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1. ABSTRACT

Integrins are a large family of cell-surface
receptors involved in cell adhesion to the extracellular
matrix. In epithelia, it is mainly the integrins belonging to
the beta1 and beta4 classes that bind to basement
membrane molecules such as the laminins and the type IV
collagens. Beta1 and beta4 integrins regulate the assembly
of adhesive junctions as well as the activation of various
signaling pathways leading to the modulation of gene
expression. In this review, I will discuss what is currently
known about integrins in human intestinal epithelial cells.
The interest in the intestinal cell model to analyze cell-
matrix interactions will be delineated and the recent
experimental evidence showing that these interactions can
regulate cell proliferation and differentiation will be
presented.

2. INTRODUCTION

The intestinal epithelium, which is in constant
and rapid renewal, represents an attractive system for the
study of mechanisms involved in the determination of the
cell state. Within its functional unit, the crypt-villus axis,
are two main distinct cell populations: the proliferating and
poorly differentiated crypt cells and the mature enterocytes
of the villus (1-3). The regulation of epithelial cell growth
and functional differentiation is susceptible to various
influences along the crypt-villus axis (4,5), including cell
interaction with the extracellular matrix (6). As in many
organs, the intestinal epithelium lies on a thin and
continuous sheet of specialized extracellular matrix, the
basement membrane, which separates parenchymal cells
from the interstitial connective tissue.  It is now recognized
that the basement membrane composition defines the
necessary microenvironment required for multiple cellular

functions during development and at maturity such as
adhesion, proliferation, migration and cell survival as well
as tissue-specific gene expression (7-10). These functions
are themselves mediated by various cell receptors, many of
which are members of the integrin superfamily (11-15).
Integrins are transmembrane heterodimeric glycoproteins
composed of an alpha and a beta subunit. Seventeen alpha
and eight beta subunits have been identified to date that
associate to form at least twenty two different receptors
(11-17). It is mainly the integrins belonging to the beta1
and beta4 classes that bind to basement membrane
molecules such as the laminins and the type IV collagens.

In this review, I will summarize the role of
integrins in epithelial cell-matrix interactions as major
signaling molecules, and will discuss their involvement in
the regulation of intestinal cell functions, namely
proliferation and differentiation. After a brief update on the
functional aspects of the crypt-villus unit in the human
small intestine, I will present our current knowledge
concerning basement membrane composition and
differential expression of integrins in relation to the cell
state in human intestinal cells (see ref. 6 for a more
comprehensive review). I will also present recent work
showing experimental evidence that cell-matrix interactions
can regulate intestinal cell proliferation and differentiation.

3. INTEGRINS AS MEDIATORS OF CELL-MATRIX
INTERACTIONS

The view of the extracellular matrix as a
biologically inert support, frequently referred to as the
"ground substance", has considerably changed over the past
10 years with the identification of several of its constituting
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Figure 1. Integrin-mediated signaling events in epithelial
cells. Adhesion of cells to basement membrane components
induces integrin clustering and activation of various
molecules involved in the regulation of the assembly of
focal adhesion complexes (beta1) or hemidesmosomes
(beta4), as well as in the activation of various signaling
pathways in cooperation with receptor tyrosine kinases
(RTK), leading to a modulation of the gene expression
regulating cell survival, cell cycle progression and tissue-
specific gene expression.

glycoproteins and, in particular, the characterization of
specific cell receptors for these extracellular components.
The first family of receptors for extracellular matrix
molecules to be identified, and still the best characterized,
is the integrin family (11,12). The classical example of cell-
matrix interaction is the recognition of a particular RGD
sequence in fibronectin by a specific cellular receptor,
which was later found to share a common beta1 subunit
with a number of independently discovered leucocyte
proteins, the very late antigens (VLAs) (18-19). The
nomenclature now refers to this fibronectin receptor as the
alpha5beta1 integrin, which is ligand-specific, as later
shown for some other beta1-integrins, such as alpha6beta1
and alpha7beta1 that bind exclusively to laminin. Other
beta1 integrins can recognize more than one ligand. Indeed,
alpha1beta1 and alpha2beta1 can bind various collagen
types and laminin, depending on the cell type, while
alpha3beta1, which has been found to respond to a broad
spectrum of extracellular ligands, seems primarily to
mediate adhesion to laminin-5 (20,21). For alpha9beta1, a
well-characterized ligand is tenascin-C (22) but this
integrin may also serve as a receptor for osteopontin (23),
while alphavbeta1 appears to function as a receptor for
vitronectin, fibronectin and tenascin-C (24). Beta1 integrins
known to be widely expressed in epithelial cells include
alpha1beta1, alpha2beta1, alpha3beta1, alpha5beta1 and

