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Summary

We previously found that conditional deletion of integrin β1 in intestinal epithelium of mice 

caused early postnatal lethality and intestinal phenotypic changes including excessive proliferation 

of epithelial cells and defective epithelial differentiation. Here, we link these defects to the 

Hedgehog (Hh) signaling pathway and show that loss of integrin β1 also leads to excessive 

phosphorylation of MEK-1 and increased expression of ErbB receptors, including the epidermal 

growth factor receptor (EGFR). We show that EGFR signaling attenuates Hh abundance and that 

an EGFR inhibitor rescues conditional β1 integrin null pups from postnatal lethality. These studies 

link the loss of Hh expression in the intestinal epithelium of integrin β1-deficient mice to EGFR/

MAPK signaling, and, identify a unique mechanism for crosstalk between stromal and epithelial 

signaling pathways that is critical for intestinal epithelial differentiation and function.

Keywords

Hedgehog; integrin; epidermal growth factor receptor; ErbB; intestinal epithelium; differentiation

Introduction

The small and large intestines are lined by one of the most rapidly renewing epithelia in 

mammals. This requires frequent turnover of the epithelial cells, which is promoted 

predominantly by the Wnt and EGFR pathways (1,2). Because of their high turnover rate, 

the epithelial cells must rapidly differentiate once they migrate out of the proliferative 

intestinal crypts and onto the villi so that nutrient absorption and transport are fully 

developed within their relatively short lifespan (∼4 days in mice) (3). The intestinal 

epithelium is strictly compartmentalized into proliferative crypts and differentiated villi with 

multiple signaling pathways maintaining a vital balance between proliferation and 

differentiation.

The extracellular matrix proteins, such as fibronectin, collagens, and laminins, upon which 

the intestinal epithelium rests are differentially expressed along the crypt-villous axis and 
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thought to play a significant role in intestinal epithelial function (4,5). The extracellular 

matrix communicates with the epithelium through adhesion proteins such as integrins, which 

are the most abundant cell surface adhesion receptors expressed by intestinal epithelial cells. 

Functionally, integrins mediate cell survival, proliferation, differentiation and migration 

through their cytoplasmic tails, which are devoid of catalytic activity, but are linked to the 

cytoskeleton and signaling complexes through adaptor proteins (6).

Little was known of the role of integrins in intestinal epithelial proliferation and 

differentiation until we generated mice with conditional deletion in the intestinal epithelium 

of integrin β1, which heterodimerizes with several α integrin subunits (5). These mice had 

intestinal epithelial cell hyper-proliferation, loss of stromal expansion, polyp formation, lipid 

trafficking defects, fat malabsorption and epithelial cell hypo-differentiation. These changes 

were strikingly similar to mice with defective Hedgehog (Hh) signaling (7-9).

Vertebrates express three Hh homologues: Desert hedgehog (Dhh), Indian hedgehog (Ihh) 

and Sonic hedgehog (Shh), of which Shh and Ihh are expressed by the intestinal epithelium 

(10). Hedgehog signaling is essential during development of invertebrate and vertebrate 

species by virtue of its ability to modulate patterning, growth, and cell-type specification in 

a wide range of tissues (11). We found marked reductions in Shh protein and mRNA 

expression in intestinal epithelial cells from conditional β1 integrin null mice (5), which 

linked integrin signaling to Hh signaling in the intestine. However, we did not define how β1 

integrins mediated Hh expression and signaling. Here, we show our novel discovery that 

Shh expression is regulated by β1 integrins through the EGFR-MAPK signaling pathway.

Experimental Procedures

Mice

The villin-Cre and Itgb1flox mice were previously described (5,12,13). Villin-Cre and 

Itgb1flox mice were crossed and the offspring backcrossed to generate villin-Cre/Itgb1flox/flox 

(Itgb1Δ) mice. Genotyping was performed on genomic DNA isolated from tail snips or 

whole intestine as previously described (5). Erlotinib (500μg/mouse) was administered every 

other day by subcutaneous injection into pregnant dams bearing Itgb1Δ fetuses from a week 

before birth to weaning. All animal studies were approved by the Institutional Animal Care 

and Use Committees at the University of Utah and Salt Lake City Veterans Affairs Health 

Care System.

