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aBStRact

objective: Indian hedgehog (IHH) is an epithelial derived no-danger signal in the 
intestinal stroma, inducing factors that restrict epithelial proliferation and suppress 
activation of the immune system. In addition to these rapid effects of IHH signaling, 
IHH is required to maintain a stromal phenotype in which myofibroblasts and smooth 
muscle cells predominate. We investigated the role of IHH signaling during development 
of intestinal neoplasia in mice. 
design: Gli1-CreERT2 and Ptch-lacZ reporter mice were crossed with ApcMin mice to 
generate Gli1CreERT2-Rosa26-ZSGreen-ApcMin and Ptch-lacZ-ApcMin mice, which were 
used to identify hedgehog responsive cells. Intestinal epithelium specific conditional 
Cyp1a1Cre-Apc (ApcHET) mice were treated with β-naphthoflavone to induce adenoma 
development in the presence or absence of a Ihhfl/fl mutation. ApcMin mice were crossed 
with mice in which sonic hedgehog (SHH) was overexpressed specifically in the 
intestinal epithelium. Intestinal tissues were collected and analyzed histologically and 
by immunohistochemistry and quantitative reverse-transcription PCR. We also analyzed 
levels of IHH and its transcriptional targets in intestinal tissues from patients with familial 
adenomatous polyposis (n=18) or sessile serrated adenomas (n=15) and normal colonic 
tissue from control patients (n=12).
Results: Expression of IHH and its targets were increased in intestinal adenomas 
from patients and mice, compared with control colon tissue. In mice, IHH signaling was 
exclusively paracrine, from the epithelium to the stroma. Loss of IHH from ApcHET mice 
almost completely blocked adenoma development, whereas overexpression of SHH 
increased the number and size of adenomas that developed. Loss of IHH from ApcHET 
mice changed the composition of the adenoma stroma; cells that expressed α-smooth 
muscle actin or desmin were lost along with expression of cyclooxygenase-2, whereas 
the number of vimentin-positive cells increased. 
conclusion: Apc mutant epithelial cells secrete IHH to maintain an intestinal stromal 
phenotype that is required for adenoma development in mice. 



4

59Stromal indian hedgehog signaling is required for intestinal adenoma formation in mice

intRoduction

Activating mutations in the Hedgehog pathway can be sufficient to initiate cancer 
development. Such mutations are found in both familial and sporadically occurring basal 
cell carcinomas and medulloblastomas.1,2 The role of Hedgehog signaling as a causative 
factor in these cancers is further supported by several mouse models with activating 
mutations in the Hedgehog pathway. Similar to humans such mice develop basal cell 
carcinomas and medulloblastomas.3 The role of Hedgehog signaling in tumorigenesis in 
other organs is less well defined. In the gastrointestinal tract, mutations in the Hedgehog 
signaling pathway are insufficient to initiate tumor formation since patients and mice with 
activating mutations in the pathway develop gastroinestinal stromal tumors4 but do not 
develop gastrointestinal carcinomas. 
 Indian Hedgehog (Ihh) is expressed by differentiated enterocytes in the epithelium 
of small intestine and colon5,6 and signals in a paracrine manner from the epithelium 
to the mesenchyme.7 In the normal intestine Ihh negatively regulates Wnt signaling, 
epithelial precursor cell proliferation and crypt expansion through the control of 
mesenchymal factors such as Bone Morphogenetic Proteins (Bmps)8,9 and Activins.6 
Furthermore, prolonged loss of Ihh signaling results in the loss of smooth muscle cells 
and myofibroblasts leading to the loss of villi and development of chronic intestinal 
inflammation.6,10 
 Colon cancer develops in a well recognized sequence of events termed the adenoma 
to carcinoma sequence. Adenomas are non malignant neoplastic lesions that carry a risk 
to progress to cancer. The best studied mutation that can lead to adenoma development 
in mice and men is the Wnt pathway activating mutations in the APC gene.11,12 Little is 
known about the role of Hedgehog signaling in adenoma formation, and therefore in the 
earliest stages of colorectal cancer development. For example it has not been examined 
whether Hedgehog signaling is restricted to the mesenchyme at the adenoma stage 
and what the role of Hedgehog signaling is in adenoma incidence and progression. 
Arimura et al. studied the role of the Hedgehog receptor Smoothened (Smo) in intestinal 
adenoma formation by crossing mice that were heterozygous for Smo to Apc mutant 
mice.13 The authors found that heterozygosity for Smo protected against adenoma 
formation suggesting that Hedgehog signaling may promote adenoma formation. 
However, heterzygosity for Smo did not affect the expression of Hedgehog targets Gli1 
or Hhip in the adenomas and the authors detected expression of Smo predominantly in 
adenoma epithelium. Arimura et al. therefore suggested that the effects could depend on 
non-canonical Hedgehog signaling through Smo. 
 Here we use two different mouse models that allow the identification of Hedgehog 
target cells in vivo to study autocrine versus paracrine Hedgehog signaling during 
adenoma development. Additionally, we first examine the role of Hedgehog signaling 
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by inducible deletion of Ihh, the major Hedgehog expressed in the intestinal epithelium 
in Apc mutant mice. Secondly, by creating Apc mutant mice in which the Hedgehog 
pathway is activated by overexpression of Shh. Our data show that Ihh signaling to the 
adenoma mesenchyme is required to allow the initiation of adenoma development. 