alpha6beta1 (6,14,15). Alpha6beta4 is another integrin
found in a number of epithelia. The only alpha subunit
known to associate with beta4 is alpha6 and this particular
integrin functions exclusively as a laminin-specific binding
receptor.

Interestingly, the beta1 and beta4 integrins
exhibit major structural differences but, as demonstrated
recently, share also some of their functional characteristics
(25-30). From a structural point of view, beta4, because of
its unique and very large cytoplasmic domain that can
associate with keratin filaments, differs fundamentally from
the other beta subunits, including beta1, which possess a
short cytoplasmic domain that associates with actin-based
filaments. Interactions with actin or keratin to form focal
adhesion complexes or hemidesmosomes, respectively,
seem to depend on their unique ability to associate with
intermediate proteins such as focal adhesion proteins,
including alpha-actinin, talin, paxilin and the focal
adhesion kinase (FAK) for beta1 (31,32), or
hemidesmosomal proteins such as HD1/plectin for beta4
(33). However, as depicted in figure 1, more importantly
from a functional point of view, both sets of integrins can
transduce signals across the plasma membrane through
their association with proteins involved in the tyrosine
kinase signaling cascade and can thus, ultimately, regulate
growth, apoptosis and tissue-specific gene expression. A
well documented example of this is the activation of the
mitogen-activated protein kinase (MAPK) pathway in
response to integrin ligation (34,35). Certain integrins,
which include alpha6beta4, alpha1beta1 and alpha5beta1,
are linked to the Ras-MAPK signaling pathway by the
adaptor protein Shc (36-38). Upon recruitment by activated
integrins, Shc becomes phosphorylated on tyrosine and
binds to the Grb2-mSos complex which leads to the
activation of Ras-MAPK signaling. While there is evidence
that Shc can bind directly to the tyrosine-phosphorylated
cytoplasmic domain of the beta4 integrin subunit, the
recruitment of Shc by activated beta1 integrins appears to
be indirect and mediated by a transmembrane adaptor
associated with this subset of alpha subunits. Integrins,
upon ligation, can activate a number of additional key
molecules associated with various major signaling
pathways (39) . The central role of FAK and Src in both the
regulation of focal adhesions and cell signaling is well
documented (26,40,41). An activation of c-Jun amino-
terminal kinase (JNK) has been also reported (37,42). More
recently, a significant activation of the phosphoinositide 3-
kinase (PI 3-K) in response to cell adhesion was
demonstrated, and appears to be involved in the activation
of the serine-threonine kinase Akt (43,44). An additional
element to this relative multiplicity of signaling pathways
is the increasing evidence that signals from matrix adhesion
receptors are integrated with those originating from growth
factor and cytokine receptors (29,39,45,46).

Integrin-mediated signal transduction is therefore
relatively complex. To further complicate the facts,
different integrins can induce different signaling pathways,
and signaling through the same integrin may be different
depending on the cell type, state and environment. In the
light of these elements, it is obvious that a better
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Figure 2. The crypt-villus axis is the functional unit of the
small intestine. In this rapidly renewing epithelium, the
proliferating cells, which arise from the stem cells located
at the bottom of the crypts, loose their ability to proliferate
and start to differentiate in the upper third of the crypt, then
migrate toward the tip of the villus before being exfoliated
into the lumen.  A. Intestinal normal cell models that allow
the recapitulation of the crypt-villus axis include the crypt-
like proliferative cell line HIEC, the differentiating tsHFI
cell line, and primary cultures of differentiated enterocytes
(PCDE). The Caco-2 cell line, although of colon carcinoma
origin, has been proven useful to the study of intestinal cell
proliferation and differentiation.  B. Functional markers of
intestinal cell state include the proliferating antigen Ki67,
the cyclin-dependent kinase inhibitor p21/Waf-1/Cip1
(p21), the crypt cell antigen MIM-1/39 (MIM39), the
dipeptidases (DP) dipeptidylpeptidase IV and
aminopeptidase N, and the disaccharisases (DS) lactase-
phlorizin hydrolase and mature form of sucrase-isomaltase.

