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Introduction
In epithelial cells, autocrine growth factor signaling requires 

coordinate input from β1 integrins for cell cycle progression 

(Clark and Brugge, 1995; Zhu and Assoian, 1995; Wary et al., 

1996, 1998; Schwartz and Baron, 1999). Conditional deletion 

of β1 integrins in skin and mammary epithelia confi rmed the 

dependence of proliferation in these tissues on β1 integrin–

 mediated cell adhesion in vivo (Brakebusch et al., 2000; Raghavan 

et al., 2000; Faraldo et al., 2001). However, the role of β1 integrins 

in the regulation of epithelial cell proliferation in vivo has only 

been tested in a limited number of tissues.

Within the digestive tract, the intestinal epithelial cells 

(IECs) express several α/β1 integrin heterodimers that mediate 

binding to ECM proteins (Beaulieu et al., 1991; Beaulieu, 1992; 

Fujimoto et al., 2002) and mediate adhesion to the underlying 

basement membrane. During late embryogenesis and the early 

postnatal period, the intestine becomes highly compartmental-

ized, which leads to the formation of the crypts of Lieberkühn 

and villi. The villi greatly increase the surface area for nutrient 

absorption and are generated by the stroma (mesodermal origin), 

which pushes the overlying IECs (endoderm origin) into the 

gut lumen. Stem cells take up residence near the bottoms of the 

crypts and give rise to four lineages of IECs (absorptive/ 

enterocytic, enteroendocrine, goblet, and Paneth) that, with the 

exception of Paneth cells, migrate up the villi, differentiate, and 

are sloughed off within 3–5 d (Potten and Loeffl er, 1990). Over 

90% of the IECs are absorptive enterocytes.

The huge turnover of IECs requires vigorous intestinal 

crypt proliferation, which is mediated by key growth factor sig-

naling pathways. Wnt signaling is a major driving force behind 

IEC proliferation (Pinto et al., 2003; Kuhnert et al., 2004), 

whereas Hh and Bmp signaling normally inhibit IEC prolifera-

tion (Howe et al., 1998, 2001; Woodford-Richens et al., 2000; 

Zhou et al., 2001; Abbi et al., 2002). The role of ECM–integrin 

interactions in the regulation of intestinal epithelial proliferation 
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calized in the intestinal epithelia of the β1 integrin–deleted 
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through these or other growth factor signaling pathways in vivo 

is not well understood.

Some of the epithelial α/β1 integrin heterodimers and the 

ECM proteins within the basement membrane that they bind are 

expressed in gradients along the crypt–villous axis, as are vari-

ous growth factors and their cognate receptors, and may provide 

important positional cues for the IECs (Beaulieu et al., 1991; 

Kedinger et al., 1998; Fujimoto et al., 2002). Although the in-

testinal epithelial stem cells comprise a subset of the β1 integ-

rin–expressing IECs (Fujimoto et al., 2002; Dekaney et al., 

2005), the role β1 integrins in intestinal epithelial proliferation 

has not been tested in vivo. We have used a conditional gene de-

letion system to determine the role of β1 integrins in intestinal 

epithelial proliferation.

Results
Mice carrying Villin-Cre (Madison et al., 2002) and Itgb1fl ox 

(Raghavan et al., 2000) transgenes (Fig. 1, A and B) were crossed 

to generate villin-Cre/Itgb1fl ox/fl ox mice. Intestinal epithelial–

 specifi c recombination of the loxP sites was confi rmed by PCR 

(Fig. 1 C), and loss of β1 integrin protein expression was verifi ed 

by immunodetection (Fig. 1 D and Fig. S1, A and B, available 

at http://www.jcb.org/cgi/content/full/jcb.200602160/DC1). 

Consistent with previous results, Cre-mediated recombination 

was detected by PCR only in genomic DNA isolated from the 

small intestine and the proximal large intestine, but not from the 

stomach or kidneys (Fig. 1 C; Madison et al., 2002).

Villin-Cre/Itgb1fl ox/fl ox mouse pups were born at the ex-

pected frequencies. At embryonic day 18 and birth, the appear-

ance and size of the pups and intestinal organs were similar in 

all littermates (unpublished data). However, by postnatal day 

(P) 4, the villin-Cre/Itgb1fl ox/fl ox mice were less than half the 

body weight of their control littermates (villin-Cre/Itgb1fl ox/+ or 

Itgb1fl ox/fl ox; Fig. 1, E and F) and died between P7 and P14 from 

severe malnutrition. The early deaths were not due to a lack of 

feeding, as the stomachs of all the newborn mice were full of 

colostrum at the time of death (unpublished data).

The intestinal epithelium not only carries out nutrient ab-

sorption but also presents a barrier to the environment. Because 

of previous reports that β1 integrins mediate IEC survival ex 

vivo (Strater et al., 1996), the villin-Cre/Itgb1fl ox/fl ox mice were 

carefully examined for evidence of mucosal defects resulting 

from a loss of IECs. Cleaved caspase 3 immunohistochemistry 

revealed the presence of rare apoptotic IECs in the villin-Cre/ 

Itgb1fl ox/fl ox mice and control littermates, but the prevalence of 

Figure 1. Conditional deletion of Itgb1 in 
mouse intestinal epithelium. (A and B) Agarose 
gels of PCR products of genomic DNA ex-
tracted from tail snips of mice hetero- or homo-
zygous for Itgb1fl ox (A) or expressing the 
villin-Cre transgene (B). (C) Agarose gel of PCR 
products of genomic DNA from whole intestine 
from Itgb1fl ox/fl ox (left) or villin-Cre/Itgb1fl ox/fl ox 
(right) mice. The 300-bp product indicates 
 recombination of the fl oxed Itgb1 allele. 
(D) Western blot of β1 integrin generated from ly-
sates of small intestinal epithelial homogenates 
from Itgb1fl ox/fl ox or villin-Cre/Itgb1fl ox/fl ox mice. 
Actin loading controls are shown. Each lane 
represents 100 μg of total protein. (E) A P14 
villin-Cre/Itgb1fl ox/fl ox mouse (extreme left) was 
less than half the body weight of its control lit-
termates. (F) Graph shows the mean total body 
weights (± SEM) of four litters of mice accord-
ing to genotype (WT, Itgb1fl ox/fl ox or villin-Cre/
Itgb1fl ox/+; KO, villin-Cre/Itgb1fl ox/fl ox).
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apoptosis was similar (<2% of total IECs counted) in both 