metHodS

mice
The generation of the β-naphthoflavone inducible cytochrome p450-1a1Cre 
(Cyp1a1Cre)-Ihhfl/fl mice has been described previously.6 These mice were crossed 
with conditional mutant Apc15lox mice14 to generate conditional Cyp1a1Cre-Ihhfl/fl-Apcfl/+ 

mice, after injections with β-naphthoflavone these mice will have an intestinal epithelial 
specific homozygous deletion of Ihh and heterozygous deletion of Apc and be termed 
Cyp1a1Cre-IhhKO-ApcHET mice. β-naphthoflavone injected Cyp1a1Cre-Ihhwt/wt-Apcfl/+ 
littermates, termed Cyp1a1Cre-IhhWT-ApcHET mice, served as controls. VillinCre-Rosa26-
Stopfl/fl-hShh-IRES-Venus (ShhOE) were generated as described15 and crossed with 
ApcMin mice to generate double mutant mice. Gli1CreERT2, Rosa26-ZSGreen and 
ApcMin mice were obtained from the Jackson Laboratory and crossed to generate 
Gli1CreERT2-Rosa26-ZSGreen-ApcMin mice. All mice were on a pure C57BL/6 
background. Animals were housed in the Leiden University Medical Center experimental 
animal center or in the Academic Medical Center animal research institute and were 
handled in accordance with guidelines and with permission of the local experimental 
animal committees. For details of the mouse experiments and the human adenomas see 
Supplementary Materials and Methods.

tissue staining
Immunohistochemistry, lacZ staining, generation of probes, and in situ hybridization 
(ISH) were performed using standard protocols. See the Supplementary Materials and 
Methods for more detail.

Rna isolation, complementary dna Synthesis, and Quantitative Reverse-
transcription Polymerase chain Reaction
See Supplementary Materials and Methods for details. 

Statistics
Statistical analysis was performed with Prism 5.0 (GraphPad Software). All values were 
represented as the mean ± standard error of the mean (SEM). Samples were analyzed 
using the Student’s t-test. For multiple comparisons, a one-way analysis of variance was 
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used followed by a Bonferroni post-hoc test. Differences were considered statistically 
significant at a P value of less than 0.05.

ReSuLtS

Prolonged loss of ihh in Cyp1a1Cre-IhhKO mice results in hyperplasia, not 
dysplasia
In our previous work we found that specific and inducible deletion of Ihh in the adult 
small intestine epithelium using the Cyp1a1-Cre promoter resulted in a proliferative 
response of the intestinal epithelium with accumulation of proliferating cells, stem cells 
and crypt fissioning. Prolonged loss of Ihh resulted in chronic inflammation, infiltration of 
leukocytes and macrophages, blunting and loss of villi and the development of intestinal 
fibrosis. This was accompanied by increased Wnt signaling as evidenced by nuclear 
accumulation of β-catenin and increased expression of Wnt target genes.6 We reasoned 
that the combination of activated Wnt signaling and chronic inflammation could potentially 
create a pro-tumorigenic environment. To determine the effects of prolonged loss of Ihh 
in the intestinal epithelium we injected adult Cyp1a1Cre-Ihhfl/fl (Cyp1a1Cre-IhhKO) mice 
and Cyp1a1Cre-Ihhwt/wt (Cyp1a1Cre-IhhWT) controls with 80 mg/kg β-naphthoflavone on 
5 consecutive days and subsequently with a monthly injection of 80 mg/kg to maintain 
recombination. We sacrificed the Cyp1a1Cre-IhhKO mice at 9 (n=7) and 12 (n=7) months 
after recombination. Cyp1a1Cre-IhhKO mice displayed hyperplastic and elongated 
crypts, loss of villi and thickening of the lamina propria with infiltrating immune cells as 
observed at earlier time points (Figure 1A). We observed features of extensive epithelial 
regeneration with an expansion of the compartment of proliferating cells as marked by 
Ki-67 positive cells (Figure 1B). In addition, we observed extensive nuclear accumulation 
of β-catenin (Figure 1C) and overexpression of CD44, both surrogate markers for Wnt 
activation (Figure 1D). These findings are characteristics of hyperproliferation as seen in 
a strong regenerative response. Despite the extensive regeneration and presence of a 
chronic inflammatory infiltrate in Cyp1a1Cre-IhhKO mice, careful histological examination 
by an experienced gastrointestinal pathologist (GJO) did not reveal any features of 
epithelial dysplasia in the proximal, middle or distal small intestine of any of the fourteen 
Cyp1a1Cre-IhhKO mice. These results show that despite the fact that loss of Ihh results 
in an extensive epithelial regenerative response, this is insufficient to lead to neoplasia 
even one year after recombination. These results argue against an important role of 
Ihh as a tumor suppressor. We therefore set out to examine the role of Ihh signaling in 
intestinal tumorigenesis in more detail using an Apc mutant mouse model of adenoma 
formation.
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expression of Ihh is upregulated in intestinal adenomas
Expression of Ihh has not been examined in intestinal adenomas and it is not known if 
Hedgehog signaling is exclusively paracrine in intestinal adenomas similar to the normal 
intestinal mucosa.7 We therefore determined expression of Ihh in normal appearing 
mucosa and adenomas of Cyp1a1Cre-IhhWT-ApcHET mice 4 months after recombination 
of the conditional Apc allele. Expression of Ihh was increased in adenomas compared to 
normal mucosa as assessed by ISH (Figure 2A). Upregulation of Ihh was also confirmed 
with quantitative RT-PCR in adenomas from mice and in human tubular adenomas from 
patients with familial adenomatous polyposis and human sessile serrated adenomas 
(Figure 2B). Consistent with the increased expression of Ihh we found that Hedgehog 
target Gli1 was significantly upregulated in intestinal adenomas of both mice and 
humans, while Hhip was also upregulated in the human adenomas.

