic, im-
munohistochemical, and in situ hybridization analyses.
Molecular mechanisms were elucidated by expression
profiling and in vitro analyses. RESULTS: Deletion of
intestinal epithelial IThh disrupted the intestinal mesen-
chymal architecture, demonstrated by loss of the muscu-
laris mucosae, deterioration of the extracellular matrix,
and reductions in numbers of crypt myofibroblasts. Con-
currently, the epithelial compartment had increased Wnt
signaling, disturbed crypt polarity and architecture, de-
fective enterocyte differentiation, and increased and ec-
topic proliferation that was accompanied by increased
numbers of ISC. Mechanistic studies revealed that Hh
inhibition deregulates bone morphogenetic protein signal-
ing, increases matrix metalloproteinase levels, and disrupts
extracellular matrix proteins, fostering a proliferative envi-
ronment for ISCs and progenitor cells. CONCLUSIONS:
Ihh regulates ISC self-renewal and differentiation. In-
testinal epithelial Thh signals to the mesenchymal com-
partment to regulate formation and proliferation of
mesenchymal cells, which in turn affect epithelial pro-
liferation and differentiation. These findings provide a
basis for analyses of the role of the muscularis mucosae
in ISC regulation.

Keywords: Hedgehog Signaling; ECM; MMP; BMP.

In the intestine, epithelial cells undergo repeated pro-
genitor cell proliferation, terminal differentiation, and
cell death, a process that requires intestinal epithelial
stem cells (ISCs) to engage in a continuous dialogue with
neighboring epithelial and mesenchymal cells.’? Recent
cell lineage tracing experiments have identified LgrS and
Bmil as ISC markers, although they appear to represent
2 distinct ISC populations.>* The regenerative capacity of

ISCs is directed by structural and biochemical cues re-
ceived from the ISC microenvironment.® This microenvi-
ronment is a complex structure that modulates intestinal
homeostasis by maintaining a fine balance between ISC
self-renewal and downstream differentiation. While mul-
tiple cell types, including endothelial cells, lymphocytes,
and muscle cells, may contribute to ISC regulation, the
cells generally considered the most important to ISC
regulation are intestinal subepithelial myofibroblasts
(ISEMFs) because of their close proximity to ISCs.® These
mesenchymal cells secrete various factors that favor or
restrict ISC self-renewal, including cytokines, matrix pro-
teins, and growth factors, such as bone morphogenetic
protein (BMP) antagonists Noggin and Gremlin.”# Yet
how ISEMFs are regulated within the ISC microenviron-
ment, their precise role in fostering ISC self-renewal and
proliferation, and whether they are the only major con-
tributors to the mesenchymal ISC microenvironment,
remain unclear.

The Hedgehog (Hh) signaling pathway plays a critical
role during gut development.® Expression of the Hh
ligands, Sonic Hedgehog and Indian Hedgehog (Ihh), has
been detected exclusively in the intestinal epithelium,
while expression of Hh target genes, Patched (Ptchl) and
Glil, has been observed in the mesenchyme, including
the villus core, muscularis mucosae, and pericryptal myo-
fibroblasts.1%11 Both Sonic Hedgehog- and Ibhb-null mice
display marked gastrointestinal abnormalities, including
attenuated smooth muscle layers and intestinal malrota-
tion.!° In mice, overexpression of Hedgehog interacting
protein (Hhip), a negative regulator of Hh signaling in
the gut, leads to mislocalization of ISEMFs and expan-
sion of immature smooth muscle cells.'? Furthermore,
these mice showed increased cell proliferation and aber-
rant crypt-like structures, as well as enhanced Wnt activ-

Abbreviations used in this paper: BMP, bone morphogenetic protein;
ECM, extracellular matrix; Hh, hedgehog; Hhip, Hedgehog interacting
protein; lIhh, Indian Hedgehog; ISC, intestinal stem cell; ISEMF, intes-
tinal subepithelial myofibroblast; MMP, matrix metalloproteinase;
SMA, smooth muscle actin.
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ity. In converse experiments, enhanced Hh signaling due
to conditional deletion of Ptchl resulted in accrual of
colonic myofibroblasts and colonic crypt hypoplasia.!?

Despite these recent advances, the exact role of Ihh in ISC
regulation and gut development remains unclear. Here we
find that loss of Thh signaling causes profound morpholog-
ical changes to the intestinal mesenchymal compartment,
with the most consistent and severe changes occurring near
crypt bottoms, where ISCs are located. Our data suggest
that the muscularis mucosae might be a novel component
of the mesenchymal microenvironment, which acts with
myofibroblasts to limit the size of the crypt and ISC pool.
Altogether, the results support that Thh functions as a
critical regulator of ISC self-renewal through epithelial—
mesenchymal interactions.