types of mice (Fig. 2, A and B). There was no evidence of mu-

cosal defects or infl ammation (specifi cally, crypt abscesses, in-

traepithelial leukocytes, and loss of crypts) that would have 

arisen from barrier defects in the intestines of the villin-Cre/ 

Itgb1fl ox/fl ox mice (Fig. 2, A and B). Conditional deletion of Itgb1 

in skin disrupted basement membrane formation (Brakebusch 

et al., 2000; Raghavan et al., 2000), but ultrastructural examina-

tion revealed no differences in basement membrane structure 

between the villin-Cre/Itgb1fl ox/fl ox mice and their control litter-

mates (Fig. 2, C–F). These results suggest that other adhesion 

molecules mediate epithelial adhesion, survival, and basement 

membrane formation in the intestine.

The distal small and proximal large intestines of the villin-
Cre/Itgb1fl ox/fl ox mice were noticeably larger in external diameter 

compared with their control littermates (Fig. 2, G and H). This 

was found to be due in part to a dramatic expansion of the intes-

tinal stroma (Fig. S1, C and D), muscularis (Fig. S1, E and F), 

and ECM (Fig. S1, G–N).

The epithelium in the villin-Cre/Itgb1fl ox/fl ox mice was 

markedly expanded compared with the control littermates as 

well (Fig. 3). The intestinal crypts and villi of P14 villin-Cre/ 

Itgb1fl ox/fl ox mice (Fig. 3, B, D, and F) were much larger than 

those of their control littermates (Fig. 3, A, C, and E). In addi-

tion, the majority of the crypts in the P14 villin-Cre/Itgb1fl ox/fl ox 

mice were dysplastic, as indicated by pseudostratifi ed, enlarged 

and crowded nuclei, and abnormal crypt architecture in both the 

small (Fig. 3, B and D) and large intestines (Fig. 3 F). The crypt 

expansion, enlargement, and dysplasia were much more pro-

nounced in the cecum, a specialized portion of the large intes-

tine (Fig. 3 F). Villous enlargement with expansion of the stroma 

was apparent, and there were multiple polypoid structures in 

the small intestinal mucosa of the villin-Cre/Itgb1fl ox/fl ox mice 

(Fig. 4, B–D) but not in their control littermates (Fig. 4 A). The 

mucosa overlying the polyps was not dysplastic, indicating 

 normal maturation of the villous epithelium. The polyps had the 

appearance of juvenile type polyps because of the stromal 

 expansion and cystic dilation of the crypts (Desai et al., 1995; 

Fig. 4, C and D).

Formed stool was found in the large intestines of the villin-
Cre/Itgb1fl ox/fl ox mice but was absent in the large intestines of 

their control littermates, suggesting diarrhea (Wang et al., 2002). 

The intestinal contents of the villin-Cre/Itgb1fl ox/fl ox mice stained 

positively for large fat droplets (unpublished data), which was 

not observed in the control littermates and indicated the pres-

ence of steatorrhea and fat malabsorption in the former mice. 

Fat is absorbed by enterocytes along the length of the small in-

testine, and examination of intestinal epithelium from villin-
Cre/Itgb1fl ox/fl ox mice revealed large lipid inclusions within the 

villous enterocytes that were not present in their control litter-

mates (Fig. 4, E and F). Total serum lipid levels were signifi -

cantly reduced in the villin-Cre/Itgb1fl ox/fl ox mice compared with 

their control littermates (unpublished data), confi rming the 

presence of fat malabsorption.

Because the villin-Cre/Itgb1fl ox/fl ox mice appeared to die 

from severe malnutrition between P7 and P14, the absorptive 

lineage of IECs (enterocytic) was examined. Expression of the 

enterocytic marker sodium hydrogen exchanger 3 (NHE3) was 

detected in the vast majority of the IECs of the villi of the villin-
Cre/Itgb1fl ox/fl ox mice and their control littermates (Fig. 4, G and 

H), demonstrating the abundance of enterocytes in both mice. 

However, ultrastructural examination of the small intestinal epi-

thelium of villin-Cre/Itgb1fl ox/fl ox mice by electron microscopy 

revealed a severely defective microvillus brush border on the 

apical surfaces of the villous enterocytes (Fig. 4, I and J). 

Microvilli greatly increase the surface area of the intestine for 

Figure 2. Lack of increased intestinal apoptosis or basement membrane disruption in villin-Cre/Itgb1fl ox/fl ox mice. (A and B) Immunohistochemical detection 
of cleaved caspase 3 (brown; arrows) positive IECs in small intestine of control (wt) and villin-Cre/Itgb1fl ox/fl ox mice (ko). Bars, 0.05 mm. (C–F) Transmission 
electron micrographs showing the basement membranes (arrows) in the ileum of control and villin-Cre/Itgb1fl ox/fl ox mice. SC, stromal cell; n, nucleus. 
(G) Gastrointestinal tracts resected from villin-Cre/Itgb1fl ox/fl ox (top) and Itgb1fl ox/fl ox (bottom) mice from Fig. 1 E. (H) The inset shows the larger diameters 
of the distal small intestine and proximal large intestine (black arrowheads) of the villin-Cre/Itgb1fl ox/fl ox mouse.
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nutrient absorption, are essential for proper nutrition, and ex-