ihh signals exclusively to the mesenchyme in adenomas
To study the mode of Ihh signaling in tumors we used Gli1CreERT2 mice, which express 
a tamoxifen inducible Cre that is controlled by regulatory elements of Hedgehog target 
Gli1.16 We crossed these mice to Rosa26-ZSGreen reporter mice in which a Cre excisable 
roadblock sequence sits between the ubiquitously expressed Rosa26 promoter and 
a gene encoding the green fluorescent ZSGreen protein. The resulting Gli1CreERT2-
Rosa26-ZSGreen reporter mice were then further crossed to ApcMin mice, these mice 
are heterozygous for an Apc mutation and develop multiple small intestinal adenomas. 
In these mice, green fluorescent Hedgehog responsive cells can be identified in normal 
appearing mucosa and adenomas upon an injection with tamoxifen. As shown in Figure 
2C, we found that Gli1 expressing cells are exclusively found in the mesenchyme 
underlying the epithelium, similar to the adjacent non-adenomatous tissue. There are 
no epithelial cells that express Gli1 in either normal tissue or in intestinal adenomas in 
ApcMin mice. Immunostaining with epithelial marker Epcam showed no co-localization 
of Epcam and Gli1 expression in adenomas or normal tissue (Supplementary Figure 
1A). To further confirm this we performed a triple immunofluorescent staining with 

figure 1 | Prolonged loss of Ihh leads to extensive epithelial regeneration but not dysplasia. 
(a) Routine H&E staining of proximal small intestine of Cyp1a1Cre-IhhWT and Cyp1a1Cre-
IhhKO mice 12 months after injections with β-naphthoflavone. Ihh mutant mice show blunting 
of villi and hyperproliferative crypts as previously described. (B) Immuno-histochemistry for 
Ki-67 in wild type and Ihh mutant mice shows extensive epithelial proliferation in the Ihh 
mutant mice with Ki-67 positive cells in the superficial epithelium (arrows in right panel in B). 
(c) Immunohistochemistry for β-catenin in wild type and Ihh mutant mice shows increased 
cytoplasmic and nuclear accumulation of β-catenin in the Ihh mutant mice, including in the 
superficial epithelium. (d) Immunohistochemistry for CD44 in wild type and Ihh mutant mice 
show that expression of precursor cell marker CD44 is restricted to the crypt base in wild type 
mice but expressed in the surface epithelium in Ihh mutants. Original magnifications (a-d): 
100x.



64 Chapter 4

R
el

at
iv

e 
ex

pr
es

si
on

 Ihh

0

5

10

15

ns

Ihh Gli1 Hhip

GliCreERT2-ZSGreen
Desmin
a-Sma

GliCreERT2-ZSGreen
DAPI

D

A

B

0

2

4

6

8 humanmouse

IHH GLI1 HHIP

R
el

at
iv

e 
ex

pr
es

si
on**

**

** *

* *

Normal
Adenoma

C

Normal
TA
SSA



4

65Stromal indian hedgehog signaling is required for intestinal adenoma formation in mice

figure 2 | Ihh signaling is upregulated in intestinal adenomas and paracrine from the 
epithelium to the underlying stroma. (a) ISH shows that Ihh expression was increased in 
adenomas (arrows indicate adenomas) of Cyp1a1Cre-IhhWT-ApcHET mice compared to normal 
epithelium. (B) Quantitative RT-PCR for Ihh, and Hedgehog targets Gli1 and Hhip in normal 
mucosa of mouse (n=7) and murine adenomas (n=7) and in normal human colonic mucosa 
(n=12) compared to human adenomas (n=33, 18 tubular adenomas, 15 sessile serrated 
adenomas). (c) Gli1CreERT2-Rosa26-ZSGreen reporter mice crossed to ApcMin mice 
counterstained with DAPI (blue stain) for nuclear staining showed that Hedgehog responsive 
cells (green staining) were restricted to the stroma. The dotted line indicates the borders of 
the adenoma. (d) Triple staining of sections from Gli1CreERT2-Rosa26-ZSGreen reporter 
mice crossed to ApcMin mice (Hedgehog responsive cells stain green) with a-Sma (red) and 
desmin (blue) antibodies. The dotted line indicates the borders of the adenoma. Most of 
Gli1 expressing cells co-localize with either a-Sma or desmin or both. *P<0.05, **P<0.01, 
***P<0.001, SSA: sessile serrated adenoma, TA: tubular adenoma. Original magnifications: 
(a) left panel 40x (c) left panel 40x (d) 100x. 

antibodies against known stromal cell markers a-smooth muscle actin (α-Sma) and 
desmin (Figure 2D). We found that many of the Hedgehog responsive cells co-localize 
with α-Sma and desmin. This shows that most of the stromal Hedgehog responsive cells 
in adenomas are myofibroblasts and smooth muscle cells similar to the normal mucosa. 
In addition to the Gli1 reporter mouse we also examined Ptch-lacZ reporter mice crossed 
to ApcMin mice. In Ptch-lacZ mice thelLacZ gene is knocked into the locus of the gene 
that encodes Hedgehog receptor and target Ptch. In heterozygous mice Hedgehog 
responsive cells can be identified by their blue color upon β-galactosidase staining.17 
As in the Gli1 reporter mice, we found that lacZ positive, Hedgehog responsive cells 
localize exclusively to the adenoma stromal cells (Supplementary Figure 1B). These 
experiments show that the canonical Hedgehog signaling pathway is active in the stroma 
and not in epithelial cells, proving that there is no evidence for autocrine Hedgehog 
signaling in intestinal adenomas and that signaling is exclusively paracrine from the 
adenoma epithelium to the adenoma stroma. 

