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Integrin-Dependent Signal Transduction
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Abstract Integrins are receptor molecules for extracellular matrix molecules (e.g., the B, family), serum
components (a, family) and immunoglobulin family adhesion molecules (B, family). Integrin-dependent adhesion has
also been shown to have metabolic consequences. Adhesion to a variety of extracellular matrix proteins, such as
fibronectin, collagen, and laminin, is a potent regulator of cell growth, differentiation, and gene expression. Ligand
binding or aggregation of integrin receptors initiates a number of metabolic changes including activation of serine/
threonine and tyrosine kinases, increased Ca2* influx, increased cytoplasmic alkalinization, and altered inositol lipid
metabolism. In some instances activation of transcription factors and induction of gene expression have also been
demonstrated. Components of key signaling pathways involving integrins are beginning to be identified. Some studies
have shown that integrins form multi-component complexes with signal transduction molecules. Elucidating the
interactions of the signal transduction molecules with each other and with the integrin cytoplasmic domains will be key

to understanding the initial events of signal transduction through the integrins.
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Integrins are a large superfamily of cell sur-
face receptors composed of non-covalent het-
erodimers of an o and a 8 subunit. More than 20
different members of the integrin family can be
generated in vertebrates by pairing at least 15
different « chains with at least 8 different B
chains [Hynes, 1992]. These molecules are in-
volved in a number of cell-cell and cell-matrix
interactions, which are important in several bio-
logical phenomena, including development,
thrombosis, wound healing, and cancer. Until
recently, the only described role for integrins
was that of mediating adhesion. For example,
the B; family integrins mediate cell adhesion to
extracellular matrix molecules and to VCAM-1.
The a, family of integrin adhesion molecules are
more promiscuous, mediating cell adhesion to
many extracellular matrix proteins and to se-
rum components. The B, integrins, expressed on
leukocytes, bind to immunoglobulin family adhe-
sion molecules expressed on activated endothe-
lial cells, thus mediating cell/cell adhesion. How-
ever, integrin-dependent adhesion also alters
normal cell function and activates various com-
plex signal transduction pathways that change
cell behavior [for current reviews see Juliano
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and Haskell, 1993; Sastry and Horwitz, 1993;
Hemler et al., 1994; Schwartz, 1994]. Thus,
adhesion to a variety of extracellular matrix
proteins, such as fibronectin, collagen, and lami-
nin, can regulate cell growth, differentiation,
and gene expression.

It is currently not possible to construct a
comprehensive model of signal transduction aris-
ing from integrin binding to ligands, but several
general principles seem to recur (Fig. 1). First
among these is the apparent requirement for
receptor clustering. Adhesion of cells to extracel-
lular matrix-coated surfaces results in receptor
clustering into adhesion plaques and along fibrils
of matrix proteins. In many experimental sys-
tems, interactions with integrins by monovalent
ligands, such as Fab’' antibody fragments or
small soluble ligands, are unable to initiate down-
stream effects unless these ligands are subse-
quently dimerized or clustered [Werb et al., 1989;
Kornberget al., 1991; Clark et al., 1994a]. Thus,
it has been speculated that ligand binding in-
duces receptor clustering which then triggers
another event, such as initiation of a protein
phosphorylation cascade, which leads to second-
ary changes. It is thought that an immediate
consequence of receptor clustering is the forma-
tion of complexes in which the cytoplasmic do-
mains of the cell surface receptor interact with
various cytoplasmic proteins and organize



544 Lafrenie and Yamada

Fig 1. Steps involved in integrin-dependent signal transduction
1. Ligand binding
2. Receptor clustering
3. Intracellular events
i. assembly of focal contacts and organization of the cytoskeleton
ii. activation of serine/threonine and tyrosine kinases
protein phosphorylation of:
-ECM receptors {B, integrins?)
-focal contact proteins (FAK, paxillin, tensin, talin)
-sre-family kinases {Src, Csk, Syk Nck, Fyn)
iii. increased Ca®*
iv. increased pH,,
v. altered inositol metabolism
4. Activation of transcription factors

5. Transcription of specific genes

changes in the cytoskeleton [Burridge et al,
1988]).