press nutrient transporters and digestive enzymes (Davidson 

et al., 1978). The intestinal microvilli were diminished in size 

and poorly formed in the villin-Cre/Itgb1fl ox/fl ox mice compared 

with their control littermates (Fig. 4, I and J), indicating defec-

tive enterocyte differentiation (Smith et al., 1986). Other IEC 

lineages were examined as well. The Paneth cell marker, Defensin/

Cryptdin5, which was properly restricted to Paneth cells in 

 control mice, was markedly increased in expression by the IECs 

along the entire crypt–villous axis of the villin-Cre/Itgb1fl ox/fl ox 

mice (Fig. S2, A and B, available at http://www.jcb.org/cgi/ 

content/full/jcb.200602160/DC1). However, electron micros-

copy revealed that the villous IECs of the villin-Cre/Itgb1fl ox/fl ox 

mice expressed microvilli and lacked the secretory granules 

characteristic of true Paneth cells (unpublished data). The secre-

tory goblet cell lineage was preserved in the villin-Cre/Itgb1fl ox/fl ox 

mice and their control littermates (Fig. S2, C and D) as well. 

Thus, proper cell fate determination occurred in the absence of 

β1 integrin expression.

The enlarged and dysplastic crypts in the villin-Cre/ 

Itgb1fl ox/fl ox mice suggested that the aberrant epithelial prolifera-

tion could be responsible for the defective enterocytic 

differentiation. In the control mice, IECs with nuclear immuno-

staining for the cell cycle progression marker Ki-67 were con-

fi ned to the crypt bases (Fig. 5 A) as expected. However, the 

number of IECs with nuclear Ki-67 was greatly increased in the 

crypts of the villin-Cre/Itgb1fl ox/fl ox mice (Fig. 5 B) compared 

with their control littermates. The villin-Cre/Itgb1fl ox/fl ox mice 

also demonstrated ectopic foci of Ki-67–positive IEC nuclei in 

the villi (Fig. 5, C and D), which were absent in the control lit-

termates (Fig. 5 A). Immunodetection of Musashi-1, a putative 

intestinal stem cell marker (Potten et al., 2003) revealed an ex-

pansion of intestinal stem cells in the crypts of the villin-Cre/ 

Itgb1fl ox/fl ox mice compared with their control littermates (Fig. 5, 

E and F). Musashi-1 was not detected in the villi of the villin-
Cre/Itgb1fl ox/fl ox mice, suggesting that the ectopic foci of prolifer-

ating IECs were not stem cells mislocalized to the villi and were 

instead properly retained in the bottoms of the crypts. Thus, β1 

integrin expression is not necessary for proper intestinal epithe-

lial stem cell localization to the crypt bases.

During the fi rst two postnatal weeks, crypt development 

in the mouse intestine occurs. Through the use of chimeric 

mice, it was previously shown that the nascent crypts are ini-

tially polyclonal and become monoclonal by P14, suggesting 

that stem cell selection occurs and yields a single pluripotent 

progenitor cell in each mature crypt (Wong et al., 2002).  Genetic 

deletion of Tcf-4 in mice resulted in early postnatal lethality 

 because of a complete lack of IEC proliferation in the nascent 

crypts, which led to intestinal failure shortly after birth  (Korinek 

et al., 1998), demonstrating the essential role of Tcf-4 in intesti-

nal stem cell proliferation and maintenance. Although the 

 expression of nuclear Tcf-4 was limited to a few IECs in the 

bases of the nascent crypts in P6 control mice (Fig. 5 G), it was 

expressed by many more IECs in the nascent crypts and even 

the villi of P6 villin-Cre/Itgb1fl ox/fl ox mice (Fig. 5 H). Immuno-

blotting of nuclear lysates of the IECs confi rmed the greater nu-

clear Tcf-4 protein expression in IECs of the villin-Cre/Itgb1fl ox/fl ox 

mice compared with IECs of their control littermates (Fig. 5 I). 

In addition, quantitative RT-PCR showed a signifi cantly greater 

expression of Tcf-4 mRNA in the IECs from the villin-Cre/ 

Itgb1fl ox/fl ox mice compared with IECs from their control litter-

mates (Table I). Thus, β1 integrin deletion in the intestinal 

epithelium causes increased and mislocalized expression of 

Tcf-4 along the crypt–villous axis.

β1 integrins are well known to mediate cell proliferation 

through extracellular signal–regulated kinase (ERK) activation 

(for review see Giancotti, 1997). Examination of intestinal 

 epithelial lysates from P6 villin-Cre/Itgb1fl ox/fl ox mice and their 

control littermates failed to show differences in ERK activation 

that could explain the large differences in IEC proliferation 

(Fig. 5 J). This result suggested that other proliferative signaling 

Figure 3. Crypt hyperplasia and dysplasia and villous enlargement in 
villin-Cre/Itgb1fl ox/fl ox mice. Hematoxylin-eosin sections of the intestines of 
P14 control (WT) and villin-Cre/Itgb1fl ox/fl ox (KO) littermates. Duodenal 
(A and B) and ileal (C and D) sections show markedly enlarged crypts 
(arrowheads) and villi (arrows) in the villin-Cre/Itgb1fl ox/fl ox mice (B and D) 
compared with those of the control littermate (A and C). m, muscularis 
 layers. Normal crypts in the control mice are shown in the insets (A, C, and 
E). Dysplastic crypts in the villin-Cre/Itgb1fl ox/fl ox mice are outlined by 
dashed lines (B, D, and F). Sections through the cecum (large intestine) 
from a villin-Cre/Itgb1fl ox/fl ox mouse shows marked crypt hyperplasia 
(arrowheads in F) and dysplasia (dashed line) compared with a control 
 littermate (E). Bars, 0.1 mm.
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pathways mediated the hyperproliferation observed in the intes-

tinal epithelium of the villin-Cre/Itgb1fl ox/fl ox mice.