Ihh is required for Apc mutant intestinal adenoma formation
In order to study the effect of loss of Ihh signaling in Apc mutation driven tumorigenesis 
we crossed Cyp1a1Cre-Ihhfl/fl mice with conditional Apc wt/15lox mice and injected 4-7 week 
old mice with 80 mg/kg β-naphthoflavone on 5 consecutive days generating Cyp1a1Cre-
IhhKO-ApcHET mice. Tumors in ApcHET mice resemble human sporadic adenomas both 
histologically and molecularly and therefore can serve as a mouse model for intestinal 
tumor formation.11 As controls we used Cyp1a1Cre-Ihhwt/wt-Apcwt/15lox littermates and 
injected the mice with 80 mg/kg β-naphthoflavone on 5 consecutive days generating 
Cyp1a1Cre-IhhWT-ApcHET mice. Four months after recombination, we sacrificed and 
analyzed the mice. Quantitative RT-PCR using primers specific for the floxed exon 
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of Ihh showed efficient recombination of Ihh mRNA in the normal appearing intestinal 
epithelium of Cyp1a1Cre-IhhKO-ApcHET mice (n=3) compared to Cyp1a1Cre-IhhWT-ApcHET 
controls (n=5, 97% reduction P=0.03, Figure 3A). Loss of Ihh correlated with loss of 
Hedgehog targets Gli1 (85% reduction, P=0.01, Figure 3B) and Hhip (78% reduction, 
P=0.02, Figure 3C). Loss of Hhip expression in the intestinal stroma was confirmed 
by ISH (Figure 3D). These results show that Cre recombination of Ihh is efficient in the 
small intestinal epithelium and maintained over a period of 4 months as we previously 
described.6

 Four months after recombination of the Cyp1a1Cre-IhhKO-ApcHET mice, adenomas 
were counted and measured. Cyp1a1Cre-IhhWT-ApcHET mice (n=6) developed an 
average of 17.2 ± 6.1 tumors per mouse. In contrast, we found only 1.7 ± 0.5 adenomas 
per mouse in Cyp1a1Cre-IhhKO-ApcHET mice (n=9, P=0.004, Figure 4A), a reduction in 
adenoma incidence by 90.3%. Interestingly, when we assessed recombination in the 
adenomas that did develop in Cyp1a1Cre-IhhKO-ApcHET mice loss of Ihh expression in 
Ihh mutant versus wild type adenomas was only 58% (Figure 4B) compared to the 97% 
reduction observed in normal mucosa (Figure 3A). Also, ISH for Ihh in Cyp1a1Cre-IhhKO-
ApcHET mice showed Ihh expressing cells that had escaped recombination at the border 
of some of the adenomas in Ihh mutant animals (Figure 4B). This suggests that some 
non-recombined epithelial cells may contribute to those adenomas that do develop in 
Cyp1a1Cre-IhhKO-ApcHET animals. Although, the average size of the adenomas was 
somewhat reduced in the Cyp1a1Cre-IhhKO-ApcHET mice (37% reduced, Figure 4A), this 
did not reach statistical significance (P=0.15). These experiments suggest that Ihh is 
required for Apc mutant adenoma formation but is not absolutely required for subsequent 
adenoma growth. To investigate if Hedgehog signaling affects proliferation or apoptosis 
in the intestinal adenomas, we measured the number of cells that had incorporated 
BrdU and the number of cells positive for active caspase-3 in wild type and Ihh mutant 
adenomas. Quantification of BrdU and active caspase-3 positive cells showed that 
there was no significant difference in either BrdU incorporation or caspase-3 activity 
in intestinal adenomas (Figure 4D). This is consistent with the absence of a clear size 
difference between wild type and Ihh mutant adenomas. 
 To confirm the role of Hedgehog signaling in Apc mutant intestinal adenoma 
formation, we generated mice in which Shh was specifically overexpressed in the 
intestinal epithelium. To achieve this, we used the VillinCre mouse, a mouse in which 
Cre is specifically expressed in the intestinal epithelium, and crossed it to Rosa26-Stopfl/