Materials and Methods

(See Supplementary Materials

and Methods for Details)

Mice

The Ibhfo/fox mice were provided by Dr Beate
Lanske of Harvard University.'* Villin-Cre mice!S and
Smofe¥/flox micel6 were obtained from the Jackson Labora-
tory. Ibh/flex and Villin-Cre mice were mated and the
offspring were backcrossed to generate Villin-Cre;Ihb/le/flox
mice. Genotyping was performed by polymerase chain
reaction on genomic DNA from tail clips as described
previously.1*15 The Villin-Cre:Ibb"*fox pups suffer early
lethality and were sacrificed when they displayed lethargy
and inability to feed. All mice were housed, fed, and
treated in accordance with protocols approved by the
committee for animal research at the University of Cali-
fornia, San Francisco.

Immunohistochemistry, Immunofluorescence,
and In Situ Hybridization

Animals were euthanized and their intestine was
removed and flushed with phosphate-buffered saline.
Fixed tissue was embedded in paraffin. Immunostaining
was performed using standard protocols after heat-me-
diated antigen retrieval. Olfm4 in situ hybridization was
performed as described previously.!”

Statistical Analysis

Student’s ¢ test was used to evaluate statistical sig-
nificance. Values of P < .05 were considered significant.

Results
Generation of Thh-Conditional Knockout Mice

A partial description of Ihh’s role in intestinal
development has been provided by 2 studies of Ihh~/~
mice: 1 study described a loss of proliferative epithelial
cells in Ihh™/~ mice,'® while the second study noted an
expansion of proliferative epithelial cells in Ihh~/~ mice.'8
However, Ihb~/~ mice die at birth, precluding any analysis
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of Thh’s role during postnatal intestinal development. To
examine the full role of Thh in intestinal development,
including the critical postnatal period when crypt struc-
tures are established, we generated a conditional Ihb-
deficient mouse line by breeding Ibh"*/fox mice to Villin-
Cre mice. This cross generated Villin-CreIbho/flex mice
that had intestinal Ihh messenger RNA expression levels
that were 4% of control mice, and an absence of Ihh at the
protein level (Supplementary Figure 1A and 1B). The
messenger RNA expression level of Ptchl and Glil, 2 direct
transcriptional targets of Hh signals, were 19% and 9% of
the control mice, respectively (Supplementary Figure 1A4),
suggesting that Ihh is the key Hh molecule mediating Hh
signaling in intestinal tissues, and Sonic Hedgehog or
Desert hedgehog cannot replace its function.
Villin-Cre;Ihb"/fox mice were born alive and appeared
normal. However, at P3 it was apparent that the mutant
mice were not thriving, as they were noticeably smaller
than their control littermates (detailed gross phenotypes
are described in Supplementary Figure 1). The majority
of Villin-Cre;Ibbfox/flox mice died between P7 and P10, al-
though some managed to survive until P30. The early
lethality of Villin-Cre;Ibh/fox mice is likely caused by
malnourishment (Supplementary Figure 1C and 1D).

Disruption of Intestinal and Colonic

Mesenchymal Compartment in

Villin-Cre;Thhflex/flox pice

It has previously been reported that Ihh signals in
a paracrine direction, moving from its origin in intestinal
epithelial cells toward Hh signaling effectors in mesen-
chymal cells.!' We investigated the myofibroblast and
smooth muscle changes by a-smooth muscle actin (a-
SMA) immunostaining. The most striking and consistent
change observed in the Villin-Cre;Ibh/"/fex mice was the
loss of a horizontal layer of a-SMA—positive cells at the
crypt base in the small intestine and colon that corre-
sponds to the muscularis mucosae (Figure 1A and 1B;
Supplementary Figure 2). The complete loss of muscu-
laris mucosae cells was observed soon after birth and
persisted throughout development (Supplementary Fig-
ure 2). Because the cellular components of the muscularis
mucosae in mice have not been well-characterized, we
performed double-labeling experiments for a-SMA and
desmin, as well as a-SMA and vimentin. Myofibroblasts
can be distinguished from fibroblasts by their expression
of a-SMA, and separated from smooth muscle cells by
their expression of vimentin and lack of desmin expres-
sion. The staining results revealed that in control mice,
the cells comprising the thin layer below small intestinal
crypts expressed a-SMA and vimentin, but not desmin
(Figure 1A; Supplementary Figure 2). The results indicate
the muscularis mucosae layer absent from the small in-
testine of Villin-Cre;Ibh"*/fe* mice is predominantly com-
posed of myofibroblasts. In control colon, a-SMA and
desmin were coexpressed along the muscularis mucosae
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Figure 1. Disrupted mesenchymal compartment in Villin-Cre;Ihh™X/fox mice. (A, B) Immunostaining of stromal marker a—smooth muscle actin
(a-SMA) (left), co-staining of a-SMA (green) and desmin (red) (middle) and co-staining of a-SMA (green) and vimentin (red) (right) in the small intestine
(A) and colon (B), illustrating the loss of muscularis mucosae cells and diminished pericryptal myofibroblasts in Villin-Cre;Ihhoxfox mice. a-SMA
staining reveals the muscularis mucosae in control mice (red arrows), whereas in mutant mice no muscularis mucosae is evident. Pericryptal
myofibroblasts displayed in the black doted box are shown in detail (inset). The double immunofluorescent stainings show the muscularis mucosae
in the small intestine (white arrows) expresses a-SMA and vimentin (yellow), revealing that the composition of this layer consists predominantly of
intestinal subepithelial myofibroblast (ISEMFs). In the colon, the muscularis mucosae (white arrows) expresses both a-SMA and desmin (yellow),
indicating that this layer is composed mainly of smooth muscle cells (SMCs). (C) Mesenchymal cell proliferation is observed in P5 control mice (red
arrowheads), but is reduced in Villin-Cre;lhh<ox mice; (D, E) The Hedgehog (Hh) inhibitor GANT61 inhibits ISEMF proliferation as assayed by WST-1
(D) and bromodeoxyuridine labeling (E). **P < .001. DMSO, dimethyl sulfoxide; Ihh, Indian Hedgehog; KO, knockout.