understanding of the mechanisms involving integrins as
mediators of extracellular signals will require a better
integration of the information gathered from relatively
simple systems, such as cultured cell lines, with that of
their in vivo normal and pathological counterparts.

4. INTESTINAL EPITHELIAL CELL-MATRIX
INTERACTIONS

The human intestinal epithelium represents a
particularly attractive system to investigate the regulation
of integrin-related cell functions and its underlying
mechanisms primarily because of the architecture of its
well defined crypt-villus axis renewal unit, where
proliferative, differentiating, functional and senescent cells
are topologically restricted to distinct compartments, the
lower half of the crypt, upper half of the crypt, villus and
villus tip, respectively. Determining the pattern of
expression of integrins and their corresponding ligands
along the crypt-villus axis can thus provide valuable basic
information relative to the potential involvement of each of
these molecules, according to the cell state (6,47).
Furthermore, the lack of adequate cellular models, an
historical weakness of this model, has been overcome with

the development of new cell lines and systems (48-50),
which in conjunction with available and well characterized
ones, such as the Caco-2 cell line (51-53), allow the
recapitulation of the entire human intestinal crypt-villus
axis (figure 2A).

4.1. The crypt-villus functional unit
The crypt-villus axis represents the functional

unit in the small intestine. It can be defined by typical
morphological and functional properties displayed by the
mature villus enterocytes that distinguish them from crypt
cells. Indeed, the villi are mainly lined by functional
absorptive, goblet and enteroendocrine cells, while the
crypts contain stem cells and the proliferative and poorly
differentiated cells as well as a subset of differentiated
secretory cells, namely Paneth, goblet and enteroendocrine
cells. The differentiation of each cell type takes place as the
cells move either upwards towards the villus (adsorptive,
mucus and endocrine cells) or downwards to concentrate at
the bottom of the crypt (Paneth cells). The
compartmentalization of distinct cell populations according
to their functional state is a well documented phenomenon
which can be exemplified by the analysis of the localization
of various markers along the crypt-villus axis (figure 2B). It
is noteworthy that in all species studied, the crypt-villus
junction represents a physical limit from which enterocytes
acquire their final functional characteristics. For instance,
immunostaining for the detection of maltase-glucoamylase,
a marker of the functional enterocyte, is restricted to villus
cells while MIM-1/39, a specific marker for secretory
granules is expressed only by crypt cells.  However, it
appears more and more evident that the situation in the
human varies from that observed in laboratory animals,
some of the classical enterocytic markers being expressed
by immature cells located below this border. For instance,
aminopeptidase N and dipeptidylpeptidase IV have been
found constitutively expressed by both proliferative and
differentiated intestinal cells while an immature form of
sucrase-isomaltase is present in crypt cells. These
differences have to be considered when choosing markers
to study human intestinal cell differentiation both in situ
and in vitro. More importantly, they point out that the
regulation of gene expression along the crypt-villus axis
fundamentally differs between man and animal models (3-
6,47).

4.2.  Basement membrane composition
The epithelial basement membrane (BM) of the

human intestine contains all the major components specific
to most BMs such as type IV collagens, laminins and
proteoglycans as well as BM-associated molecules
(6,47,54,55). Surprisingly, it was some of the BM-
associated molecules such as tenascin and fibronectin that
were first identified to be differentially expressed along the
crypt-villus axis in both the adult and developing small
intestine (56-62). BM components such as the classical
type IV collagen, heterotrimeric laminin and various
proteoglycans,  were detected at the base of all epithelial
cells (57,60,62,63). However, the identification of
genetically distinct forms of type IV collagen and laminin
has incited many laboratories to re-investigate the
expression of these BM molecules in the small intestine.
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Figure 3. Distribution of laminins and their corresponding
integrins along the crypt-villus axis of the adult human
small intestine. Laminin-1 (alpha1beta1gamma1) and
laminin-2 (alpha2beta1gamma1) show complementary
locations while laminin-5 (alpha3beta3gamma2) is
restricted to the villus.  Among integrins, alpha6beta4,
which can bind to these three laminins, is distributed
uniformly, while the basal distribution of alpha3beta1 in
intestinal cells coincides with the location of its specific
ligand, laminin-5. In contrast, the laminin-1 binding
integrin alpha7beta1 is primarily expressed in the
differentiating compartment.