fl-hShh-IRES-Venus (ShhOE) mice. As all Hedgehogs act through the same receptor, the 
mice can be used to increase the level of Hedgehog signaling in the intestinal tract. 
ShhOE mice were crossed to ApcMin mice and at the age of 16 weeks mice adenomas 
were counted and measured. We found that overexpression of Hedgehog in intestinal 
adenoma increased both the incidence and size of the adenomas (Figure 4E). However 
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when we treated a small number of 16 week old ShhOEApcMin mice with established 
adenomas with an Hedgehog antagonist18 for three weeks we found no indication that 
Hedgehog signaling is required for adenoma growth, consistent with the data in the Ihh 
mutant mice (Supplementary Figure 2).
 Together these data show that Ihh is required for the initiation of intestinal adenoma 
formation but is not required for subsequent adenoma growth. 
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Loss of tumor suppressive Hedgehog targets in Ihh mutant adenomas
Ihh regulates the expression of several genes that are family members of important 
tumor suppressor pathways. For example, we have previously shown that Ihh 
regulates Bmp4 and different Activin subunits in the intestinal mucosa.6 Additionally, 
the transcription factor Foxf2 which is a mesenchymal Hedgehog target and regulates 
expression of Bmp419 has been established as an important tumor suppressor during 
Apc mutant adenoma initiation and growth.20 Given our surprising finding that Ihh 
signaling is required for adenoma initiation rather than acting as a tumor suppressor 
gene we examined the expression of these factors in adenomas of Cyp1a1Cre-IhhWT-
ApcHET mice and Cyp1a1Cre-IhhKO-ApcHET mice by quantitative RT-PCR. Consistent with 
their dependence on Hedgehog signaling, we found that expression of Foxf2 and its 
target Bmp4 were increased in adenomas compared to normal mucosa and that their 
expression was substantially reduced in Ihh mutant adenomas as expected (Figure 5A 
and B). Activin subunits Inha, Inhβc, Inhβe and Activin target goosecoid were reduced 
in adenomas compared to normal mucosa and not regulated by Ihh signaling in the 
adenomas (Supplementary Figure 3). Inhβb was unchanged between normal mucosa 
and adenomas and also not affected by Ihh signaling. In contrast, Inhβa expression was 
increased in adenomas and reduced in Ihh mutant adenomas (Figure 5C), suggesting 
that it is directly or indirectly downstream of Hedgehog signaling. Together these data 
show that despite the fact that Ihh does not act as a tumor suppressor during Apc mutant 
adenoma formation, some of its established targets which do act themselves as tumor 
suppressors are regulated in the expected manner. 
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Loss of ihh results in gross changes in the composition of the adenoma 
stroma
Given the importance of Ihh signaling for the maintenance of α-Sma and desmin positive 
cells in the normal intestinal mucosa,6,7 we reasoned that prolonged loss of Ihh may 
not only result in altered expression of Ihh target genes in Hedgehog responsive cells 
such as Foxf2 but in fact result in more structural changes to the stroma composition. 
Such changes in the adenoma stroma may then contribute to decreased adenoma 
development as observed in Cyp1a1Cre-IhhKO-ApcHET mice. We therefore examined the 
adenomas of wild type and Cyp1a1Cre-IhhKO-ApcHET mice for expression of stromal cell 
markers α-Sma and desmin. These experiments showed a clear loss of α-Sma and 
desmin positive cells from the stroma of Ihh mutant adenomas compared to wild type 
adenomas (Figure 6A,B). α-Sma and desmin mark myofibroblasts (α-Sma+ desmin-), 
smooth muscle precursor cells (α-Sma- desmin+) and differentiated smooth muscle 
cells (α-Sma+ desmin+). To examine if any of these lineages was affected specifically 
we performed double staining for both markers (Figure 6C,D). This experiment showed 
that all three lineages were lost from the adenoma stroma similar to the loss of these 
lineages in normal mucosa upon prolonged loss of Ihh signaling.6,7 However, when we 
quantified the total amount of stroma in adenomas from wild type mice compared to Ihh 
mutant mice we found no significant difference (Figure 6E). Also, immunohistochemistry 
for macrophage marker F4-80 and T cell marker CD3 showed that the number of these 
cells present in the adenoma stroma were unchanged (Supplementary Figure 4). This 
suggests that the stroma is altered in its composition rather than lost. We previously 
observed that α-Sma/desmin positive cells were slowly replaced by vimentin positive 
stromal cells in the mucosa of Ihh mutant mice. Similarly, we found that the number of 
vimentin positive cells was substantially increased in Ihh mutant adenomas (Figure 6F). 
These experiments suggest that Ihh signaling is required to maintain adenoma stroma 
differentiation and that the stroma undergoes gross phenotypic changes upon loss of 
Ihh.

figure 6 | Ihh signaling is required for maintenance of adenoma stroma differentiation. 
(a) Immunohistochemistry for α-Sma. α-Sma+ cells are lost from the stroma of Ihh mutant 
adenomas compared to wild type adenomas. (B) Immunohistochemistry for desmin. Desmin+ 
cells are lost from the stroma of Ihh mutant adenomas compared to wild type adenomas. 
(c,d) Immunofluorescent double staining for α-Sma (green) and desmin (red), showing that 
myofibroblasts, smooth muscle cells and smooth muscle precursor cells are lost from the 
stroma of Cyp1a1Cre-IhhKO-ApcHET mice. Inserts show magnifications of α-Sma and desmin 
expressing cells. (e) Quantification of the total amount of stromal per adenoma surface 
as quantified by ImageJ shows no significant difference between wild type and Ihh mutant 
adenomas. (f) Immunohistochemistry for vimentin. Vimentin expressing cells were markedly 
increased in Ihh mutant adenomas. Original magnifications 100x for all images. **P<0.01, 
***P<0.001.
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figure 7 | Decreased Cox2 expression in adenomas from Ihh mutant mice. (a) Quantitative 
RT-PCR for Cox2 shows significant increase of Cox2 expression in adenomas of Cyp1a1Cre-
IhhWT-ApcHET mice (17 fold upregulated). Cox2 expression in the adenomas of Cyp1a1Cre-
IhhKO-ApcHET mice was not significantly upregulated. (B) Immunofluorescent staining for 
a-Sma (green) and Cox2 (red) showing Cox2 expression mainly in α-Sma positive cells. 
(c) Immunohistochemistry for Cox2 shows decreased Cox2 expressing cells in Ihh mutant 
adenomas. (d) Quantification of Cox2 expressing cells in adenomas shows a significant 
decrease of Cox2 expression in Ihh mutant adenomas (47% reduced, P=0.03). (e) A schematic 
representation of our findings. In normal intestinal epithelium Ihh signals to the stroma and 
acts to suppress epithelial proliferation and activation of the lamina propria immune response. 
Despite its anti-proliferative effects Ihh signaling to the stroma is increased and required 
during the initiation stages of Apc mutant adenomagenesis, possibly to allow the expression 
of Cox2 and other unidentified factors required for adenoma formation. *P<0.05, **P<0.01.
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cox2 expression is lost in Ihh mutant adenomas
We found that Ihh expression is required for the maintenance of the phenotype of α-Sma 
and desmin positive cells in Apc mutant adenomas and that Ihh mutant animals develop 
fewer adenomas. These data therefore suggest that α-Sma and desmin positive cells or 
the factors they produce are necessary for adenoma formation. 
 COX2 is normally not found in normal colonic epithelium, but it is overexpressed 
in early adenoma to carcinoma transition and plays an important role in adenoma 
formation.21 Furthermore, deletion of Ptgs2, the gene that encodes Cox2 was shown 
to give a highly significant reduction of adenoma number in mice with mutations in the 
Apc gene.22 At the adenoma stage Cox2 is expressed by stromal cells.23 Therefore, we 
examined Cox2 expression in our mice by quantitative RT-PCR and immunostaining. 
As shown in Figure 7A, Cox2 expression was upregulated as expected in adenomas 
compared to normal intestinal epithelium (17 fold upregulated, P<0.01), where it 
localized mainly to α-Sma positive cells in our hands (Figure 7B). Cox2 expression in the 
adenomas of Ihh mutant mice was reduced at the mRNA level. Loss of Cox2 expression 
was further confirmed at the protein level using immunohistochemistry (47% reduced, 
P=0.03, Figure 7C and D). We extensively examined if Cox2 is a direct Hedgehog 
target in stromal cells and found no evidence for direct regulation of Cox2 expression by 
Hedgehog signaling in either cultures of primary intestinal stromal cells or stromal cell 
lines (data not shown). This suggests that the loss of Cox2 expression is the indirect 
result of the changes in the adenoma stromal composition that occur in the absence 
of Ihh. Thus adenoma development may depend on a tumor promoting stromal cell 
composition that is maintained by Ihh signaling rather than on the expression of actual 
individual Hedgehog targets.