underneath colonic crypts (Figure 1B). Noticeably, this
cell layer does not express the fibroblast marker vimentin
(Figure 1B), demonstrating the missing muscularis mu-
cosae layer in the colon of Villin-Cre;Ibh¥/flox mice is
composed of smooth muscle cells (Figure 1B; Supple-
mentary Figure 2).

Because ISEMFs, especially pericryptal myofibroblasts,
have traditionally been considered the key mesenchymal

cell type that regulates ISCs, we examined the composi-
tion of these cells in mutant mice. In the colon, we
consistently observed diminished numbers of pericryptal
myofibroblasts at the crypt base (Figure 1B; Supplemen-
tary Figure 2). In the small intestine, loss of pericryptal
myofibroblasts was more variable. Additionally, the mis-
localization of pericryptal myofibroblasts as described in
Villin-Hbip mice'? was not observed in Villin-Cre;Ihb/le/flox
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mice (Figure 1A; Supplementary Figure 2). Examination
of villus core mesenchymal cells revealed a consistent
reduction in desmin-positive smooth muscle cells and
central core myofibroblasts (Supplementary Figure 2).
However, some villi exhibited an expansion of myofibro-
blasts in regions with superimposed inflammation, suggest-
ing myofibroblast numbers may also be affected by second-
ary changes. Notably, in P5 control mice, we detected active
proliferation of mesenchymal cells surrounding newly
forming crypts. In mutant mice, however, mesenchymal cell
proliferative activity was profoundly attenuated at this stage
(Figure 1C). These data suggest that Ihh loss might impair
ISEMF proliferation. To test this hypothesis, we examined
in vitro ISEMF cell growth in the presence of GANTG61, a
small-molecule antagonist of GLI-mediated transcription.!®
We found GANTS61 significantly inhibits ISEMF cell viabil-
ity and proliferation (Figure 1D and 1E). Thus, these in vivo
and in vitro studies support that Hh signaling is required
for ISEMF growth.

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

Morpbhological Alterations in the Intestine

of Villin-Cre;Ihhflox/flex Mice

As we detected marked differences in the mesen-
chymal compartment surrounding ISCs between control
and mutant mice, we sought to determine whether these
differences were accompanied by changes in the intesti-
nal epithelium. We found that elimination of Thh re-
sulted in crypts that appeared wider, loosely organized,
and crowded with nuclei (Figure 2A). Villus branching
accompanied by aberrant crypt-like structures was also
detected in the small intestine of Villin-Cre;Ibhf*¥/flox mice
(Figure 2A). The ectopic crypt-like structures contained
cells that were positive for the proliferation marker Ki67
(Figure 2A). Furthermore, proliferating cells in the mu-
tants greatly outnumbered those in control littermates,
with their distribution extending beyond the normal
confines of the crypt (Figure 24). Crypt fission is a pro-
cess in which new crypts are produced and is believed to
occur in response to stem cell expansion. While crypt
fission normally occurs in neonatal mice, we observed a
significantly higher incidence of crypt fission in the jeju-
num of P9 Villin-Cre;Ihh"*f* mice compared to control,
revealing major proliferation abnormalities (Figure 2B).
In P30 Villin-Cre;Ibh"**/fo jejunum, we observed marked
elongation of crypts with florid proliferation (Figure 2C).
Additionally, in some areas, we saw a loss of epithelial
maturation, characterized by the absence of villus archi-
tecture and proliferative cells reaching the luminal sur-
face (Figure 2C). A similar epithelial phenotype was noted
in the colon of Villin-Cre;Ibh™*f* mice in which crypts
were dilated with frequent branching and had disturbed
orientation and a high degree of proliferation (Supple-
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mentary Figure 3). Furthermore, in one P30 Villin-Cre;
Ibhx/fiex colon, a lesion mimicking a small adenoma with
mild dysplasia was detected in the midst of disorganized
and disoriented crypts (Figure 2C). These observations
suggest that loss of Ihh expression induces florid prolif-
erative events. To determine whether this may eventually
culminate in neoplastic transformation would require a
study of aged Ihh mutants; however, the early death of
Villin-Cre;Ihhf/fex mice makes such a study infeasible in
our setting.