Intestinal epithelial cell (IEC) isolation

Mouse IECs (crypts) were isolated from small intestine mucosa by using a non-enzymatic 

technique (14). Briefly, after opening the intestines longitudinally and washing in PBS, the 

tissue was incubated in a solution containing 3 mM EDTA plus 0.5 dithiothreitol in PBS for 

90minutes at room temperature. Then the tissue was resuspended in PBS, and the crypts 

were detached by vigorous shaking. Crypts were collected by centrifugation at 50 × g for 

5min and then lysed in lysis buffer (50 mM Hepes, 150 mM NaCl, 1.5 mM MgCl2, 1 mM 

EGTA, 100 mM NaF, 10 mM Na2PO4, 1 mM Na3VO4, 10% glycerol, 1% Triton X-100, 
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and 1 μg/ml each of aprotinin, leupeptin, chymostatin, and pepstatin). Protein concentrations 

of the lysates were determined by the Bradford protein assay (Pierce).

Cell culture and transfection

The rat intestinal epithelial (RIE) cell line was obtained from the ATCC and cultured on 

poly-L-lysine-coated dishes in Dulbecco's modified Eagle's medium (DMEM) supplemented 

with 10% fetal bovine serum, glutamine, penicillin, and streptomycin. For cell transfection, 

RIE cells were cultured in DMEM with supplements on poly-L-lysine-coated dishes. 

Transfections were performed in 6-well plate using Lipofectamine 2000 according to the 

manufacturer's instructions (Invitrogen).

Antibodies

Ki67 mAb (Santa Cruz), β1 integrin mAb (Cell Signaling), phosphor-Mek1/2 mAb (Cell 

Signaling), phosphor-Akt mAb (Cell Signaling), Shh mAb (Santa Cruz), phosphor-Erk mAb 

(Cell Signaling), c-Cbl mAb (Santa Cruz), phosphor-Egfr (Tyr1173) mAb (Santa Cruz) and 

EGFR mAb (Santa Cruz), Gli-1 mAb (Cell Signaling), Patched mAb (Abcam).

Immunohistochemistry

Fixed tissues were embedded in paraffin as described previously 24. The samples were 

deparaffinized in xylene and rehydrated in a 30–100% ethanol series and ddH2O. Antigen 

retrieval was performed by boiling the samples in 10 mM Citrate Buffer, pH 6.0, in a 

microwave oven. The slides were then washed with 1× PBS for 5min at RT. The samples 

were blocked in 3% horse serum, 3% bovine calf serum, or 3% goat serum in 0.1% Triton 

X-100/1% BSA in PBS for 30 min at RT in a humidity chamber. Primary antibody dilutions 

in the blocking buffer were incubated with the samples overnight in a humidity chamber at 

4°C. The slides were washed in PBS and a secondary antibody conjugated to Alexa 488 

(diluted in blocking buffer) was added to the samples for 30min at RT. The slides were 

washed in PBS and then mounted with Prolong-Gold (Invitrogen) and coverslips. All pairs 

of slides were processed simultaneously, and all pairs of photomicrographs were performed 

with identical camera settings and exposure times to insure uniformity.

Quantitative RT-PCR

Total RNA was isolated using an RNeasy kit (Qiagen). First-strand cDNA was synthesized 

from 1μg of total RNA using M-MLV reverse transcriptase (Invitrogen). Quantitative RT-

PCR was performed using SybrGreen (Applied biosystem) incorporation on a Sequence 

Detection System (ABI PRISM 7900HT; Applied Biosystems). Threshold cycles were 

normalized to glyceraldehyde-3-phosphate dehydrogenase (G3PDH). The primers were 

designed to span intron–exon boundaries.