A number of intracellular events that are pre-
sumed to be mediators of signal transduction
have been described. For example, integrin-
mediated adhesion increases the phosphoryla-
tion of a large number of proteins including
extracellular matrix receptors, focal contact and
cytoskeletal proteins, and Src-family kinase
members [Hemler et al., 1994; Schwartz, 1994].
Further, activation of protein kinase C (PKC)
has been demonstrated. Alterations in intracel-
lular Ca2?* and intracellular pH as well as changes
in inositol lipid metabolism also result from
integrin occupation and clustering. Since this
spectrum of changes in cellular metabolism is
similar to the changes seen in response to growth
factor stimulation [Hill and Treisman, 1995], it
is not surprising that the signal transduction
pathways involved in growth factor responsive-
ness have also been implicated in adhesion-
dependent signal transduction. However, the
pathways which relay signals from sites of cell/
matrix contact to the nucleus, where changes in
gene transcription eventually result from inte-
grin occupation, are largely unknown.

RELATIONSHIP BETWEEN ADHESION
AND GROWTH FACTOR RESPONSIVENESS

Cell-matrix and cell-cell adhesion are capable
of modifying cellular responses to growth fac-
tors. For example, the ability of FGF to stimu-
late proliferation of an embryonic carcinoma cell
line is highly dependent on adhesion to fibronec-
tin or laminin [Schubert and Kimura, 1991]. A
murine mammary carcinoma cell line prolifer-
ates in response to PDGF or bFGF when plated
on fibronectin but not collagen [Elliot et al.,
1992]. Since plating cells on these matrices did
not change the number or affinity of growth
factor receptors, it appears that integrins differ
in their ability to provide conditions that permit

growth factor signaling. These systems seem
quite complex. In some cases integrin occupa-
tion/activation seems to be of secondary impor-
tance or to act merely as a permissive signal. In
many cases, integrin occupation and growth fac-
tor/agonist treatment both appear to be re-
quired, and they act synergistically. Thus, mod-
els which describe cellular perturbation in
response to integrin-dependent adhesion may
also involve costimulation of growth factor-
dependent signal transduction pathways.

Insulin treated cells that are cultured on vitro-
nectin show much more DNA synthesis than
when attached to other substrates. This in-
crease correlates with the association of insulin
receptor substrate-1 (which associates with the
GRB2 signaling complex) and the a,B; integrin
in insulin-treated cells [Vuori and Ruoslahti,
1994]. This physical association suggests a mech-
anism for the synergistic action of growth factor
and integrin receptors.

INTEGRIN-DEPENDENT CHANGES
IN GENE EXPRESSION

Non-Adherent Vs. Adherent Cells

The simplest experiments to analyze the ef-
fects of integrin-dependent adhesion on cellular
activation are those in which cells are plated
onto integrin ligands. For example, monocytes,
normally grown in suspension, upregulate ex-
pression of a number of immediate-early genes,
including IL-18, PDGF, c-fos, c-jun, and EGR2
when they adhere to fibronectin or collagen, but
also to plastic substrates [Shaw et al., 1990; Lin
et al., 1994]. Expression of some of these genes
is also induced within 1 h by antibody-depen-
dent crosslinking of the B; integrin. Upregu-
lated gene expression is inhibited by inclusion of
tyrosine phosphorylation inhibitors, suggesting
a role for tyrosine kinases in integrin signal
transduction [Lin et al.,, 1994]. A somewhat
more complicated example of gene induction is
found in the ability of CD4+ (T) cells to respond
synergistically to CD3- and integrin-mediated
signals for induction of IL-2 mRNA and en-
hanced cell proliferation on fibronectin sub-
strates [Yamada et al., 1991]. CD3-stimulation
induces activation of the NFAT-1 transcription
factor, while a5B, occupation independently acti-
vates the AP-1 transcription factor (via a PKC-
independent pathway), and activation of both
factors is required for IL-2 gene induction.

It has also been shown that fibroblasts main-
tained in suspension express low levels of growth-
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related genes, but when plated on fibronectin
show rapid increases in fos (5 min) and myc (30
min) expression, independent of soluble mito-
gens or cell growth [Dike and Farmer, 1988]. It
has been subsequently shown that expression of
al(I)-collagen is also upregulated further down-
stream [Dhawan and Farmer, 1990]. This in-
crease in collagen mRNA is the result of both
increased transcription rate and increased
mRNA stability, suggesting there are alter-
ations in both pre- and post-transcriptional
events in response to adhesion [Dhawan et al.,
1991]. These results suggest that signaling rap-
idly follows cell contact with the extracellular
matrix.