The phenotypic changes observed in the villin-Cre/ 

Itgb1fl ox/fl ox mice (crypt hyperplasia, defective enterocyte differ-

entiation, severe malnutrition, lipid inclusions, juvenile-like 

polyps, ectopic intestinal epithelial proliferation, and stromal 

expansion) were similar to those described in mice with defec-

tive Hedgehog signaling (Ramalho-Santos et al., 2000; Wang 

Figure 4. Small intestinal polyps, lipid inclusions, and defective microvilli in villin-Cre/Itgb1fl ox/fl ox mice. (A–D) Transverse jejunal sections from P6 control 
(A) and villin-Cre/Itgb1fl ox/fl ox (B–D) littermates show polyps with stromal expansion (arrows) in villin-Cre/Itgb1fl ox/fl ox mice (C and D). The tissues were 
stained with glutaraldehyde and osmium tetroxide (A–C) or hematoxylin-eosin (D). (E and F) Transmission electron photomicrographs of jejunal enterocytes 
show lipid inclusions (arrows) in a P6 villin-Cre/Itgb1fl ox/fl ox mouse (F) but not in the control littermate (E). (G and H) Immunohistochemical detection (brown) 
of the apical membrane/brush border enterocytic marker NHE3 (arrowheads) in jejunal sections from P6 control (G) and villin-Cre/Itgb1fl ox/fl ox (H) mice. 
 Insets show apical expression of NHE3. The insets show the apical membrane staining. (I and J) Transmission electron photomicrographs of microvilli on 
the apical cell membranes of jejunal enterocytes show abnormal morphology and sizes of microvilli in a P6 villin-Cre/Itgb1fl ox/fl ox mouse (J) compared with 
a control littermate (I). Bars: (A and B) 0.5 mm; (C and D) 0.1 mm; (G and H) 0.05 mm.

Figure 5. Intestinal hyperproliferation in the villin-Cre/Itgb1fl ox/fl ox mice. (A–D) Ki-67 immunofl uorescence (red; nuclei are shown in blue) reveals localiza-
tion to IEC nuclei in the crypt bases (small arrows) in the jejunum of P6 control mice (A). Increased nuclear Ki-67 detection in the crypt (small arrows) and 
villous (large arrows) jejunal IECs of P6 villin-Cre/Itgb1fl ox/fl ox mice (B and C). (D) Zoomed view of inset in C shows ectopic foci of Ki-67–positive nuclei in 
the villi. (E and F) Immunohistochemical detection of Musashi-1 in the jejunal crypts (outlined by black dashed lines) of P6 control (E) and villin-Cre/Itgb1fl ox/fl ox 
(F) mice. (G and H) Immunohistochemical detection of Tcf-4 (brown) in nuclei of crypts (black arrows) and villous (red arrows) IECs in the jejunum of P6 con-
trol (G) and villin-Cre/Itgb1fl ox/fl ox (H) mice. (I) Tcf-4 Western blot of nuclear lysates of jejunal IECs from P6 control and villin-Cre/Itgb1fl ox/fl ox mice. All lanes 
contain 100 μg of total protein. (J) Phospho-ERK and ERK-1 Western blots performed on jejunal IEC lysates from P6 control and villin-Cre/Itgb1fl ox/fl ox mice. 
The white and black arrowheads show p44 and p42 ERKs, respectively, in the top blot. The white arrowhead shows p-ERK, and the black arrowhead shows 
unphosphorylated ERK in the bottom blot. Bars: (A–C) 0.1 mm; (D–H) 0.05 mm.
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et al., 2002; Madison et al., 2005). Thus, Hedgehog expression 

was examined.

Immunodetection and quantitative RT-PCR demonstrated 

large reductions of Shh and Ihh in the IECs of P6 villin-Cre/ 

Itgb1fl ox/fl ox mice compared with their control littermates (Fig. 6 

and Table I). In a previous study, neonatal mice with defective 

intestinal Hh signaling displayed the most severe changes in the 

distal ileum and cecum, the latter of which was enlarged (Wang 

et al., 2002). The crypt hyperplasia in the villin-Cre/Itgb1fl ox/fl ox 

mice was most dramatic in the distal small intestine, proximal 

large intestine, and cecum, which were enlarged in diameter as 

well (Fig. 2, G and H).

To determine if defective Hh signaling in the intestine 

could be a cause of aberrant expression of Tcf-4, neonatal mice 

were randomized to vehicle or the Hh inhibitor cyclopamine 

treatment for 7 d. Treatment with cyclopamine resulted in in-

creased and mislocalized expression of Tcf-4 along the entire 

crypt–villous axis, suggesting that the dysregulation of Tcf-4 

expression in the villin-Cre/Itgb1fl ox/fl ox mice may be due to 

 diminished Hh expression and signaling (Fig. S2, E and F).

To further investigate the regulation of Hh expression by 

β1 integrins, studies on IECs were performed in vitro. Caco-2 

cells differentiate into enterocyte-like and electrically resistant 

monolayers when postconfl uent (Damstrup et al., 1999). As 

Caco-2 cells differentiated in culture, β1 integrin as well as Shh 

and Ihh expression increased (Fig. 7 A). Overexpression of β1 

integrin in subconfl uent Caco-2 cells in the presence of fi bro-

nectin caused increases in Ihh and Shh protein expression above 

constitutive levels (Fig. 7 B). β1 integrin overexpression in a rat 

intestinal epithelial (RIE) cell line with relatively low levels of 

Shh expression also increased Shh expression (Fig. 7 C). These 

results show that intestinal epithelial Hh expression requires an 

intact β1 integrin signaling pathway.