Primers for mouse—Shh, 5′ CCAATTACAACCCCGACATC 3′ and 5′ 

CCACGGAGTTCTCTGCTTTC 3′; G3PDH, 5′ CAGTGCTGAGTATGTC GTGG 3′ and 5′ 

AGAACGGACGGAGATGATGACC 3′; Gli1, 5′ GAAGGAATTCGTGTGCCATT3′ and 

5′GCAACCTTCTTGCTCACACA 3′; Ptch1, 5′CAGTTCTCAGACTCCAGC 3′ and 

5′GAACAATGTCCGTGAGGTCC 3′.
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Primers for rat—G3PDH, 5′GCACAGTCAAGGCTGAGAATGG3′ and 

5′TAGACTCCACGACATACTCAGC3′; Shh, 5′CAATTACAACCCCGACATC3′ and 

5′TCACTCGAAGCTTCACTCCA3′. Primers for human: G3PDH, 

5′GACATCAAGAAGGTGGTGAAGC3′ and 5′CTTCCTCTTGTGCTCTTGCTGG3′; 

Gli1, 5′ AGCGTGAGCCTGAATCTGT3′ and 5′GATGTGCTCGCTGTTGATGT3

Immunoblotting

10-15μg of total protein were boiled in SDS sample buffer for 3min and then resolved on 

10% Tris-HCl SDS polyacrylamide gels by electrophoresis. The gels were transferred to 

nitrocellulose membrane and blocked in blocking buffer (3% bovine serum albumin in 

TTBS (100 mM Tris-Cl, pH 7.4, 0.9% NaCl, 0.1% Tween). The blots were then incubated 

with primary antibodies at 4°C overnight. The blots were washed in TTBS and incubated 

with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology) 

for 1hr at RT. The blots were washed 3×10 min in TTBS, incubated with SuperSignalTM 

horseradish peroxidase substrate (Pierce) for 1min and then exposed to film. Densitometry 

was performed on the bands on the blots using National Institutes of Health Image 1.63.

Results

Integrin β1 deletion in intestinal epithelium reduces Hh signaling

We found that conditional deletion of integrin β1 in the intestinal epithelium of villin-Cre/

Itgb1flox/flox (Itgb1Δ) mice resulted in post-natal lethality between postnatal day 7 (P7) and 

P14 due to severe malnutrition caused by dramatic intestinal epithelial hyper-proliferation 

and reduced differentiation (5). The intestinal phenotype of the Itgb1Δ mice was very similar 

to that observed in mice with defective Hh signaling (7-9), suggesting a link between β1 

integrin and Hh signaling. In support of this, we found that Shh levels in the intestinal 

epithelium were severely reduced in the Itgb1Δ mice compared with control littermates (5).

Hh signaling is paracrine in the mammalian intestine because Shh and Ihh are expressed by 

the intestinal epithelial cells while their receptor, Patched, is expressed in the intestinal 

stromal cells (7,8). In the presence of Hh ligand, Patched activity is inhibited, resulting in 

increased Smoothened activity which in turn causes accumulation of Gli transcriptional 

proteins which transactivate gene targets (7) (8,15,16). Both Ptch1 and Gli1 are major 

transcriptional targets of the Hh signaling pathway (16). In order to assess the activation 

state of the Hh signaling pathway in Itgb1Δ mice, we determined the levels of intestinal 

Ptch1 and Gli1 mRNA by real-time PCR. Both Gli1 and Ptch1 mRNA (Figure 1A) as well 

as protein levels (Figure 1B) were significantly reduced in the intestinal stroma of Itgb1Δ 

mice compared with wild-type littermates, demonstrating decreased Hh signaling in Itgb1Δ 

mice.

Next, we asked if we could promote Hh expression by over-expressing or activating integrin 

β1. We used a normal rat small intestinal epithelial (RIE) cell line and found induction of 

Shh mRNA and protein upon transient transfection with integrin β1 (Figure 1C-D) or 

following adhesion to fibronectin, an integrin β1 ligand (Figure 1E). Collectively, these data 
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link integrin β1 to the Hh signaling pathway such that loss of epithelial integrin β1 blunts 

paracrine Hh signaling in the intestine.