Cell adhesion is intimately involved in regulat-
ing cell growth. Normal fibroblasts maintained
in suspension are unable to divide, but upregu-
late synthesis of cyclin A mRNA and pass
through the late G1 phase of the cell cycle when
adherent [Guadagno et al., 1993]. Treatment of
FA-K562 cells with the GRGDS peptide, which
interacts with a5, increases their anchorage-
independent growth and correlates with in-
creased cyclin A-associated kinase and retino-
blastoma protein phosphorylation [Symington,
1992]. Further, transfection of NRK cells with
cyclin A ¢DNA promoted multiple rounds of cell
division independent of cell adhesion [Guadagno
et al., 1993]. Thus cyclin A is a possible target of
the adhesion-dependent signals that control cell
proliferation.

Transcription of Specific Genes by Cells
in Monolayer Culture

The transcription of a variety of different genes
has been shown to be upregulated by adherent
cells in response to integrin-mediated signaling.
Treatment of rabbit synovial fibroblasts with
fibronectin fragments or with anti-a;@3; monoclo-
nal antibodies has been reported to increase
transcription of collagenase (MMP-1) and
stromelysin (MMP-3) [Werb et al., 1989]. Syno-
vial fibroblasts pretreated with soluble anti-asf3,
antibodies (which probably bind near the ligand-
binding site) for only 2 h was sufficient to induce
collagenase and stromelysin expression after 24
h. In subsequent studies, collagenase induction
was seen in as little as 4 h [Tremble et al., 1992].
This response required «sB3; aggregation, since
Fab’ fragments were not active unless clustered
by a secondary antibody, but was independent of
the substratum because induction was seen on
fibronectin-, vitronectin-, or collagen-coated sub-

strates [Werb et al., 1989]. Curiously, culturing
cells on fibronectin surfaces, which involves a;B;,
did not induce collagenase expression although
culture on anti-o5B; antibody- or fibronectin frag-
ment (containing the cell-binding domain)-
coated surfaces did. Induction was also seen
when the fibronectin fragments were presented
in a soluble form. It has been suggested that
since cells in suspension express high levels of
collagenase, harvesting the cells for the experi-
ment enhances collagenase expression, and that
the alternately spliced CS-1 domain, present in
intact fibronectin but not in the fibronectin frag-
ments, initiates signals which inhibit collage-
nase expression [Huhtala et al., 1995]. Possible
effects of cell shape were excluded by showing
that altering the substratum and the inducing
agent could result in increases in gene expres-
sion independently of cell shape changes [Werb
et al., 1989].

Melanoma cells have also been shown to up-
regulate metalloproteinase production in re-
sponse to antibody-mediated ligation of integrin
receptors. Treatment of the human melanoma
cell line A375M with different anti-«, B3 antibod-
ies (including antibodies with no affect on adhe-
sion), but not with anti-asf; antibodies, caused
an increase in the synthesis and secretion of the
72 kDa metalloproteinase (MMP-2) [Seftor et
al., 1992]. However, the highly invasive C8161
melanoma cell line, which expresses very little
a,PB3, was shown to upregulate 72 kDa metallo-
proteinase production in response to treatment
with anti-as8, antibodies [Seftor et al., 1993]. In
addition, human keratinocytes upregulate the
expression of the 92 kDa metalloproteinase
(MMP-9) after treatment with anti-p; antibod-
ies [Larjava et al., 1993]. Thus, it appears that
aggregation of different integrin receptors is
capable of inducing metalloproteinase expres-
sion, which is in some way dependent on the
integrin repertoire of the cell.

Culturing keratinocytes on collagen gels (Vit-
rogen) was associated with increased synthesis
and release of interstitial collagenase (MMP-1)
compared to cells grown on plastic, gelatin, or
Matrigel (which contains type IV collagen) [Sud-
beck et al., 1993]. Treatment of cells on collagen
gels with either tyrosine phosphorylation inhibi-
tors or with PKC inhibitors abolished collage-
nase upregulation. PKA, PKG, G-protein, or
PGE synthesis inhibitors had no effect, suggest-
ing that this response was dependent on both
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tyrosine phosphorylation- and PKC-mediated
signal transduction pathways.