It is known that a small amount of mosaic Cre expres-
sion exists in the colon of Villin-Cre transgenic mice.'s In
cases in which Villin-Cre;Ibh"*fx mice survived beyond
P15, we noticed normal crypt structures adjacent to di-
lated crypts in the colon (Figure 2D). Interestingly, be-
neath the normal crypt structures a-SMA staining de-
tected an intact muscularis mucosae (Figure 2D), whereas
below neighboring dilated crypts, no a-SMA staining was
detected, revealing an absence of the muscularis mucosae
(Figure 2D). Furthermore, Ki67-positive cells were re-
stricted to crypt bottoms in regions where the muscularis
mucosae was present (Figure 2D); however, in the absence
of the muscularis mucosae, differentiated cells occupied
crypt bottoms and proliferative cells were found at crypt
bottoms and tops (Figure 2D). These results suggest the
muscularis mucosae might influence crypt epithelial fate
and polarity, and contribute to ISC regulation.

Loss of Intestinal Epithelial Ibh Signaling
Activates Wnt/[3-Catenin and Expands the
ISC Population

Given that we observed several manifestations in
the Villin-Cre;Ihb*/flex mice that were comparable to those
seen in mice with increased Wnt signaling, including
enhanced epithelial cell proliferation, branched villi, and
enlarged crypts, we sought to analyze whether mutant
mice displayed increased Wnt activity.202! Typically, ex-
pression of Wnt/B-catenin target genes (eg, Cd44, Sox9,
EphB2) is restricted to the crypt proliferative compart-
ment (Figure 3A; Supplementary Figure 4). However, in
mutant mice Cd44, Sox9, EphB2 expression was highly
expressed throughout the crypt and along the villus in
the small intestine, as well as along the entire crypt
length in the colon (Figure 3A; Supplementary Figure 4).
Furthermore, staining for B-catenin in mutant mice
showed increased cytoplasmic staining in crypts and villi,
providing additional evidence that the mutants have in-
creased Wnt activity (Supplementary Figure 4).

We next addressed whether the loss of Thh affected the
ISC population by performing in situ hybridization for
Olfm4, a marker for small intestinal stem cells.'” Villin-
Cre;Ibb/fex mice showed an increase in expression of
Olfm4, as well as an increase in the number of Olfm4* cells
per crypt compared to control mice (Figure 3B). A previ-
ous study of Ihh~/~ mice suggested that a complete loss
of Ihh diminishes the number of ISCs, whereas a second
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Figure 2. Abnormal intestinal epithelial phenotypes in Villin-Cre; Ihho<fox mice. (A) H&E and Ki67 staining of small intestine tissues from control and
Villin-Cre;lhhex/flex mice. Note the sprouting villi and ectopic crypt formation in Villin-Cre;lhhoxfox mice (green arrows). (B) Average percentage of
crypts in fission in control (n = 3) and Villin-Cre;lhh™*fox mice (n = 3) *P < .05. (C) H&E staining shows florid proliferation in the jejunum and
adenomatous foci in the colon of P30 Villin-Cre;Ihhfox/fex mice. Yellow boxes designate regions displaying florid proliferation or adenomatous foci.
Enlarged images are shown to the right. The jejunum displays focal marked elongation of crypts and aloss of differentiation toward the luminal surface
(arrows), whereas adjacent epithelium shows retained maturation at the luminal surface (arrowheads). The colon presents an accumulation of dilated
and disoriented crypts that leads to a localized elevated lesion in the mucosa, with evolution into a tubular adenoma with mild dysplasia.
(C) Relationship between dilated crypts in colon of Villin-Cre; Ihhfofox mice and loss of muscularis mucosae cells subjacent to crypts revealed through
H&E (left), a—smooth muscle actin (a-SMA) (middle) and Ki67 (right) staining. Blue arrows indicate areas with normal crypt morphology above
a-SMA™ muscularis mucosae cells. Typical Ki67 staining pattern is observed in morphologically normal crypts (black arrows), while Ki67 is expressed
throughout dilated crypts (pink arrows). Ihh, Indian Hedgehog; KO, knockout.

study suggested the opposite.1%18 However, both studies
lacked a definitive ISC marker and based their findings
solely on a cell proliferation marker. Thus, by utilizing a
specific ISC marker, we provide compelling evidence that
deactivation of IThh leads to ISC expansion.