Loss of integrin β1 leads to increased epithelial proliferation, abundant MAPK signaling, 
and elevated ErbB expression

We found hyperplastic intestinal crypts in Itgb1Δ mice (5), suggesting that loss of epithelial 

integrin β1 not only reduces Hh signaling, but promoted epithelial proliferation as well. In 

the small intestine, epithelial proliferation is normally restricted to crypt bases, but in Itgb1Δ 

mice (Figure 2A) we found that the zone of proliferating cells extended up in the normally 

non-proliferative villi compared to wild-type littermates (Figure 2B). These results 

suggested a link between integrin β1 loss and increased epithelial proliferation.

In order to determine the mechanism leading to this effect in Itgb1Δ mice, we considered 

major signaling pathways that drive intestinal proliferation. Receptor tyrosine kinase (RTK) 

growth factor receptors are critical for intestinal epithelial proliferation and maturation (2), 

so we examined the canonical MAPK pathway to determine if it was hyperactive in Itgb1Δ 

mice. We found increased levels of phosphorylated MEK (pMEK) in the intestinal 

epithelium of Itgb1Δ mice compared to their wild-type littermates (Figure 2C). Moreover, in 

Itgb1Δ mice, pMEK1 was mis-localized to the villous epithelial cells (Figure 2D, right 

panel) whereas in wild-type mice pMEK1 was restricted to the crypts (Figure 2D, left 

panel), demonstrating loss of compartmentalized proliferation in Itgb1Δ mice.

Epidermal growth factor receptors are critical for intestinal epithelial proliferation and 

maturation in newborn mice (2) and lie upstream of MAPK enzymes. To investigate the 

potential role of EGFR in the integrin β1-deficient phenotype, we next examined the 

expression levels of EGFR in Itgb1Δ mice and control littermates. In the intestinal 

epithelium, expression of EGFR and related receptors, ErbB2 and ErbB3, were increased in 

Itgb1Δ mice compared with their wild-type littermates (Figure 2E). In contrast, c-Cbl 

protein, which regulates EGFR endocytosis and protein expression levels (17), was reduced 

in the intestinal epithelium of Itgb1Δ mice compared to their wild-type littermates (Figure 

2E). Collectively, these data indicated that loss of integrin β1 augmented ErbB levels, which 

likely contributed to enhanced MAPK signaling in intestinal epithelium.

EGFR/MAPK signaling inhibits Shh expression

Since loss of integrin β1 led to increased MAPK signaling and ErbB levels, we hypothesized 

that ErbB/MAPK signaling might link integrin β1 to the Hh signaling pathway. To explore 

the relationship between the ErbB/MAPK and Hh signaling pathways, we first used a 

normal rat small intestinal epithelial (RIE) cell line. To determine if Shh expression was 

dependent on MAPK signaling, we treated RIE cells with the MEK inhibitors U0126 or 

PD98059 for 18 hours and found that this led to increased levels of Shh mRNA (Figure 3A) 

and protein (Figure 3B). Additionally, Shh mRNA and protein increased in a time-

dependent manner following treatment with PD98059 (Figure 3C-D). Together, these data 

indicated that MEK signaling inhibited Shh expression.
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We then explored potential molecular links between ErbB signaling and Shh expression, 

focusing on EGFR because it is critical for normal intestinal development in mice (2). First, 

we treated RIE cells with EGF and found that this caused sustained phosphorylation of 

MEK (Figure 4A). Moreover, EGF treatment reduced Shh protein and mRNA levels in a 

time-dependent fashion (Figure 4A-B). Pre-treatment of RIE cells with the MEK inhibitor 

U0126 prior to adding EGF partially rescued Shh mRNA expression (Figure 4C), 

demonstrating that EGFR signaling inhibited Shh expression, in part, through MEK 

signaling. To further confirm a link between the EGFR/MEK signaling pathway and Shh 

expression, we tested the effects of inhibiting EGFR activity in RIE cells with the EGFR 

tyrosine kinase inhibitors PD153035 or erlotinib. Both PD153035 and erlotinib caused 

marked increases in Shh mRNA (Figure 4D) and protein (Figure 4E). Collectively, these 

results demonstrated that EGFR/MAPK signaling negatively regulates Shh expression in 

intestinal epithelial cells.