MATRIX-DEPENDENT DIFFERENTIATION
MODELS

The composition of the extracellular matrix
and its interaction with the cells of many devel-
oping tissues has been shown to strongly influ-
ence the differentiation of cells in those tissues.
Although a wide variety of tissue culture models
which demonstrate the involvement of extracel-
lular matrix in cell differentiation have been
described, two models are particularly instruc-
tive in understanding adhesion-dependent sig-
nal transduction: the mammary epithelial cell
and hepatocyte differentiation models.

Hepatocyte Differentiation Model

Isolation of hepatocytes from their normal
environment and their culture on plastic or col-
lagen, in the presence of growth factors, results
in dedifferentiation, characterized by a flattened
cell shape, an increase in cell proliferation, and
loss of most liver-specific markers [Dipersio et
al., 1991]. However, when these cells are cul-
tured for 2-3 days on extracellular matrix gels,
such as Vitrogen (collagen I) or Matrigel (base-
ment membrane extract), they assume their dif-
ferentiated morphology and express high levels
of liver-specific genes, including albumin. Over-
laying cells cultured on collagen with a thin
layer of Matrigel upregulate albumin produc-
tion without detectable changes in cell shape
suggesting that such changes are not a primary
regulator of gene expression [Caron, 1990]. A
conditionally transformed murine hepatocyte cell
line, H2.35, showed an increase in albumin gene
expression when cultured in a hormonally de-
fined serum-free medium on a collagen gel ma-
trix or Matrigel [Dipersio et al., 1991]. Under
these conditions activation of three transcrip-
tion factors, eE-TF, eG-TF/HNF3, and eH-TF,
are required to upregulate albumin gene tran-
scription [Liu et al., 1991]. The eE-TF and eH-TF
DNA-binding activities increased only when cells
were cultured on collagen gels in the hormonally
defined medium, but activation of eG-TF/HNF3
only required culturing cells on collagen gels.
Thus it appears that the interaction of hepato-
cytes with collagen gels initiates a signal trans-
duction pathway resulting in at least two sepa-
rate signals: one which acts in combination with
growth factor-dependent signals and a second

which acts alone to activate transcription factor
binding.

Mammary Epithelial Differentiation Model

Extracellular matrix also strongly influences
mammary epithelial cell differentiation in cul-
ture. When cultured on extracellular matrix gels
such as Matrigel or Vitrogen for 3—7 days in the
presence of prolactin, mouse mammary epithe-
lial cells form spheroids reminiscent of in vivo
alveoli and express various milk proteins (e.g.,
caseins, lactoferrin, and transferrin) [Streuli et
al., 1991]. As with the hepatocyte model, both
hormone and extracellular matrix signals are
required, and these signals may act through
different promoter elements [Schmidhauser et
al., 1992]. Epithelial cells imbedded as a single-
cell suspension in laminin-rich Matrigel were
able to synthesize B-casein [Streuli et al., 1991].
In contrast, cells suspended in a collagen I ma-
trix did not, unless accompanied by cell-cell con-
tact. Within the matrix, signals appeared to be
mediated through integrin receptors, since inclu-
sion of an anti-B; integrin antibody inhibited
B-casein production. Thus, since laminin and
collagen I can utilize different integrin recep-
tors, the difference in B-casein production could
be related to associations with different signal
transduction mechanisms (although a contribu-
tion from growth factors in the Matrigel cannot
be ruled out). Using a gel overlay system, it was
shown that B-casein production evolved over
3-5 days in cells that became rounded and clus-
tered and was associated with B, integrin aggre-
gation and elevated tyrosine phosphorylation of
a number of proteins [Roskelley et al., 1994].