diScuSSion

Ihh is a critical epithelial-to-stromal signal that acts to maintain mucosal homeostasis 
in the adult small intestine and colon.24 Here we find that Ihh signaling is increased 
during adenoma development in both mice and humans. We find that Ihh signaling in 
adenomas remains purely paracrine from the epithelium to the underlying stromal cells 
as in the normal intestine. Despite the important anti-proliferative role of Ihh in the normal 
intestine we observed that loss of Ihh almost completely abrogates intestinal adenoma 
development. Our data suggest that Ihh is vital to maintain a stromal phenotype of 
α-Sma and desmin positive cells that are the source of important signals in adenoma 
development such as Cox2 (Figure 7E). 
 In the Ihh mutant mice we find that adenoma incidence is greatly decreased but their 
size distribution is similar to controls. This suggests that the stromal phenotype that is 
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imposed by Ihh signaling is required for initial adenoma formation but not for subsequent 
adenoma progression. Although very small adenomas may have been missed in 
the gross morphological adenoma scoring that was performed, we did not observe 
accumulation of small adenomas in Ihh mutant mice when we studied their intestines 
under the microscope for the various analyses. Although we found that adenomas in 
ShhOEApcMin mice were larger than in controls this may in fact be due to accelerated 
adenoma initiation in these mice as the Shh transgene is actually expressed from before 
birth. This interpretation would also be consistent with the experiment in which we treated 
ShhOEApcMin mice with established adenomas with a Hedgehog antagonist and found no 
influence on adenoma size. 
 In the normal intestinal epithelium differentiated epithelial cells secrete Ihh5,25 which 
signals to the underlying stromal cells.7,25 Signaling to the stroma seems to have a dual 
function on the short term. On the one hand Ihh regulates the expression of molecules 
that restrict stem cell expansion and crypt growth6,25,26 thus acting as a negative feedback 
signal from the differentiated cells to the proliferative cell compartment.27 Important 
candidates for this negative regulation are the Bmps which are critical negative regulators 
of the epithelial stem cell compartment.28,29 On the other hand, Ihh signaling is required to 
suppress a spontaneous activation of the immune response in the lamina propria.10 Thus, 
in the short term Ihh seems to act as a ‘no-danger’ signal from the surface epithelium 
to the underlying lamina propria that acts to suppress a potential reparative epithelial 
response and activation of the immune system. In the longer term however, Ihh signaling 
has a major impact on the more structural phenotype of the stromal cells. We and others 
have observed a gradual loss of α-Sma and desmin expression from stromal cells upon 
inducible deletion of Ihh or expression of the Hedgehog antagonist Hhip. On the other 
hand, overexpression of Ihh in the intestinal epithelium results in an accumulation of 
α-Sma and desmin positive cells.6,26