The analysis of the type IV collagen alpha1(IV)
to alpha6(IV) chains (64) in the human small intestine with
specific antibodies and probes confirmed the constitutive
expression of the alpha1 and alpha2 chains, which
assemble as a [alpha1(IV)]2 alpha2(IV) complex, at the
epithelial BM, while the alpha3(IV) and alpha4(IV) chains
were not detected (65). However, the alpha5(IV) and
alpha6(IV) chains were identified (65,66). Interestingly, in
contrast to the alpha1(IV) and alpha2(IV) chains which
exclusively originate from the mesenchymal compartment,
the alpha5(IV) and alpha6(IV) chains were found to be
produced by both epithelial and mesenchymal cells (66-68).
Another interesting feature pertaining to these newly
identified type IV collagen chains is that, although they can
presumably assemble as an  [alpha5(IV)]2 alpha6(IV)
complex (64) in the intestinal BM, their expression differs
considerably during development, alpha6(IV) being
expressed constitutively while alpha5(IV) is subject to a
substantial down-regulation from the fetal to the adult stage
(65,66). These observations indicate that, although the two
genes may share a common bidirectional promoter (69,70),
the modulation of their transcription, namely that of the
COL4A5 gene, relies on additional regulatory elements in
the intestine. Although its functional significance still
remains to be determined, this developmentally-regulated
alpha5(IV)/alpha6(IV) collagen expression in the human
gut represents a good example of how complex tissues can
temporally modify cell-matrix interactions.

Laminin also was initially thought to be a unique
heterotrimeric molecule formed by one heavy A chain and
two distinct light B chains (71,72) but has been redefined
as a multigene family of related proteins (73,74). In light of
this complexity, a new nomenclature has been adopted
where the designated A, B1 and B2 chains have been
replaced by alpha, beta and gamma respectively, and the
identification of forms is distinguished by arabic numbers
(75). Functionally, laminins have been shown to mediate
several cellular activities, namely the promotion of
adhesion, growth, polarization and differentiation
depending on the cell type studied (10,76,77). Variability in
spatial and temporal expression for a number of these
laminin chains (78,79) suggests that different
heterotrimeric forms of laminin could perform distinct
functions.

The expression of laminin variants in the small
intestinal BM has received major attention after a
reciprocal expression of laminin-1 (alpha1beta1gamma1)
and laminin-2 (alpha2beta1gamma1) along the crypt-villus
axis was reported (80-82). The occurrence of laminin-1 as a
villus form and laminin-2 as a crypt form (figure 3) was
indeed suggesting for the first time a possible relation
between laminin expression and functional intestinal cell
differentiation. By further investigating this relationship in
the Caco-2/15 cell model, our laboratory provided evidence
that enterocytic-differentiation-related gene expression is
specifically promoted by laminins, and is susceptible to a
differential modulation by variant forms of this family (83).
Indeed, a close relation between laminin-1 deposition and
sucrase-isomaltase expression was demonstrated at the cell
level suggesting that the well established potential of Caco-
2/15 cells to differentiate in vitro (51-53) could be related
to their potential to synthesize and accumulate functional
laminin-1 at their basal pole. For instance, subclones of the
Caco-2/15 cell line in which laminin-1 deposition was
impaired were found to express considerably less sucrase-
isomaltase at their apical pole (83). Furthermore, growth of
Caco-2/15 cells on purified human laminin-1 and laminin-2
revealed that both substrates can promote intestinal cell
marker expression but that only laminin-1 has the ability to
precociously induce functional differentiation markers such
as sucrase-isomaltase and lactase-phlorizin hydrolase (83).
Finally, additional evidence that laminin-1 plays an
important role in regulating cell differentiation was
obtained by transfecting Caco-2 cells with an antisense
laminin alpha1-chain cDNA fragment (84).