Altered Differentiation of the Absorptive

and Secretory Cell Lineages in

Villin-Cre;Thhflex/flex pfjce

Next, we investigated whether the expansion of
epithelial proliferation occurred to the detriment of in-
testinal epithelial differentiation in Villin-CreIhh/lex/flox
mice. We examined the differentiation pattern of the 4
different intestinal cell types (ie, enterocytes, goblet, en-
teroendocrine, and Paneth cells) using specific markers

for each cell lineage, as well as electron microscopy (Sup-
plementary Figures 5-7). Our analyses demonstrated that
there is an expansion of the secretory cell lineages at the
expense of the enterocyte differentiation program in
Villin-Cre;Ibh*¥/fox mice. Furthermore, we detected an ac-
cumulation of vacuolated cells at crypt—villus junctions
in the small intestine, indicating the Thh mutants have
some maturation arrest at the enterocyte precursor stage
(Supplementary Figure 6).

Inflammatory Response in

Villin-Cre;Thhflex/flex pfjce

A recent report?? showed that chronic Hh inhibi-
tion in adult mice results in villus atrophy and profound
inflammatory responses in the intestine. We noted patchy
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Figure 3. Increased Wnt/B-catenin activity and intestinal stem cell
expansion in Villin-Cre;Ihhfox/fox mice. (A) Immunostaining of Wnt target
gene CD44 in control and Villin-Cre;Ihh™fox mice. (B) In situ hybridiza-
tion (ISH) of the jejunum for Olfm4 in control and mutant mice. Note
that the expression pattern of Olfm4 reveals an increase in intestinal
stem cell number and expression level in Villin-Cre;IhhoXfox mice.
Arrows indicate weak and restricted Olfm4 expression in the control
jejunum. IHC, immunohistochemistry; lhh, Indian Hedgehog; KO,
knockout.

and variable inflammatory responses in the small intestine
and colon of Villin-Cre;Ibb"*fe* mice. Early inflammatory
changes were observed in regions lined by vacuolated cells at
crypt—villus junctions, where breach of epithelial integrity
was accompanied by neutrophil infiltration. In acutely in-
flamed regions, we noticed villus sloughing, resulting in
villus loss, mucosal ulceration, dense neutrophil infiltration,
and fibrosis (Supplementary Figure 8). Similar surface ul-
ceration with neutrophil infiltration was also noted in the
colon (Supplementary Figure 8).

Paracrine Ibb Signaling Responsible for
Villin-Cre;Thhfl°x/flox Phenotype

While some studies suggest Hh signals in an au-
tocrine direction, acting directly on intestinal epithelial
cells,'823 more recent reports indicate that Hh signals
predominantly in a paracrine fashion in the intestine.!124
To exclude the possibility that the phenotypes we ob-
served in Villin-Cre;Ibh*¥/flox mice were due to autocrine
Hh signaling, we deleted the required hedgehog receptor
Smoothened (Smo) in intestinal epithelial cells by crossing
Villin-Cre mice with Smo "/ mice to generate Villin-Cre;
Smoflox/fox mice. We found that Villin-Cre;Smof*¥/flox mice
were born at normal frequencies and were healthy with
no gross abnormalities up to 15 months of age. Micro-
scopic examination revealed normal intestinal and co-

GASTROENTEROLOGY Vol. xx, No. x

lonic architecture (Supplementary Figure 9A). All 4 epi-
thelial cell lineages were well-developed and normal Wnt
signaling was observed (Supplementary Figure 9B). The
results provide strong genetic evidence that Hh signaling
functions strictly in a paracrine manner during gut mot-
phogenesis.

Expression Ana?sis of Genes Deregulated in

Villin-Cre;Thhflex/flox pfice

To investigate the molecular mechanisms under-
lying the disruption of the mesenchymal compartment
and how it leads to abnormal ISC proliferation, we per-
formed expression array analysis of colon samples from
control and Villin-Cre;Ibh"/flox mice. Statistical analysis
identified 508 transcripts, including 298 named genes up-
regulated and 532 transcripts, including 429 named genes
down-regulated in Villin-Cre;Ibh™/fex mice (Supplementary
Table 1). As expected, all Hh signaling targets, such as Glil,
Ptch, and Hbip, were significantly down-regulated in colon
samples from mutant mice (Figure 44).