EGFR inhibition rescues early postnatal lethality following integrin β1 deletion in the 
intestinal epithelium

We next sought to link EGFR signaling to the β1 integrin null phenotype and to Hh 

signaling in vivo. We first treated murine small intestinal explants with erlotinib for 18 hours 

and found that this increased Shh mRNA levels in intestinal epithelial cells isolated from the 

explants (Figure 5A). Next, we tested the in vivo effects of erlotinib by treating pregnant 

dams bearing Itgb1Δ fetuses with subcutaneous erlotinib from E17 to P21, a period which 

we determined is critical for Hh-mediated intestinal development (2). All eight Itgb1Δ pups 

born to dams treated with erlotinib from 3 separate litters survived beyond weaning 

(approximately P21) and were normal in appearance and activity but proportionately smaller 

than their wild type littermates (average weight of Itgb1Δ = 7.3gm and average weight of 

wild-type = 16.2gm at 5 weeks) (Figure 5B). Evaluation of small intestinal epithelial cells 

from P6 Itgb1Δ mice revealed marked reductions in phosphorylated MEK (Figure 5C) and 

increased levels of Shh mRNA (Figure 5D) in pups exposed to erlotinib compared with 

control mice. Collectively, our data indicate that in Itgb1Δ mice, excessive EGFR signaling 

inhibits Shh expression leading to disruption of normal intestinal development.

Discussion

We previously showed that conditional deletion of integrin β1 in intestinal epithelium of 

mice led to reduced Hh levels, intestinal stem cell expansion, and an enlarged zone of 

proliferation, which is normally limited to crypt bases (5). Our new data link the reduced Hh 

levels to excessive EGFR signaling and identify a novel regulatory mechanism linking key 

stromal and epithelial signaling pathways. Our results suggest that integrin β1 loss leads to 

overexpression of EGFR, ErbB-2 and ErbB-3 protein, which in turn inhibit Shh expression. 

Ihh was shown previously to inhibit Wnt signaling, a major driver of intestinal proliferation 

(18) and loss of Ihh or Shh expression results in intestinal epithelial hyperproliferation 

(5,18) which inhibits intestinal epithelial differentiation leading to severe malabsorption 

(7-9).
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The importance of EGFR signaling in the intestine has been demonstrated in Egfr knockout 

mice, which have severely abnormal intestinal epithelial development and maintenance (2). 

Conversely, over-expression of the EGFR ligand, TGFα, was found to cause intestinal 

epithelial hyperplasia (19), similar to what we observed in Itgb1Δ mice. We found abundant 

expression of EGFR and excessive phosphorylation of MEK in the intestinal epithelial cells 

of the Itgb1Δ mice indicating that integrin β1 loss promotes excessive EGFR-MAPK 

signaling. And our data in normal rat intestinal epithelial cells showing that manipulating 

EGFR signaling altered Shh expression in an inverse fashion provide novel evidence linking 

EGFR to Hh signaling.

Collectively, our data show interactions between integrin β1, EGFR, and Hh signaling 

pathways. We confirmed these links in mouse tissue by treating small intestinal explants 

from Itgb1Δ mice with EGFR inhibitors and showed that this restored Shh expression. 

Further evidence of this link is provided by the restoration of intestinal Shh levels and rescue 

of Itgb1Δ mice exposed to perinatal treatment of pregnant dams bearing them with an EGFR 

inhibitor.

Multiple studies showed cooperation of EGFR and Hh signaling in the regulation of stem 

cells (20,21) and promotion of tumorigenicity (22-38) but ours is the first study to show 

feedback inhibition of Hh expression by EGFR signaling. The disparity between our results 

and previous studies that showed cooperative Hh and EGFR signaling are likely due to 

tissue specific differences in Hh signaling. In the mammalian intestine, canonical Hh 

signaling occurs only in a paracrine fashion since the Hh receptor, Patched, and Hh 

signaling pathway effectors, Smoothened and Gli 1-3, are expressed by the mesenchymal 

cells in the lamina propria, while the Hh ligands are expressed by the intestinal epithelial 

cells (15) (Figure 6). This is in contradistinction to Hh signaling in the brain, where 

subventricular zone stem cells express Hh, Patched and Gli (20,21) and are thus capable of 

autocrine Hh signaling. The subventricular zone stem cells are capable of autocrine EGFR 

signaling as well, thus allowing crosstalk between Hh and EGFR signaling in the same cells.