Because regional Shh expression in the central nervous 

system is dependent on HNF-3β (Foxa2; Epstein et al., 1999) 

and the Shh promoter contains consensus binding sites for 

HNF-3β (Chang et al., 1997; Kitazawa et al., 1998; Epstein 

et al., 1999; Odom et al., 2004), the role of HNF-3β in mediat-

ing β1 integrin–induced Shh expression was examined. HNF-3β 

protein levels were greatly decreased in nuclear lysates of IECs 

from P6 villin-Cre/Itgb1fl ox/fl ox mice compared with their control 

littermates (Fig. 7 D). Furthermore, HNF-3β mRNA levels 

were reduced approximately eightfold in villin- Cre/Itgb1fl ox/fl ox 

mice compared with their control littermates  (Table I). These 

results suggest a dependence of HNF-3β expression on β1 inte-

grin expression and signaling. Transfection of subconfl uent 

Caco-2 cells (Fig. 7 E) with full-length human FOXA2 induced 

SHH expression.

Because β1 integrins can modulate cell proliferation 

through activation of MAPK and PI3-kinase signaling, confl u-

ent RIE cells, which express relatively low constitutive levels of 

HNF-3β, were cultured in the presence of fi bronectin and in the 

presence or absence of inhibitors of MEK-1 (PD98059) and 

PI3-kinase (LY294002) to determine how β1 integrins might 

regulate HNF-3β expression. Although MEK-1 inhibition failed 

to change HNF-3β expression (unpublished data), PI3-kinase 

inhibition caused HNF-3β expression to decrease (Fig. 7 F). 

When RIE cells with low levels of β1 integrin expression were 

transiently transfected with a full-length human β1 integrin 

construct, HNF-3β expression increased (Fig. 7 F). Further-

more, the PI3-kinase inhibitor LY294002 abrogated this β1 in-

tegrin–induced increase in HNF-3β expression (Fig. 7 F). These 

studies show that β1 integrin–PI3-kinase signaling stimulates 

HNF-3β expression, which in turn increases Shh transcription 

in IECs.

Discussion
Here, we show through the use of a genetic mouse model the 

key role of β1 integrins and, by inference, their ECM protein li-

gands in the regulation of IEC proliferation. The rapid turnover 

of enterocytes requires an early commitment to enterocytic cell 

fate and rapid differentiation of crypt IECs to achieve the vital 

function of nutrient absorption before the enterocytes are shed. 

As the IECs migrate out of the crypts and onto the villi, they 

undergo cell cycle arrest and differentiation (Gordon, 1989). 

Figure 6. Loss of Hedgehog expression in villin-Cre/Itgb1fl ox/fl ox mice. 
(A and B) Immunofl uorescent detection of Shh (red) shows crypt (small 
 arrows) and villous (large arrows) small intestine epithelial expression in 
control (Itgb1fl ox/fl ox) mice (A) but not in the villin-Cre/Itgb1fl ox/fl ox mice (B). 
The sections were stained with DAPI to demonstrate nuclei (blue). (C and D) 
Immunofl uorescent detection of Indian hedgehog (Ihh) in the jejunal villi 
(large arrows) of a P6 control mouse (C) and villin-Cre/Itgb1fl ox/fl ox litter-
mate (D). (E) Western blots of jejunal epithelial cell lysates show Shh, Ihh, 
and actin (loading controls) expression in two P6 villin-Cre/Itgb1fl ox/fl ox 
mice and their control littermates.

Table I. Quantitative RT-PCR results

Gene Control versus knockout

Tcf4 2.4 ± 0.4a

Ihh −1.7 ± 0.1a

Shh −60.5 ± 3.8a

Foxa2 −7.8 ± 2.0a

Results are expressed as the mean fold difference (± SEM) in mRNA levels 
between six pairs of P6 controls and their villin-Cre/Itgb1fl ox/fl ox littermates. 
A negative number refl ects a decrease and a positive value an increase in 
the levels of PCR product in the knockout mouse samples compared with their 
control littermate samples. The RNA samples were extracted from the jejunum 
and normalized for total RNA concentration.
aP < 0.05.
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The lack of regulation of intestinal epithelial proliferation in the 

villin-Cre/Itgb1fl ox/fl ox mouse likely contributed to defective en-

terocytic differentiation and fat malabsorption, which contrib-

uted to their postnatal lethality. However, we cannot conclude 

from our data that deletion of β1 integrins negatively affected 

IEC differentiation independent of IEC proliferation.

The epithelial crypt hyperproliferation and dysplasia in 

the villin-Cre/Itgb1fl ox/fl ox mice were unexpected because β1 in-

tegrins were previously shown to promote anchorage-dependent 

cell proliferation in a variety of cells and tissues (for review see 

Lee and Juliano, 2004) and growth factor–induced nuclear 

translocation of activated ERK (Zhu and Assoian, 1995; Wary 

et al., 1996, 1998; Aplin et al., 2001). Conditional deletion of 

β1 integrins in the epidermal and mammary epithelia, but not 

in intestinal epithelium, caused decreased epithelial stem cell 

proliferation and ERK activation (Brakebusch et al., 2000; 

Raghavan et al., 2000; Faraldo et al., 2001). A major difference 

between β1 integrin deletion in the intestinal epithelium com-

pared with epidermal or mammary epithelium was that the 

structure of the basement membrane and epithelial cell adhe-

sion were disrupted in the epidermal and mammary epithelia 

(Brakebusch et al., 2000; Raghavan et al., 2000; Faraldo et al., 

2001) but maintained in the intestinal epithelium.