Among the genes that were up-regulated in mutants
were Wnt targets, including c-Myc, Sox-9, and matrix met-
alloproteinase (MMP) 7, as well as the ISC marker Lgr§
(Figure 4B). Furthermore, comparison of genes up-regu-
lated in Villin-Cre;Ibbe¥/fox mice with LgrS stem cell genes
identified several genes that overlap, including Lgrs,
Acotl, Adoral, Sox9, Soatl, and Slc12a2 (Figure 4B).2
Genes involved in gut hormones (CCK and glucagon),
reflecting changes in enteroendocrine cells, as well as
goblet cell marker genes (Spdef, Spink4, Muc2, Gent3, and
Foxa3) were up-regulated in Villin-Cre;Ihhe/fox mice (Fig-
ure 4C), which is consistent with expansion of secretory
cell lineages observed in the mutants. Intriguingly, sev-
eral MMPs (MMP3, MMP7, MMPS, and MMP10), which
are known to degrade extracellular matrix (ECM) pro-
teins and connective tissues, were up-regulated in mutant
colon samples (Figure 4D).

Interestingly, the most prominent genes down-regu-
lated in the mutants encode proteins that help support
and maintain the intestinal epithelium (Figure 4D and
4E). For example, genes that may provide structural sup-
port to ISCs, such as genes involved in smooth muscle
development (Myh10, Mybl11, myocardin, Mef2¢c, desmin,
etc.) were down-regulated in Ihh mutant colons (Figure
4E). Furthermore, genes encoding ECM proteins (multi-
ple isoforms of collagen and laminin; as well as fibronectin,
osteoglycin, versican, nidogen 1, Ecm2, etc.), which provide
support, organization, and mechanical signals to the
epithelium, were extensively down-regulated in Villin-Cre;
Ibblex/flex mice (Figure 4D). Additionally, several integrins
(Itgal, Itga8, Itga9, Itgav, Itgh6) that attach epithelial cells
to the ECM and mediate epithelial cell —matrix interac-
tions were down-regulated in mutant mice (Figure 4D).
Overall, expression analysis demonstrates that the gut
mesenchymal compartment is compromised when Ihh is
deleted in the intestine, suggesting the possibility that
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Figure 4. Genes differentially expressed in colon tissues from control and Villin-Cre;Ihhfex/fox mice. Heat maps of genes whose expression is
significantly increased or decreased in Villin-Cre;Ihho*fox mice vs control mice. Each panel represents a functional category: (A) Hedgehog (Hh)
target genes; (B) Wnt target and intestinal stem cell—related genes; (C) goblet cell and enteroendocrine-related genes; (D) extracellular
matrix—related genes; (E) muscle-related genes; (F) bone morphogenetic protein (BMP) signaling pathway genes. lhh, Indian Hedgehog; KO,

knockout.

disruption of the mesenchymal cells surrounding ISCs
may be the key mechanism that leads to abnormal ISC
expansion in Villin-Cre;Ihh"/flex mice.

We next analyzed the signaling pathways that have
been implicated in gut development, including Notch,
BMP, and Ras/MAPK pathway genes. We found that the
BMP pathway was one of the major targets for Thh
signaling during gut morphogenesis (Figure 4F). For ex-
ample, BMPs, including BMP2, BMP4, and BMPS were all
down-regulated. BMP antagonists showed a more com-
plicated pattern of expression: some were up-regulated,
such as Gremlinl and Chordin-like-2, while others were
down-regulated, such as Gremlin2 and Twsgl. Neverthe-
less, analysis of transcriptional targets of BMP signaling,
including ID1, ID2, and ID4, revealed that all these genes
were down-regulated in the mutant mice. Furthermore,
immunostaining of phosphorylated Smad1/5 (p-Smad1/5)
showed decreased expression of p-Smad1/5 in the epithelial
cells of mutant mice (Figure 5), confirming an overall de-
crease in BMP signaling in Villin-Cre;Ibh™/fle mice.