In the intestines, Hh signaling in the mesenchymal (stromal) cells feeds back to the intestinal 

epithelial cells through the expression of the Decapentaplegic homologues, BMP2 and 

BMP4, also members of the TGF-β superfamily (15). The BMP receptors are expressed on 

the intestinal epithelial cells and mediate signaling through SMADs (39). BMP signaling has 

been shown to be important in regulating Wnt signaling in the intestinal epithelium (40) and 

thus offers one mechanism by which Hh signaling feeds back to the intestinal epithelium. In 

general, BMP and EGFR signaling exert opposing effects on epithelial cell proliferation 

through differential phosphorylation of SMAD-1, a principal effector of BMP signaling 

(41). Thus, EGFR signaling increases while Hh and BMP signaling inhibit intestinal 

epithelial cell proliferation. Intricate mechanisms are required for the regulation of intestinal 

epithelial proliferation so that proper intestinal epithelial cell differentiation and function can 

occur.

A system by which β1 integrins control EGFR expression and signaling, which in turn, 

negatively regulates Hh signaling in the intestinal epithelium, could be a useful mechanism 

to promote mucosal repair. An injury to the intestinal mucosa would disrupt epithelial-

Xu et al. Page 7

IUBMB Life. Author manuscript; available in PMC 2015 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



extracellular matrix interactions, resulting in increased EGFR expression and signaling. The 

increased EGFR signaling would in turn promote wound healing by driving epithelial 

proliferation and migration, and, inhibit Hh signaling, which would further enhance 

epithelial proliferation. Once the mucosal defect was repaired and β1 integrin-extracellular 

matrix interactions were re-established, EGFR signaling would return to basal levels leading 

to increased Shh expression that would then help re-establish intestinal homeostasis by 

balancing epithelial proliferation and differentiation along the crypt-villus axis.

We have begun to investigate the cause of EGFR abundance in integrin β1 deficient mice. 

Since c-Cbl is an E3 ligase that helps modulate ErbB receptor levels by promoting their 

degradation (42), its reduced levels might represent a clue to the mechanism causing over-

expression of ErbB-1, -2, and -3 in Itgb1Δ mice. c-Cbl mediated ubiquitination is required 

for proper endocytosis and trafficking of ligand-bound EGFR to the lysosomes where they 

are degraded (43), so its lack of expression suggested a defect in c-erbB endocytosis. 

Electron photomicrographs of the intestinal epithelium from mice found greatly reduced 

endocytic vesicles in the subcortical region of cells in the Itgb1Δ mice compared to their 

wild-type littermates (Supplemental Figure 1A-B). These data suggested a defect in 

endocytosis and trafficking in the intestinal epithelial cells of Itgb1Δ mice. In addition, a 

functional assay of receptor-mediated endocytosis using fluorescently-labeled 

immunoglobulin G was performed. Suckling mammals express Fc receptors in the intestinal 

epithelium which mediate endocytosis of maternal immunoglobulins in colostrum (44), a 

process essential for passive immunity in mammalian neonates. We found markedly reduced 

uptake of the labeled IgG by the absorptive intestinal epithelial cells in Itgb1Δ mice 

compared to their wild-type littermates (Supplemental Figure 1C-D) demonstrating reduced 

IgG epithelial internalization in the former. Actin immunolocalization in wild-type P6 mice 

was characterized by a sharp subcortical band in the small intestinal epithelium 

(Supplemental Figure 1E), but this band was absent in Itgb1Δ mice. The actin in the 

intestinal epithelial cells of Itgb1Δ mice was clearly disorganized and diffusely distributed in 

the cytoplasm (Supplemental Figure 1F). Endocytosis in intestinal epithelial cells is 

dependent on the actin cytoskeleton (45). These data suggest that β1 integrins are required 

for proper actin cytoskeletal organization, which in turn may be necessary for the 

establishment and/or proper functioning of endocytosis during intestinal development. 