 The results obtained in our experiments to determine the role of Ihh signaling 
during adenoma development suggest that the long term effects of Ihh signaling that 
determine stromal phenotype predominate over short term signaling functions that could 
conceivably reduce epithelial proliferation in adenoma development. This may explain 
the opposing effects of Foxf2 and Ihh during adenoma development. Foxf2 is a key 
mesenchymal Hedgehog target and during normal development there is a striking 
similarity between the phenotypes of loss of Hedgehog signaling and Foxf2 signaling.9,19 
However, in contrast to the role of Hedgehog signaling observed in our experiments it 
has been shown that Foxf2 dose dependently reduces adenoma development.20 This is 
despite the fact that Foxf2 behaves as a Hedgehog target in our hands as expected with 
upregulation of Foxf2 expression in the adenomas, loss in Ihh mutant adenomas and 
concurrent loss of Bmp4 which is a target of Foxf2.19 
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Our experiments clearly establish that Apc mutant epithelium needs to secrete Ihh in 
order to maintain an underlying stromal phenotype that is required to allow adenoma 
formation. We show that in the absence of Ihh adenomas lose expression of Cox2. 
The fact that we find no evidence of direct regulation of Cox2 by Hedgehog signaling 
supports the idea that Ihh may modulate adenoma development by affecting the stromal 
cell composition rather than by direct effects of Hedgehog targets. We hope to identify 
further stromal drivers of adenoma development in future experiments in which we will 
further characterize the way Ihh signaling affects the adenoma stroma. 
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mice
The generation of the b-naphthoflavone inducible cytochrome p450-1a1Cre 
(Cyp1a1Cre)-Ihhfl/fl mice has been described previously.5 These mice were crossed with 
conditional mutant Apc15lox mice13 to generate conditional Cyp1a1Cre-Ihhfl/fl-Apcfl/+ mice. 
Mice received injections with 80 mg/kg β-naphthoflavone (Sigma-Aldrich) dissolved 
in sunflower oil once daily for 5 consecutive days at 4-7 weeks of age. These mice 
will have an intestinal epithelial specific homozygous deletion of Ihh and heterozygous 
deletion of Apc and be termed Cyp1a1Cre-IhhKO-ApcHET mice. β-naphthoflavone injected 
Cyp1a1Cre-Ihhwt/wt-Apcfl/+ littermates, termed Cyp1a1Cre-IhhKO-ApcHET mice, served as 
controls. Mice were sacrificed four months after recombination. Two hours before death 
mice were injected intraperitoneally with 100 mg/kg bromodeoxyrudine (BrdU, Sigma-
Aldrich). Intestines were cut open longitudinally and fixed in 10% ice-cold formalin and 
dehydrated to 70% ethanol. Adenomas were counted and measured macroscopically. 
Subsequently, intestines were rolled up and embedded in paraffin. 
 Gli1CreERT2, Rosa26-ZSGreen and ApcMin mice were obtained from the Jackson 
Laboratory and crossed to generate Gli1CreERT2-Rosa26-ZSGreen-ApcMin mice. These 
mice were injected with 1 mg tamoxifen (Sigma-Aldrich) per 20 gram body weight for 
five consecutive days. One week later mice were sacrificed. Animals were housed in the 
Leiden University Medical Center experimental animal center or in the Academic Medical 
Center animal research institute and were handled in accordance with guidelines and 
with permission of the local experimental animal committees. 
 The generation of Rosa26-Stopfl/fl-hShh-IRES-Venus mice has been described 
before.14 Cre-mediated induction of hShh and Venus (GFP) expression was validated 
using cre-expressing adenovirus, prior to crossing animals to the VillinCre strain.
 For the generation of ShhOEApcMin mice, Rosa26-Stopfl/fl-hShh-IRES-Venus-VillinCre 
mice were crossed to ApcMin mice. 16-week-old male offspring were treated with 100 
mg/kg Hedgehog Antagonist18 in 0.5% methylcellulose/0.2% Tween 80 (MCT), twice 
daily by oral gavage for 3 weeks. Control mice were treated with MCT alone, according 
to the same dosing regimen. After three weeks adenomas were counted and measured 
and macroscopically, (n=3 in both groups). 

Human adenomas
Frozen tissues were collected from the Pathology department (AMC), following 
appropriate patient consent according to the institute’s guidelines (Medical Ethical 
Committee, AMC, Amsterdam). Tubular adenomas (TA) were obtained from familial 
adenomatous polyposis (FAP) patients carrying an APC mutation. Sessile serrated 
adenomas (SSA) were collected from serrated polyposis syndrome patients. The 
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histology of each adenoma was confirmed by H&E staining. RNA was extracted using 
the miRNAeasy micro kit (Qiagen) from 18 tubular adenomas and 15 sessile serrated 
adenomas. As controls biopsies from normal colon mucosa from patients undergoing 
endoscopy were used (n=12). RNA was extracted using the AllPrep DNA/RNA Mini kit 
(Qiagen).

immunohistochemistry
Sections of 4 mm were deparaffinized in xylene and rehydrated. For immunohistochemistry 
endogenous peroxidase was blocked using 0.3% H2O2 in methanol for 30 minutes. We 
used different methods of antigen retrieval (see antibody table). 
Sodium citrate (Soci): Slides were cooked at 100°C for 20 minutes in 0.01 mol/L 
sodium citrate (pH 6). 
tris/ethylenediaminetetraacetic acid (edta): Slides were cooked at 100°C for 20 
minutes in EDTA buffer (10 mmol/L Tris, 1mmol/L EDTA, pH 9). 
trypsin: Slides were incubated for 20 minutes at 37°C in a humidified chamber with 
0.05% trypsin and 0.1% calciumchloride pH 7.8 and then left at room temperature for 
10 minutes. 

After antigen retrieval slides were blocked with in PBS with 0.1% Triton X-100 and 1% 
bovine serum albumin for 30 minutes, followed by incubation overnight at 4°C with 
the primary antibody in PBS with 0.1% Triton X-100 and 1% bovine serum albumin. 
Antibody binding was visualized with Powervision HRP labeled secondary antibodies 
from Immunologic and diaminobenzidine for substrate development. All sections were 
counterstained with Mayer’s haematoxylin.