Inactivation of Ibb Disrupts Stromal Gene
Expression and Basement Membrane
Formation

Given that the gene expression profiling data sug-
gested that the smooth muscle character and ECM com-
ponents undergo marked changes in Villin-Cre;Ihhfo/flex
mice, we decided to investigate how the loss of Hh sig-
naling directly affects expression of muscle and ECM-
related genes in ISEMFs. Quantitative reverse-transcrip-
tion polymerase chain reaction performed on ISEMFs
treated with the Gli transcription inhibitor GANT61
found a significant down-regulation of Mef2c and Myocd,
2 transcription factors known to regulate smooth muscle
development (Figure 6A). These results are consistent
with the microarray analysis, suggesting cultured ISEMFs
closely resemble the in vivo situation. Furthermore, these

findings imply that Hh signals may promote the differ-
entiation of fibroblasts toward a myofibroblast pheno-
type in the intestine. We next examined the ability of
ISEMFs to produce matrix proteins in the absence of Hh
signals. Expression of laminin4 was significantly down-
regulated in GANTG61-treated ISEMFs (Figure 6A), while
other ECM genes, such as fibronectin and collagen, showed
no significant change (data not shown). Strikingly,
MMPs, including MMP3 and MMP10, were significantly
up-regulated in GANT61-treated ISEMFs (Figure 6A).
These data suggest that loss of Hh signaling amplifies
expression of MMPs in intestinal stromal cells, poten-
tially leading to degradation of ECM components.
These studies indicate that ECM components may be
significantly compromised in Villin-Cre;Ibbo/fox mice.
In normal colon, collagen IV expression was detected
throughout the lamina propria. In mutant mice, collagen
IV staining was significantly reduced in the colon (Figure

Ihh KO

Control

pSmad1/5/DAPI

Figure 5. Down-regulation of bone morphogenetic protein (BMP) sig-
naling in Villin-Cre;Ihhfox/fox mice. Immunofluorescent staining of phos-
pho-Smad1/5 in control and Viflin-Cre;lhhfex/fox mice.
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6B). Another basement membrane protein, laminin, was
expressed in the lamina propria with intense staining at
the epithelial —mesenchymal interface corresponding to
the basement membrane in control colon. In contrast,
laminin staining appeared diffusely weak and completely
absent from the basement membrane in the mutant mice
(Figure 6B). Thus, inactivation of Ihh in the gut leads to
down-regulation of ECM genes and matrix protein deg-
radation, resulting in a weakened ECM that is vulnerable
to crypt expansion.

Discussion

The epithelial phenotypes we observed in the
Villin-Cre;Ibho/fex mice are, overall, consistent with other
mouse models that disrupt Hh signaling during gut
morphogenesis, such as mice overexpressing the Hh in-
hibitor Hhip, or mice with a conditional deletion of
Ptch1.1213 However, none of the previous studies ad-
dressed the critical question of whether paracrine Hh

GASTROENTEROLOGY Vol. xx, No. x

*% *&
16
12
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4
o]
MMP10 MMP3
Ihh KO

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;lhhfex/fox mice, there is
decreased expression of both col-
lagen IV and laminin.

signaling affects ISC self-renewal or whether the epithe-
lial phenotypes are due to the disruption of trans-ampli-
fying/progenitor cells near the crypt base. Our study
showed that in Villin-Cre;Ibho*/fox mice, there is a clear
expansion of the ISC compartment, providing solid evi-
dence that Ihh regulates ISCs during gut development.
Furthermore, our findings indicate that Ihh is the key Hh
ligand mediating the observed epithelial phenotypes in
the small intestine and colon after birth. Additionally,
our studies with conditional epithelial Smo knockout
mice demonstrated that Ihh regulates ISC fates strictly in
a paracrine fashion. This statement is corroborated by
the fact that there is a profound and consistent disrup-
tion of the mesenchymal compartment, especially at the
crypt base surrounding ISCs in Villin-Cre;Ibbe*/fox mice.
Altogether, these data suggest that ablation of Ihb leads
to significant deterioration of the microenvironment sur-
rounding ISCs, which in turn leads to expansion of ISCs
and altered epithelial cell differentiation programs. In

394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449



450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505

Month 2010

addition, previous studies have suggested that the mes-
enchymal cells surrounding ISCs are the major source of
Wnt and function primarily to maintain ISC prolifera-
tion. Here, we propose a different role of the ISC micro-
environment, which is to restrain crypt size and prevent
abnormal stimulation. Thus, a delicate balance between
the proliferative and restrictive activity by mesenchymal
cells surrounding ISCs likely exists to refine the shape,
size, and function of the gut epithelium to form proper
crypt-villus structures.

Pericryptal myofibroblasts are generally considered
the key mesenchymal cells that regulate ISCs. On the
other hand, cells within the muscularis mucosae layer,
despite its vicinity to the ISCs, are not known to be
involved in regulating ISCs. In our current study, we
find the development of muscularis mucosae cells is
strictly dependent on epithelial Thh signaling, as dele-
tion of Thh leads to total ablation of the muscularis
mucosae in both the colon and small intestine. Our
studies suggest that loss of the muscularis mucosae
layer may contribute to ISC expansion and deregula-
tion of intestinal epithelial cell differentiation. These
findings provide a basis for further investigation of the
role of the muscularis mucosae in ISC regulation. For
example, in vitro coculture of muscularis mucosae cells
with Lgr5* ISCs will provide additional evidence of
how the muscularis mucosae modulates ISC self-re-
newal and expansion. In addition, using genomic ap-
proaches, one could identify secretory factors pro-
duced by the muscularis mucosae. The functions of
these secretory factors in regulating ISCs should then
be further explored using either knockout mouse mod-
els or through in vitro analysis of Lgr5* ISCs.