That conditional deletion of β1 integrins in the intestinal 

epithelium of mice failed to cause defects in IEC adhesion or 

survival was somewhat surprising because inhibition of β1 inte-

grin–mediated adhesion in IECs ex vivo resulted in anoikis 

(Strater et al., 1996; Lee and Juliano, 2000). A large disruption 

of IEC adhesion during the neonatal period, a time when the 

 intestine becomes rapidly colonized with bacteria, would have 

resulted in necrotizing enterocolitis because of a loss of the mu-

cosal barrier (Hackam et al., 2005), which was not observed. 

Thus, the maintenance of anchorage of the IECs to a normal 

basement membrane in the villin-Cre/Itgb1fl ox/fl ox mice suggests 

that the principal function of β1 integrins in the intestinal epi-

thelium during intestinal development is not cell anchorage but 

ECM-induced regulation of epithelial proliferation.

The phenotypic changes of the villin-Cre/Itgb1fl ox/fl ox mice 

and neonatal mice with defective Hh expression or signaling 

(Ramalho-Santos et al., 2000; Wang et al., 2002; Madison et al., 

2005) are strikingly similar. Although the expression of the Hh 

receptor Patched and downstream signaling proteins Smooth-

ened and Gli were unaffected (unpublished data), the expression 

of Shh and Ihh was greatly reduced in the villin-Cre/Itgb1fl ox/fl ox 

mice. Furthermore, transient expression of β1 integrin in IECs 

increased Shh expression. These novel results demonstrate that 

Hh expression is dependent on β1 integrin expression and sig-

naling in the intestinal epithelium.

Although the intensity of Hh signaling is regulated through 

several important posttranslational steps (Porter et al., 1995, 

1996; Pepinsky et al., 2002), what governs transcriptional regu-

lation and expression of Hhs is poorly understood. The expres-

sion of the Forkhead family transcription factor HNF-3β 

(Foxa2), which is involved in Shh expression (Chang et al., 

1997; Kitazawa et al., 1998; Epstein et al., 1999; Odom et al., 

2004), was signifi cantly reduced in the villin-Cre/Itgb1fl ox/fl ox 

Figure 7. 𝛃1 integrins regulate Hedgehog and HNF-3𝛃 
(Foxa2) expression. (A) Western blots of β1 integrin, Ihh, and 
Shh from cell lysates from Caco-2 cells that were allowed to 
differentiate in culture. (B) Western blots of V5 (C-terminal 
 epitope-tagged human β1 integrin), Ihh, and Shh 48 h after 
transient transfection of Caco-2 cells with a full-length human 
Itgb1 construct. (C) Western blots of β1 integrin and Shh from 
lysates of rat IECs transiently transfected with a vector alone 
or human β1 integrin construct (pcDNA4-β1). (D) Western 
blots of HNF-3β and actin generated from nuclear lysates of 
jejunal IECs from P6 villin-Cre/Itgb1fl ox/fl ox mice and their con-
trol littermates. (E) Western blots of HNF-3β and Shh gener-
ated from lysates of Caco-2 cells 48 h after transient 
transfection with a control vector (pLacZ) or plasmids contain-
ing a full-length human HNF-3β (FOXA2) construct. (F) West-
ern blot of HNF-3β and V5 epitope of lysates of rat IECs 
transiently transfected with pcDNA4-β1-V5 or vector alone. 
After transfection, the cells were incubated with or without the 
PI3-kinase inhibitor LY294002.
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mice, and overexpression of HNF-3β in IECs stimulated Shh 

expression. Thus, β1 integrins may mediate Shh expression via 

HNF-3β in IECs.

Which α/β1 integrin heterodimers contribute to Hh 

 expression in the intestinal tissues is presently unknown. Fibro-

nectin is expressed in the intestinal crypts and α5/β1 integrin, 

the classical fi bronectin receptor, along the crypt–villous axis 

(Beaulieu et al., 1991; Beaulieu, 1992). Although fi bronectin ex-

pression was increased in the stroma of the villin-Cre/Itgb1fl ox/fl ox 

mice, α5/β1 integrin expression was lost in comparison with 

their control littermates (Fig. S2, G and H). Expression of α5/β1 

integrin in Caco-2 and HT-29 intestinal cells, which lack α5/β1 

integrin expression, increased Shh protein expression in the 

presence of fi bronectin (Fig. S2 I). These studies suggest that 

α5/β1 integrin expression may be important for Shh expression 

in the intestinal epithelium.

The intestinal crypt hyperplasia and dysplasia in the 

 villin-Cre/Itgb1fl ox/fl ox mice were similar to fi ndings in mice in 

which Apc was conditionally deleted in the intestinal epithe-

lium (Andreu et al., 2005). Epithelial dysplasia is the earliest 

neoplastic change preceding macroscopic adenomatous polyp 

formation in the intestine and is most commonly associated 

with APC mutations in human and mouse intestines (Levy 

et al., 1994; Luongo et al., 1994). Crypt dysplasia occurred 

within 3–4 d after induction of Apc deletion in the intestinal 

epithelium but, similar to the villin-Cre/Itgb1fl ox/fl ox mice, the 

overlying villous epithelium was not dysplastic (Andreu et al., 

2005). The unexpected fi nding of crypt dysplasia after the con-

ditional deletion of intestinal epithelial β1 integrins may relate 

to the previous observations that β1 integrins are decreased 

in expression during human intestinal carcinogenesis and can 

abrogate tumorigenesis when expressed in colon cancer cells 

(Stallmach et al., 1992, 1994; Varner et al., 1995; Kuwada 

et al., 2005). It is presently unknown if the dysplastic crypts 

would have given rise to adenomas in the villin-Cre/Itgb1fl ox/fl ox 

or Apc-deleted mice because they all died rapidly after birth 

and APC deletion, respectively.