Laminin-5 (alpha3beta3gamma2) is the only
other laminin yet identified in the human intestine (85,86;
figure 3). The observations showing its presence is of
interest since this laminin has previously been reported
only in BMs of stratified epithelia, in association with
anchoring filaments of hemidesmosomes. It is noteworthy
that true hemidesmosomes are not present in the human
small intestinal epithelium (86,87), consistant with the fact
that type VII collagen and some of the major
hemidesmosomal proteins are lacking (85,88). However, its
localization according to an increasing gradient from the
upper crypt to the villus tip in the human small intestine
(85,86) coincides well with that of two other important
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components of hemidesmosomes, HD1/plectin (85) and the
beta4 integrin subunit (80; Basora et al., submitted). The
presence of laminin-5, of HD1/plectin, an intermediate
protein in the association of the cytoplasmic domain of the
beta4 integrin subunit to cytokeratins (32) as well as of the
beta4 subunit of alpha6beta4, a receptor for laminin-5 (see
below), suggests that early or type II hemidesmosomes can
form at the base of villus intestinal cells. Besides a
potential involvement in villus cell adhesion and structural
stability through the intermediate filament network, the role
of laminin-5 in intestinal cells remains to be determined.
Interestingly, in colonic adenocarcinoma, a specific loss of
laminin-5 staining was observed at the BM of areas of
invasion (89) concomitantly with a cytoplasmic
accumulation of the beta3 and gamma2 chains (89,90)
suggesting that the impairment of laminin-5 deposition
plays a role in matrix detachment of invasive cancer cells.

4.3.  Integrin expression and distribution in the human
small intestinal epithelium

The expression and distribution of most beta1
and beta4 integrins has been determined along the crypt-
villus axis of the human small intestine. As summarized in
figure 3, the principal integrin subunits present in epithelial
cells include beta1 and beta4 as well as alpha2, alpha3,
alpha6 and alpha7, all of which are among the subgroup of
the laminin-binding integrins (6,14). The alpha5 subunit,
which associates with beta1 to act as a fibronectin receptor,
was detected at the base of crypt and villus cells according
to a faint and punctuated pattern of staining reminiscent of
that observed for its ligand in the BM (62) while the
alpha1, alpha4 and alphaV subunits were only weakly
expressed or absent from the normal adult epithelium
(6,62). The alpha9 subunit is another partner for beta1. This
particular receptor for tenascin-C and osteopontin is absent
in the normal adult intestinal epithelium but was found at
the bottom of the crypts in the developing intestine (91).

The analysis of the laminin-binding integrins
along the crypt-villus axis revealed interesting features. The
alpha2 and alpha3 subunits were found at the basal domain
of intestinal cells according to strict complementary
staining patterns along the crypt-villus axis, the alpha2
subunit being predominant in the crypts and alpha3 on the
villus (62,82,86). It is noteworthy that both of these
subunits were also localized at the lateral domain of
enterocytes, where they can serve as mediators of
intercellular adhesion (92), and that the population of cells
exhibiting this lateral staining extends beyond the crypt and
villus compartments for the  alpha2 and alpha3 subunits,
respectively (6). On the other hand, the alpha6 subunit was
uniformly distributed at the base of epithelial cells from the
bottom of the crypt to the tip of the villus (62,80-82,93).
However, difficulties in interpreting the widespread
distribution of this subunit arose from the ability of alpha6
to form two distinct integrin complexes by combining with
either beta1 or beta4 depending on the cell type, and from
the existence of variants, referred to as alpha6A and
alpha6B, which can combine with either beta1 or beta4 (94)
also susceptible to being expressed as multiple variants (95-
102). At the present time, the expression of alpha6, beta1
and beta4 variants and their alpha-beta association have not

been directly investigated in normal human enterocytes.
Finally, the expression of the alpha7 subunit has been
recently analyzed. In the adult, the alpha7B isoform was
detected in the epithelium and expressed under a unique
pattern of expression, being restricted to the upper part of
the crypt and the lower villus region (103).