Further experiments are underway to functionally link these correlative findings, but we 

hypothesize that the increased EGFR, ErbB2, and ErbB3 expression in the Itgb1Δ mice 

appears to be a manifestation of impaired receptor endocytosis which in turn is due to 

defective actin cytoskeletal organization. Integrins are functionally linked to the actin 

cytoskeleton, which in turn is essential for Egfr endocytosis, a major mechanism for 

attenuating Egfr signaling (43).

Figure 6 presents a model of Shh regulation and signaling in the mammalian gut. In the 

intestinal epithelial cells, β1 integrins promote cell differentiation and actin cytoskeletal 

network organization, which is required for endocytosis. In epithelial cells, the major 

mechanism for down-regulation of EGFR signaling is endocytosis and lysosomal targeting 

(46). EGFR/MAPK signaling inhibits Shh expression at the level of transcription according 

to our studies. Since the EGFR/MAPK signal transduction pathway is a canonical 
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proliferative pathway, its effects on the cell are counter to the inhibitory effect of Hh 

signaling, which inhibits epithelial cell proliferation through Bmp-2/-4 signaling. Although 

Hh signaling in the gut is paracrine, the effects of EGFR signaling on Hh expression we 

observed occur only in the intestinal epithelial cells (cell autonomous).

In summary, the reliance of intestinal epithelial growth factor signaling on β1 integrins 

suggests strong regulation of intestinal epithelial proliferation by the extracellular matrix. β1 

integrins are uniquely poised at the epithelial-stromal interface to mediate communications 

between these two compartments, both of which contribute to the various glycoproteins that 

constitute the extracellular matrix that lies between them.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Integrin β1 and the Hh signaling pathway are functionally linked
A, Quantitative RT-PCR of Ptch1 and Gli1 mRNA from the intestinal stroma of P6 wild-

type (WT) and Itgb1Δ mice. Each result represents the average of three different mice. B, 
Immunohistochemical staining of Gli-1 and Patched proteins was performed on small 

intestinal sections from P6 Itgb1Δ pups (KO) and their wildtype littermates (WT). Controls 

were done using secondary antibodies only. The black and gray arrowheads show strong and 

weak staining (brown), respectively, for the proteins. C-D, Quantitative RT-PCR (C) and 

immunoblotting (D) results showing Shh mRNA and protein levels, respectively, in rat 

intestinal epithelial (RIE) cells that were transiently transfected with a human β1 integrin 

construct or vector. Relative densities of the protein bands are shown in D. The results 

shown are averages of triplicate samples. Error bars represent SEM. E, Average Shh mRNA 

levels in RIE cells cultured on plastic or fibronectin (Fn) – coated dishes for 8 hours. The 

results shown are the average of triplicate samples. Error bars represent SEM.
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Figure 2. Evidence of increased proliferative signal transduction in intestinal epithelium from 
Itgb1Δ mice
A-B, Ki-67 immunofluorescence micrographs of small intestinal sections of P6 WT (A) and 

P6 Itgb1Δ mice (B) The white and red arrows identify Ki-67-positive intestinal epithelial 

crypt and villous cells, respectively. *p < 0.05 compared with controls. C, Western blots 

showing expression of integrin β1 and levels of phospho-MEK-1/2 proteins in intestinal 

epithelial cells of P6 WT and Itgb1Δ mice. Actin loading controls are shown. The results 

shown are typical to two separate experiments. D, Immunofluorescence micrographs 

showing phospho-MEK1 in intestinal epithelial cells in the small intestinal crypts (white 

arrowheads) and villi (black arrowheads) of P6 WT and Itgb1Δ mice. Solid lines outline 

crypts and villi. Dotted lines outline the border of intestinal epithelial cells and stroma. E, 

Immunoblots showing EGFR, ErbB-2, ErbB-3, c-Cbl, and actin protein levels in small 

intestinal epithelial cell lysates obtained from WT and Itgb1Δ mice. The results shown are 

typical of two separate experiments.
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Figure 3. MEK signaling pathway negatively regulates Shh expression in intestinal epithelial 
cells
A-B, Quantitative RT-PCR (A) and immunoblot (B) results showing Shh mRNA and protein 

expression, respectively, in RIE cells treated with MEK inhibitors (10μM PD98059 or 

U0126) for 18 hours. Densitometry results (normalized for DMSO), and phospho-Erk1/2 

and actin controls are shown in B. The results are typical for four separate experiments. 