What are the molecular mechanisms behind expansion
of the ISC compartment upon Ihh loss during gut mor-
phogenesis? Our genomic analyses indicate that Ihh
likely regulates ISC self-renewal and cell fate determina-
tion via multiple mechanisms. The reduction of BMP
signaling upon Ihh deletion could constitute one possi-
ble mechanism that leads to the described phenotype, as
BMP signaling normally acts to inhibit ISC self-renewal
and repress crypt formation in the gut.”2¢ Nevertheless,
the reduced BMP signaling does not account for all the
phenotypes observed in Villin-Cre;Ihh™¥/f>* mice. For ex-
ample, in villin-noggin mice, in which BMP signaling is
completely abrogated, no morphological alternations are
detected until 4 weeks of age.?¢ Other factors that likely
contribute to the severe phenotypes seen in mutant mice
are the complete loss of muscularis mucosae cells and
disruption of the ECM that surrounds ISCs. One can
imagine muscularis mucosae cells likely provide solid
structural support for ISCs at the crypt base. It is also
likely that muscularis mucosae cells secrete additional
factors that maintain proper ISC number and crypt
structure, such as the Wnt antagonist Sfrp2, a down-
regulated gene in Villin-Cre;Ihh¥/f>* mice identified by our

REGULATION OF INTESTINAL STEM CELLS BY INDIAN HEDGEHOG 9

microarray analysis. Additionally, our microarray analysis
showed a profound loss of ECM gene expression in
Villin-Cre;Ibh/fex mice at the RNA level. The ECM com-
ponents were further impaired by up-regulation of
MMPs, the major enzymes that degrade ECM proteins.
Altogether, these mesenchymal compartment changes
provide a pro-growth microenvironment for ISCs, pro-
moting ISC expansion and subsequent expansion of the
transit-amplifying compartment.

These findings imply a very interesting possibility that
Ihh deletion, resulting in the loss of structural ECM
integrity, the loss of the muscularis mucosae, and expan-
sion of ISCs may predispose to neoplastic transforma-
tion. This is in contrast to many other organs where
abnormal activation of the Hh pathway promotes tumor
development.?”:28 Indeed, the role of the Hh pathway in
colorectal cancer remains controversial, with numerous
conflicting reports.182429-31 Clearly, the precise role of
Hh signaling in colorectal tumorigenesis needs to be
further clarified.

In a recent study, Zacharias et al reported that chronic
Hh inhibition in adult mice resulted in villus atrophy and
profound inflammatory responses in the intestine, resem-
bling human celiac disease.?? These data suggest that Hh
signaling acts as an important anti-inflammatory factor
in the gut. In our study, we also noted the presence of
acute inflammation in the intestine of Villin-Cre;Ihhex/flox
mice, but mostly in a patchy manner and centered around
regions lined by vacuolated cells at the crypt—villus junc-
tion in the small intestine and crypt-surface in the colon.
We speculate that in the absence of generalized inflamma-
tion, the acute inflammatory changes in Villin-Cre;Ibhfo/flo
mice most likely results from a weakened mucosal barrier
caused by defective enterocyte differentiation. It is possi-
ble that the inflammatory changes may also be aggra-
vated by proinflammatory responses released by stromal
cells in the absence of Ihh signaling. Our microarray
analysis also demonstrated an increased acute inflamma-
tory response in Villin-Cre;Ihh¥/fx mice. For example,
surface markers expressed by neutrophils and/or macro-
phages, such as CD11B/ITGAM, CD14 and CD177, and
proinflammatory cytokines or chemokines, such as inter-
leukin-18, CCL6, CCL9, CCL25 and CXCLS were all
up-regulated in Villin-Cre;Ibh%¥/fox mice (Supplementary
Table 1). Many of these genes overlap with the genes
identified by Zacharias et al. However, we detect no
resemblance of the inflammatory process in Villin-Cre;
Ihb¥/fex mice to human chronic inflammatory bowel
diseases. Specifically, lymphocytic infiltration, which is
characteristically seen in celiac disease or Crohn disease,
and significant cryptitis or crypt abscess formation,
which is typically seen in ulcerative colitis are all absent
in Villin-Cre;Ihh/flex mice. Altogether, the analysis sug-
gests that Hh signaling may play distinct roles in regu-
lating inflammatory responses during gut development
vs homeostasis.
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Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2010.06.014.
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