Taken together, the observations showing the
expression of a number of primary laminin-binding
integrins in the intestinal epithelium and their differential
localization along the crypt-villus axis, in concert with
compositional changes in laminin-1, 2 and 5 (see above),
delineates the potential complexity of epithelial cell-
laminin interactions involved in the maintenance of a
relatively simple system such as the human intestinal
epithelium.  Analyzing the distribution of these functional
molecules in a spatially well organized structure such as the
crypt-villus axis represents a powerful way for estimating
the potential implication of individual components in a
normal environment. Nevertheless, to recapitulate the
mechanisms in play, several questions pertaining to the
basic organization of integrin subunits, such as the exact
form(s) and variant(s) expressed, their relative quantitative
importance, their association with beta1 or beta4, the
specificity of their ligands and, more importantly, their
precise involvement in the regulation of specific cell
functions such as proliferation, polarization, adhesion,
migration, apoptosis and differentiation, also needs to be
addressed by means of more direct approaches.

4.4.  Functional relevance of integrins in the regulation
of intestinal cell functions

The expression and potential roles of a number of
integrins have been investigated on various intestinal
experimental models, namely human cell lines. Although
mostly of colon adenocarcinoma origin, these cell lines
have been used advantageously to study integrin-mediated
intestinal cell adhesion, migration and invasion and also
cell proliferation and differentiation. In relative good
agreement with the in vivo situation where the expression
of alpha2, alpha6, beta1 and beta4 is generally maintained
and that of alpha3 is reduced or absent in colorectal
carcinoma cells (89,104-106), the predominant integrins
expressed in colon cancer cell lines appear to be
alpha2beta1 and alpha6beta4. Other integrins analyzed in
intestinal cells for which a function can be proposed
include alpha3beta1, alpha7beta1 and alpha9beta1.

4.4.1 Alpha2beta1
The alpha2beta1 integrin has been shown to be

involved in intestinal cell adhesion to both laminin and
collagen in clone A cells (107). The alpha2beta1 binding
capacity for laminin-1 appears substantially greater than for
laminin-2, although much lower than for collagen (108) but
recent studies suggest that alpha2beta1 may act in
cooperation with alpha6beta4 for attachment to laminin-1
(14). There is also evidence that this receptor may be
involved in EGF-mediated Caco-2 cell migration on
laminin (109). On the other hand, the promoting effect of
TGFalpha on glandular differentiation of SW1222 cells
grown in a 3-dimensional collagen gel was shown to be
primarily mediated by the alpha2beta1 integrin (110).
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Interestingly, this latter observation is reminiscent of what
is observed during gland formation in the developing fetal
small intestine (82). In the adult, alpha2beta1 is
predominantly associated with crypt cells which exhibit a
BM containing type IV collagens but which lack laminin-1
and 5 (see above). Taken together, these observations
would suggest that in the intestinal epithelium, the
alpha2beta1 integrin may act primarily as a collagen
receptor involved in gland morphogenesis and
maintenance, rather than as a laminin receptor.

4.4.2 Alpha6beta4
The alpha6beta4 integrin was first reported as a

laminin receptor in intestinal cells working in cooperation
with another beta1 integrin, most likely alpha2beta1
(107,111,112). In hemidesmosome-expressing cells such as
those at the epidermal-mesenchymal interface, alpha6beta4
plays an essential role in the assembly and for the stability
of hemidesmosomes while it mediates anchorage on
laminin-5 in cooperation with alpha3beta1 (113-115).
However, as mentioned in a previous section, intestinal
cells do not possess true hemidesmosomes but express
these receptors. Interestingly, most colon cancer cell lines
tested that express alpha6beta4 (e.g., clone A, differentiated
HT29, LoVo clone E2 and Caco-2) seem to adhere better to
laminin than their counterparts which express lower levels
of intact alpha6beta4 or alpha6 predominantly under the
alpha6beta1 form (e.g., undifferentiated HT29, LoVo clone
C5, and RKO) (111,112,116,117; Basora et al., submitted).
Furthermore, as well illustrated with RKO cells, the low
avidity for laminin-1 in cells that express alpha6beta1 can
be reversed after transfection with the full-length beta4
cDNA (101) showing that alpha6beta4, but not
alpha6beta1, is a high affinity receptor for laminin-1 and
that in the presence of beta1 and beta4, the alpha6 subunit
associates preferentially with beta4 to act as a specific
laminin-1 and 5 receptor (112,118; Basora et al.,
submitted). Whether the same phenomenon occurs in vivo
has not been verified but is suggested by the fact that at
least some forms of the beta4 subunit are expressed in both
crypt and villus cells (80,81,86; Basora et al., submitted)
although alpha6 and beta1 are present in all intestinal cells.