Immunofluorescent staining
For immunofluorescent double staining slides were pretreated as for immunohistochemistry, 
see above. Immunofluorescent stainings on sections from Gli1CreERT2-Rosa26-
ZSGreen no antigen retrieval was performed. Antibodies were diluted in PBS with 0.1% 
Triton X-100 and 1% bovine serum albumin and slides were incubated for one hour on 
room temperature. Afterwards, slides were washed in PBS and incubated for 1 hour 
with secondary antibodies labeled with fluorescent dyes (all AlexaFluor secondary 
antibodies from Invitrogen), diluted 1:200 in PBS with 0.1% Triton X-100 and 1% bovine 
serum albumin at room temperature. Slides were washed and mounted with Slowfade 
Gold Antifade reagent (Invitrogen, s36938). Confocal images were obtained on a Leica 
TCS SP2 system equipped with 405-nm UV, 488-nm argon, and 543-HeNe lasers. For 
analysis of immunohistochemistry the software program ImageJ (freely available at: 
rsbweb.nih.gov/ij/) was used. 
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antibody concentration company catalogue 
number

antigen 
retrieval

Secondary 
antibody

α-Sma 1:500 Abcam Ab5694 SoCi Immunologic

α-Sma 1:750 Lifespan B3933 SoCi Fluorescent

Active Caspase-3 1:200 Cell Signaling 9661L SoCi Immunologic

β-catenin 1:1000 BD biosciences 610154 Tris/EDTA Immunologic

CD3 1:1000 Dako A0452 SoCi Immunologic

CD44 1:500 Serotec MCA1967 SoCi Immunologic

Cox2 1:200 Cayman Chemicals 160126 SoCi Immunologic or 
fluorescent

Desmin 1:750 Abcam Ab15200 SoCi Immunologic or 
Fluorescent

Epcam 1:200 Biolegend 118211 No retrieval Fluorescent 

F4-80a 1:50 BMA biomedicals T-2006 SoCi Immunologic

Ki-67 1:200 Monosan MNX10283 SoCi Immunologic

Vimentin 1:100 Cell Signaling 3932 Tris/EDTA Immunologic

Vimentin 1:200 Sigma-Aldrich V4630 Tris/EDTA Fluorescent
a For this staining an additional amplification step was performed. On day 2, after incubation with the primary antibody, 
we added rabbit anti-rat F(ab’)2 fragments (Southern Biotech, 6130-01) 1:3000 in PBS with 0.1% Triton X-100 and 
1% bovine serum albumin.

In situ hybridization
For in situ hybridizations (ISH), sections were deparaffinized and rehydrated. 
Subsequently, sections were incubated in 1 M HCl for 10 minutes, treated with proteinase 
K in PBS for 20 minutes, and refixed with 4% paraformaldehyde for 10 minutes. Sections 
were acetylated with acetic anhydride, and incubated with a digoxigenin (DIG)-labeled 
probe over three nights at 68oC. After three stringency washes with 50% formamide in 
SSC buffer (pH 4.5) at 65oC, sections were incubated with alkaline phosphatase-labeled 
anti-DIG Fab fragments (Roche). Probe binding was visualized using the NBT-BciP 
substrate (Sigma-Aldrich).

Rna isolation, complementary dna Synthesis, and Quantitative Reverse-
transcription Polymerase chain Reaction
For isolation of RNA adenomas and scrapes of epithelium of the small intestine was 
collected. Tissue was homogenized in 1 ml Trizol (Invitrogen) and RNA extraction was 
performed according to the manufacturer’s instructions. For cDNA synthesis, 1 μg of 
RNA was transcribed using Revertaid (Fermentas). Quantitative RT-PCR was performed 
using SybrGreen (Qiagen) according to the manufacturer’s protocol on a BioRad 
iCycler and primers from mouse qPrimerdepot (mouseprimerdepot.nci.nih.gov/), human 
qPrimer depot (http://primerdepot.nci.nih.gov/) or pre-optimized primers from Qiagen. 
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh), cyclophilin or actin was used as 
household gene. 
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SuPPLementaRy figuReS

GliCreERT2-ZSGreen
Epcam

Ptch-LacZ-ApcMin
β-galactosidase

A

B

Supplementary figure 1 | Hedgehog signaling exclusively signals from the epithelium to 
the stroma in adenomas. (a) Immunostaining for epithelial marker Epcam in Gli1CreERT2-
Rosa26-ZSGreen reporter mice shows no co-localization of Epcam and ZSGreen expression 
in adenomas and normal tissue. Adenoma is highlighted with dotted line. Insert shows 
magnification of white square (B) Immunohistochemistry for b-galactosidase in Ptch-lacZ 
reporter mice crossed to ApcMin mice showed that Hedgehog responsive cells in intestinal 
adenomas localized exclusively to the adenoma stroma. Insert shows magnification of black 
square. Arrows show β-galactosidase staining in elongated cells in the stroma. 
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Supplementary figure 2 | Treatment with Hedgehog antagonist in established tumors does 
not reduce adenoma number in ShhOEApcMin mice. (a) Treatment of 16-week-old ShhOEApcMin 
mice (n=3) with an Hedgehog antagonist for three weeks does not reduce the number of 
adenomas compared to vehicle treated animals (n=3, P=0.75). (B) A modest increase in 
adenoma size was observed in mice treated with Hedgehog antagonist compared to vehicle 
treated mice (P=0.046). Every dot represents a single adenoma. (c) Quantitative RT-PCR 
on normal appearing ileum of ShhOEApcMin mice treated with the Hedgehog antagonist for 
Hedgehog targets Ptch1, Gli1 and Hhip shows effective downregulation of the Hedgehog 
pathway upon treatment with Hedgehog antagonist. *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure 3 | Inhibins and goosecoid expression are downregulated in 
adenomas. Quantitative RT-PCR for activin subunits Inha, Inhβb, Inhβc, Inhβe and Activin 
target goosecoid showing downregulation of their expression in adenomas compared to 
normal mucosa, except for Inhbb which is unchanged. Loss of Ihh signaling in adenomas 
does not affect mRNA levels of these genes.
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Supplementary figure 4 | Macrophage and T cell infiltration is unchanged in Ihh mutant 
adenomas. Immunostaining for macrophage marker F4-80 and T cell marker CD3 shows 
no significant increase of immune cells in adenomas from Ihh mutant mice compared to 
adenomas from Ihh wildtype mice.