Error bars represent SEM. C-D, Timecourse of induction of Shh mRNA (C) and protein (D) 

levels in RIE cells treated with 10μM PD98059 for the indicated times. The results are 

averages of triplicate samples and are typical of four separate experiments. Error bars 

represent SEM. * p < 0.05 compared with controls.
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Figure 4. EGFR signaling negatively regulates Shh expression in intestinal epithelium of Itgb1Δ 

mice
A, Immunoblots showing the levels of phospho-EGFR (phospho-tyrosine 1173), Shh, and 

phospho-MEK-1/-2 in RIE cells treated with 10ng/ml EGF for up to 18 hours. Actin loading 

controls are shown. The results shown are typical of two separate experiments. B, 

Quantitative RT-PCR of Shh mRNA from RIE cells treated with 10ng/ml EGF. The results 

shown are averages of triplicate samples and typical of three separate experiments. Error 

bars represent SEM. C, Quantitative RT-PCR of Shh mRNA from RIE cells treated with 

10ng/ml EGF with or without 10μM U0126 for 16 hours. The results are averages of 

triplicate samples and typical of two separate experiments. Error bars represent SEM. D, 

Quantitative RT-PCR determinations of Shh mRNA in RIE cells treated with the EGFR 

inhibitors erlotinib (4μM) and PD153035 (8μM) for 18 hours. The results shown are 

averages of triplicate samples and typical of four separate experiments. Error bars represent 

SEM. E, Immunblots showing phospho-MEK1/2 and Shh protein levels in RIE cells treated 

with 4μM erlotinib or 8μM PD153035 for 18 hours. The results shown are typical of three 

separate experiments. * p < 0.05 compared with controls* p < 0.05 compared with controls
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Figure 5. Rescue of conditional Itgb1Δ mice from post-natal lethality with erlotinib
A, Small intestinal explants from wild-type P9 mice were cultured ex vivo in the presence of 

vehicle or erlotinib (final concentration of 8 μM) for 8 hours. mRNA was extracted from 

isolated intestinal epithelium after 8 hours of treatment. Quantitative RT-PCR 

determinations of Shh mRNA levels in the samples are shown. The results are averages of 

explants obtained from intestinal sections from three control mice and corrected for control 

Shh mRNA levels (explants from three mice treated with DMSO). Error bars represent 

SEM. B, Photograph of control littermate and Itgb1Δ mouse born and suckled from a mare 

that received erlotinib between 4 days pre- and 21 days post- partum. C, Immunoblots 

showing levels of phospho-MEK1 in WT and Itgb1Δ littermates that received erlotinib or 

DMSO. D, Quantitative RT-PCR results of Shh mRNA levels in the intestinal epithelial 

cells of P6 Itgb1Δ littermates born to dams that received DMSO or erlotinib, respectively. 

The results shown are the averages of three mice each. The results are normalized to the 

control mouse values. Error bars represent SEM. * p < 0.05 compared with controls.
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Figure 6. Model of β1 integrin-mediated regulation of Egfr and Hh expression in intestinal 
epithelial cells
The model shows that β1 integrins enhance downregulation of Egfr signaling through 

endocytosis. Egfr signaling inhibits Hh expression. Hh signaling is paracrine in the intestinal 

with Shh and Ihh secreted by the intestinal epithelial cells which bind to their cognate 

receptor Patched (Ptc) expressed on intestinal stromal cells. Hh signaling in stromal cells is 

mediated by Smoothened (Smo) and Gli transcription factors, and, culminates in the 

induction of Bmp-2/-4 expression. Bmp signaling is paracrine as well since Bmp receptors 

are expressed by intestinal epithelial cells. Bmp signaling inhibits proliferative signaling, 

especially the Wnt pathway, and inhibits Shh transcription in intestinal epithelial cells.
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