The increased expression of the putative intestinal stem 

cell marker Musashi-1 in the crypt IECs of the villin-Cre/ 

Itgb1fl ox/fl ox mice compared with their control littermates sug-

gests that β1 integrins are important in regulating intestinal 

stem cell proliferation and prompted examination of Tcf-4 ex-

pression in the villin-Cre/Itgb1fl ox/fl ox mice. Tcf-4 expression is 

normally  restricted to IECs in the crypt bases in neonatal mice 

(Barker et al., 1999); however, its expression was increased and 

mislocalized along the entire crypt–villous axis of the villin-
Cre/ Itgb1fl ox/fl ox mice. Inhibition of Hh signaling increased Wnt 

gene expression in the mouse intestinal epithelium (Madison et 

al., 2005), and Ihh was shown to inhibit Tcf-4 expression in co-

lon cancer cells (van den Brink et al., 2004). Furthermore, Tcf-4 

protein expression was increased and mislocalized along the en-

tire crypt–villous axis in neonatal mice treated with the Hh sig-

naling inhibitor cyclopamine (Fig. S2, E and F). These fi ndings 

suggest that Hh signaling regulates Tcf-4 expression in the in-

testinal epithelium.

β-Catenin protein expression levels and nuclear localiza-

tion were similar between the IECs of the villin-Cre/Itgb1fl ox/fl ox 

mice and their control littermates by Western blot and immuno-

fl uorescence (Fig. S2, J–L), suggesting that canonical Wnt sig-

naling was not increased in the former mice. Recently, it was 

shown that Tcf-4 can mediate proliferative and noncanonical 

Wnt signaling (Nateri et al., 2005). Thus, it is possible that the 

increased Tcf-4 expression in the intestinal epithelium of villin-
Cre/Itgb1fl ox/fl ox mice may heighten the sensitivity of IECs to key 

proliferative signaling pathways.

In summary, this study shows that β1 integrins regulate 

Hh expression in the intestinal epithelium and are required for 

the proper compartmentalization and regulation of intestinal 

proliferation. Because the Hh receptor Patched has been shown 

to be localized to stromal cells in the intestine (Ramalho-Santos 

et al., 2000; Madison et al., 2005), it is likely that the ability of 

Hhs to regulate intestinal proliferation is stromal dependent. 

 Finally, the dispensability of β1 integrins for intestinal basement 

membrane formation and epithelial anchorage, but requirement 

for intestinal epithelial and stromal regulation, exemplifi es their 

strategic role as mediators of epithelial–stromal cross talk.

Materials and methods
Mice
The villin-Cre and Itgb1fl ox mice were previously described (Brakebusch et al., 
2000; Raghavan et al., 2000). Villin-Cre and Itgb1fl ox mice were mated 
and the offspring were backcrossed to generate villin-Cre/Itgb1fl ox/fl ox 
mice. Genotyping was performed on genomic DNA isolated from tail snips 
or whole intestine as previously described (Brakebusch et al., 2000; 
Raghavan et al., 2000). The pups were killed when they displayed leth-
argy and inability to feed. The intestines and other organs were harvested, 
washed in PBS, and fi xed in formalin overnight or frozen in an ethanol–dry 
ice bath. 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. The Itgb1fl ox mice were a gift from E. Fuchs 
(The Rockefeller University, New York, NY).

Antibodies
The following antibodies were used: HNF-3β, Ihh, Shh (N-terminal), and 
Tcf-4 pAb (Santa Cruz Biotechnology, Inc.) polyclonal antibodies; integrin 
α5 mAb (BD Biosciences); Ki-67 mAb (BD Biosciences); integrin β1 mAb 
and collagen I, collagen IV, fi bronectin, and laminin polyclonal antibodies 
(Chemicon); and actin mAb (Neomarkers).

Immunohistochemistry
Fixed tissues were embedded in paraffi n as described previously (Scaife 
et al., 2002). The samples were deparaffi nized 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 5 min at RT. The sam-
ples 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 RT.

The slides were washed in PBS and a secondary antibody conju-
gated to Alexa 488 (diluted in blocking buffer) was added to the samples 
for 30 min at RT. The slides were washed in PBS and then mounted with 
Prolong-Gold and coverslips. All pairs of slides were processed simultane-
ously, and all pairs of photomicrographs were performed with identical 
camera settings and exposure times to ensure uniformity.

For immunohistochemical detection, the samples were fi rst deparaf-
fi nized and rehydrated as above. The endogenous peroxidases were 
quenched with 3% H2O2 in PBS or 1× TBS for 10 min at RT. The slides 
were then washed with 1× TBS or 1× PBS. Antigen retrieval (which must 
be optimized for each tissue) was performed by adding Target Retrieval 
Solution (DakoCytomation) for 30 min at 90°C. The slides were washed 
with PBS. The samples were blocked in 3% bovine calf serum, 3% goat 
 serum, or 3% horse serum in 1% BSA in PBS depending on the species 
used to generate the primary antibody. All incubation steps were done in 
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a humidifi ed chamber. At this point, we used the immuno or pap pen to 
mark an aqueous barrier around each tissue. Antibody incubation was 
performed as above except that a horseradish peroxidase–conjugated sec-
ondary antibody was used. The slides were incubated in ABC reagent 
(Vector Laboratories) for various times up to 30 min. The slides were 
washed in 1× TBS. The reaction was stopped by placing the slides in 
ddH2O. The slides were counterstained with hematoxylin for 1 min. The 
slides were dehydrated in a 70–100% ethanol series and xylene. The 
slides were mounted with coverslips.