Interestingly, the forced expression of beta4 in
RKO cells induces, under a laminin-1 or laminin-5
substrate-independent manner, the expression of
p21/Cip1/WAF-1, an inhibitor of cyclin-dependent kinases,
and apoptosis (101). Although further work is required to
verify to which extent the phenomenon can be extrapolated
to the in vivo situation, it is pertinent to note that the
intestinal epithelium of newborn mice deficient for beta4
expression was found to be susceptible to degeneration and
loss of cell-substratum adhesion suggesting that
alpha6beta4 interacts with laminin-5 to mediate a signal
essential for cell survival in the animal (119). In this
context, the recent demonstration that upon ligation,
alpha6beta4 can activate PI 3-K in invasive carcinoma cells
(120) is of interest.  Furthermore, in mice carrying a
targeted deletion of the beta4 cytoplasmic domain, which
impairs both association with hemidesmosomal
components and the recruitment of the signaling adaptor
protein Shc, an increasing level of the cyclin-dependent

kinase inhibitor p27/Kip was observed concomitantly with
a reduction in the size of the proliferative compartment in
the proximal small intestine (121). Finally, mice lacking the
alpha6 subunit develop until birth but die soon after with
severe blistering of the skin and other epithelia (122). There
is also evidence that  alpha6beta4 plays a key role in the
modulation of adhesion properties in the human as well
(113). Therefore, the suggestion that α6β4 primarily serves
as a high affinity receptor for cell adhesion to laminin-1
and laminin-5, and as a regulator for the expression of
cyclin-dependent kinase inhibitors, would appear to be in
good agreement with the distribution of these molecules
along the crypt-villus axis in the intact intestinal epithelium
(49,80,81,86,123; Basora et al., submitted).

4.4.3 Alpha9beta1
The integrin alpha9beta1 is one of the recently

identified integrins whose expression is restricted to
specialized tissues (124). This integrin is absent from the
normal adult colonic epithelium (124,125) but has been
detected in a large proportion of differentiated colon
carcinomas as well as in two colon adenocarcinoma cell
lines that show high potential for cell polarization, the
Caco-2/15 and T84 cell lines (125). Interestingly, the
alpha9 subunit was also detected in the epithelium of both
human fetal small intestine and colon, predominantly
confined to the cells located in the crypts (91,125), which
represent the proliferative compartment. The presence of
alpha9beta1 in HIEC-6 cells was thus found to be
consistent with their proliferative crypt-like status (91).  In
Caco-2/15 cells, alpha9beta1 expression was found to be
high in proliferating cells but downregulated at both protein
and transcript levels in cells that cease to grow and
undertake their differentiation (91,125). Epidermal growth
factor treatment, which is known to maintain Caco-2/15
cells in a proliferative state (126), resulted in higher levels
of alpha9 expression (91). Taken together, these data
indicate that alpha9beta1 is subject to an onco-fetal pattern
of expression in the human intestinal epithelium and
suggest a relation between its expression and cell
proliferation.  In a context where none of the so-called
proliferation integrins (alpha1beta1, alpha5beta1 and
alphavbeta3), linked to the Ras-ERK signaling pathway
through Shc (see section 3), are expressed at significant
levels in the normal human intestine, the recent finding that
forced expression of alpha9 in the SW480 colon carcinoma
cell line stimulates, in a ligand-dependent manner, cell
proliferation and concomitant phosphorylation of ERK2
(127), further emphasizes the potential role of alpha9beta1
on intestinal cell proliferation.

4.4.4 Alpha3beta1 and alpha7beta1
Much less is known about the implication of

integrins as mediators of extracellular matrix-regulated
cell-specific gene expression (10,28). Although it still
needs to be better documented in other systems, the study
of integrin implication in human intestinal cells has been
further complicated by the lack of normal cell models in
which the differentiation process could be initiated under in
vitro conditions. In light of this, the finding that laminin-1
plays a key role in the establishment and maintenance of
functional differentiation in the enterocytic-like Caco-2 cell
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line (83,84) is of importance by providing for the first time
evidence that a BM molecule, in particular laminin-1 but
not laminin-2 (83), is directly involved in the modulation of
the expression of enterocytic functions and, is a suitable
model to analyze laminin-cell interactions in the context of
intestinal differentiation. At first glance, the potential
implication of integrins in this phenomenon may appear
relatively complicated to investigate in light of the
numerous laminin-binding integrins expressed in the small
intestinal epithelium, namely alpha3beta1, alpha7beta1 and
alpha6beta4 as well as alpha2beta1. However, few of them
appear to be good candidates in mediating the effects of
laminin-1 on intestinal functional cell differentiation (6).
Indeed, alpha2beta1 is confined to the crypts which are
devoid of laminin-1. Furthermore, the widespread
expression of alpha6beta4 in the adult intestine as well as
during fetal development and in most colon cancer cells
suggests that this integrin may not be responsible for
triggering terminal differentiation in the intestinal
epithelium. The predominant expression of alpha3beta1 at
the base of villus cells in both the developing and adult
small intestine may indicate a role for this integrin.
However, there is good evidence that epithelial cells,
including intestinal ones, use primarily alpha3beta1 as a
high affinity laminin-5 receptor (14,20,21), a laminin form
also predominantly expressed in the BM of villus cells (see
below). On the other hand, the integrin alpha7beta1 has
only been reported recently in epithelial cells. In muscle,
this integrin was first identified as a laminin-1 receptor
(128) mediating laminin functions during myogenic
differentiation (129-131). Further studies confirmed that
alpha7beta1 can interact with laminin-1 and laminin-2 but
not laminin-5 (132,133). The particular distribution of the
alpha7B variant, at the upper crypts and lower villus
region, in concert with its regulated expression in Caco-2
cells and its absence in HIEC cells (103), suggests that the
alpha7Bbeta1 integrin plays a role in the regulation of
laminin-1-mediated enterocytic differentiation.

A role for the integrin alpha3beta1 in intestinal
differentiation could also be suggested considering its co-
distribution, at the base of intestinal villus cells, with
laminin-5, its principal ligand (62,85,86). Although neither
alpha3beta1 or laminin-5 are expressed by the
differentiating Caco-2 cells, one cannot exclude the
possibility that a dual set of cell-matrix interactions,
modulating intestinal differentiation, may occur in situ. For
instance, the well-polarized T84 colon carcinoma cells lack
laminin-1 and alpha7beta1 (103), but express both laminin-
5 and alpha3beta1 (134).  While this possibility remains to
be explored, it has to be noted that in the epidermis, the
function of alpha3beta1 appears to be in cell attachment
and organization of the BM in cooperation with
alpha6beta4 (115), a function also compatible with the
situation described in the intestinal epithelium.

5. CONCLUSIONS AND PERSPECTIVES

Studies in the past few years have provided
considerable evidence that cell-matrix interactions are
central in the regulation of many fundamental cell functions
and that integrins are key mediators of these interactions. In

the intestinal epithelium, we have begun to appreciate the
complexities of integrins and their potential roles along the
crypt-villus axis.

The main challenges for the next years will
obviously be to directly demonstrate cause-to-effect
relationships between particular integrins and specific cell
functions, and to ascertain the signaling molecules
specifically involved. For instance, whether the two newly
identified intestinal integrins alpha9beta1 and
alpha7Bbeta1 trigger ligand-dependent cell proliferation
and differentiation, respectively, in normal intestinal cells,
has still to be directly demonstrated. The recent
development in the establishment of normal intestinal cell
models that recapitulate, in vitro, the entire crypt-villus axis
(48-50) should be instrumental for this purpose and should
help to define downstream signaling events orchestrating
the regulation of functional gene expression.
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