All images were obtained at RT with a microscope (AX70; Olym-
pus), which is equipped with the following objectives: 4× (0.16 NA), 20× 
(0.7 NA), 40× (0.85 NA), 60× oil (1.4 NA), and 100× oil (0.5–1.35 NA). 
The images were digitally recorded via an AxioCam (Carl Zeiss 
MicroImaging, Inc.) and saved using the AxioVision program (Carl Zeiss 
MicroImaging, Inc.). The images were imported into Illustrator (Adobe). All 
images for each protein were collected using the same exposure times to 
ensure uniformity amongst the samples. Overlays of the immunofl uores-
cence images were performed in Photoshop (Adobe). The scales of the 
 images obtained with each specifi c objective are maintained in each 
 respective fi gure in the manuscript to allow direct comparisons of the sizes 
of objects within each fi gure.

IEC isolation and nuclear lysate preparation
IECs from mouse intestines were isolated as previously described (White-
head et al., 1987). Nuclear lysates were prepared from IECs using the fol-
lowing protocol: the IECs obtained above were washed in PBS and pelleted 
at 300 rpm at RT for 3 min. The PBS was removed, and the cells were 
 resuspended in ice-cold 200 μl Buffer A (20 mM Hepes, pH 7.4), 1 mm 
EDTA, 1 mM EGTA, 10% glycerol, and 0.2% NP-40; just before use, a 
protease inhibitor cocktail (aprotinin, 10 μg/ml leupeptin, 10 μl Na3VO4 
[0.2 mM], 50 μl Dithiothreitol [1 mM], and 50 μl PMSF [0.5 mM]) was 
added. The cells were vortexed fi ve times for 10 s each. The lysates were 
centrifuged at 500 g for 5 min at 4°C, and the supernatants (cytoplasmic 
fraction) were removed. 50 μl of Buffer B (20 mM Hepes, pH 7.4), 1 mM 
EDTA, 1 mM EGTA, 10% glycerol, 0.2% NP-40, and protease inhibitor 
cocktail (see above) were added just before use. The cells were vortexed 
fi ve times for 10 s each, and the lysates were incubated on ice for 30 min. 
The lysates were centrifuged at 13,000 g for 10 min at 4°C, and superna-
tants (nuclear preparations) were removed.

Immunoblotting
Whole intestine was homogenized 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, and 1 μg/ml each of aprotinin, 
leupeptin, chymostatin, and pepstatin) on ice. The homogenates were then 
sonicated for 10 s and clarifi ed by centrifuging at 14,000 g for 
15 min at 4°C. The Triton soluble and insoluble pellets were boiled in 
 sample buffer (125 mM Tris-HCl, pH 6.8, 20% glycerol, 4% sodium 
 dodecyl sulfate, 2% β-mercaptoethanol, and 10 μg/ml bromophenol blue) 
for 3 min. Western blots were generated as previously described (Kuwada 
et al., 2005).

Quantitative RT-PCR
Total RNA was isolated in RNeasy kit (QIAGEN) from sections (�3 × 3 × 
3 mm) of freshly resected intestine or purifi ed IECs (Whitehead et al., 
1987). First-strand cDNA was synthesized from 1 μg of total RNA using 
M-MLV reverse transcriptase (Invitrogen). Quantitative RT-PCR was per-
formed using SybrGreen incorporation or Taqman primer probe sets on a 
Sequence Detection System (ABI PRISM 7900HT; Applied Biosystems). 
Threshold cycles for TaqMan primers were normalized to threshold cycles 
for actin, and threshold cycles for SybrGreen primers were normalized to 
glyceraldehyde-3-phosphate dehydrogenase (G3PDH).

TaqMan primer and probe sets were purchased from Applied Biosci-
ences for Tcf-4, actin, and Shh. The following are primer sets designed for 
SybrGreen incorporation. The primers were designed to span intron–exon 
boundaries. For the mouse primer sets, the temperature was 80–84°C. Ihh, 
5′ T T C A A G G A C G A G G A G A A C A C G  3′ and 5′ TTCAGACG G T C C T T G C-
A G C  3′; G3PDH, 5′ C A G T G C T G A G T A T G T C G T G G  3′ and 5′ A G A A C G-
G A C G G A G A T G A T G A C C  3′.

Statistical analysis
Quantitative PCR results were compared by analyzing the differences in 
the midpoints of the linear phases of the appearance of double-stranded 
DNA products using Sybr Green for six pairs of knockout and control mice. 
Each gene expression product was normalized against G3PDH for that 

sample before the comparisons. A two-sided t test with unequal variance 
was used to statistically compare the results. The mean nonfasting choles-
terol and triglyceride levels were determined (Anilytics) on serum levels 
and compared using a t test.

Transfection
Caco-2 and IEC-6 RIE cells (American Type Culture Collection) were cul-
tured in DME supplemented with 10% fetal bovine serum, glutamine, peni-
cillin, and streptomycin to �70% confl uency on plain or fi bronectin-coated 
dishes. Transient transfections of a full-length human pcDNA4 (Invitrogen), 
pLacZ, ITGB1 construct (pcDNA4-ITGB1), or pRc/CMV-FOXA2 (a gift from 
V. Besnard, Cincinnati Children’s Medical Center, Cincinnati, OH) were 
performed with Lipofectamine (Invitrogen) reagent as previously described 
(Kuwada et al., 2005). The full-length human Itgb1 gene was digested 
from pECE-α5 (a gift from E. Ruoslahti, Burnham Institute, La Jolla, CA) with 
EcoRI and ligated into the EcoRI site of pcDNA4 (Invitrogen).

Online supplemental material
Fig. S1 shows ECM protein expression patterns in the intestines of con-
trol and conditional β1 integrin knockout mice. Fig. S2 shows intestinal 
epithelial lineage markers, α5/β1 integrin expression, and β-catenin ex-
pression in control and conditional β1 integrin knockout mice, as well 
as Tcf-4 expression in mice treated with the Hedgehog signaling inhibitor 
cyclopamine. Online supplemental material is available at http://www.
jcb.org/cgi/content/full/jcb.200602160/DC1.
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