SIGNAL TRANSDUCTION PATHWAYS
INITIATED AT INTEGRINS

Signalling Via Platelet oy, B;

Much work related to integrin-stimulated sig-
nal transduction has been conducted on plate-
lets [reviewed in Shattil et al., 1994]. Since the
platelet lacks a nucleus and therefore transcrip-
tional regulation, its ability to respond to envi-
ronmental cues is dependent on intracellular
signal transduction mechanisms. Platelet oyp,B4
usually exists as a low-aflinity receptor. Treat-
ment of the platelet with soluble agonists, such
as thrombin or ADP, initiates an intracellular
G-protein-dependent pathway (inside-out signai-
ing) which dramatically increases the affinity of
ampBs for fibrinogen [Clark et al., 1994b]. Vari-
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ous lines of evidence, including the finding that
some monoclonal antibodies are able to activate
ampPBs binding in the absence of soluble ligands,
and that ligand binding changes a5 suscepti-
bility to proteases, suggests that this activation
is based on changes in conformation [Huang et
al., 1993]. Fibrinogen binding may then cause
oligomerization of aj,Bs, and thereby promote
interactions between the B3 cytoplasmic domain
and cytoskeletal proteins such as a-actinin and
talin, resulting in reorganization of the cytoskel-
eton. These changes are also associated with the
clustering and activation of various protein tyro-
sine kinases leading to a first wave of tyrosine
phosphorylation of proteins including Syk and a
140 kDa protein [Clark et al., 1994b]. Aggrega-
tion of activated and stirred platelets leads to
additional reorganization of the cytoskeleton and
probably recruitment of additional tyrosine ki-
nases into a focal contact-like structure which
includes vinculin, a-actinin, talin, spectrin, phos-
phoinositol 3-kinase, GAP, and PKC [Shattil et
al., 1994]. Several protein tyrosine kinases such
as Sre, Yes, and FAK also associate with these
clusters and are activated in a second round of
tyrosine phosphorylation [Lipfert et al., 1992].
Since early tyrosine phosphorylation precedes
aggregation and subsequent phosphorylation of
Src and FAK, it has been suggested that the
composition of the cytoskeleton dictates a hierar-
chy of signaling events during platelet activa-
tion [Shattil et al., 1994]. This hypothesis is
supported by the observation that fibrinogen
binding, in the absence of agonist stimulation,
leads to the phosphorylation of Syk but is not
sufficient for Src¢c or FAK phosphorylation
[Huang et al., 1993]. Phosphorylation of FAK
requires additional, coordinated activation sig-
nals from both the integrin-dependent and the
agonist-activated PKC and Ca?* influx path-
ways [Shattil et al., 1994].

AGGREGATION OF SIGNALING COMPLEXES
AND TYROSINE PHOSPHORYLATION

As discussed for several of the above models,
signal transduction mechanisms originating
from integrin receptors involve a number of
different signal transduction pathways, includ-
ing tyrosine kinase and PKC pathways. Since
the cytoplasmic domains of integrins do not
possess enzymatic activity, the ability of inte-
grins to initiate signals must depend on re-
cruited signal transduction molecules. Thus,
molecules that accumulate with integrins under

conditions sufficient for signal transduction
probably include the molecules that enzymati-
cally translate the signal. Areas of integrin clus-
tering on the cell surface where cell-substratum
adhesion occurs often involve structures termed
focal adhesions or focal contacts which are very
complex collections of molecules [reviewed in
Burridge et al., 1988]. The focal contact appears
to play an important structural role in the main-
tenance of strong cell/substrate adhesions and
in the promotion of cell spreading, and thus
interactions between the integrin cytoplasmic
domains at these sites and a large number of
cytoskeletal components are not surprising (Fig.
2). At least two of these cytoskeletal proteins,
talin [Tapley et al., 1989] and a-actinin [Otey et
al.,, 1990] appear to be capable of interacting
directly with the B, cytoplasmic domain. Talin
and a-actinin bind zyxin, paxillin, and vinculin,
which in turn, bind tensin [Burridge et al., 19881.
Tensin and a-actinin bind actin filaments, thus
linking the cell surface integrin to the actin
cytoskeleton. However, it is important to empha-
size that there are several types of cell adhesive
contacts with extracellular matrix molecules,
and that the cytoskeletal associations in each
still require more characterization. For ex-
ample, cells can adhere to even simple sub-
strates such as fibronectin by means of at least
three types of contact: focal contacts, matrix
contacts (also termed ECM contacts), and close
contacts [Chen and Singer, 1982]. These con-
tacts all involve integrin interactions with fibro-
nectin, although the matrix contacts involve the
binding of integrins to fibronectin fibrils. The
types of cytoskeletal molecules involved and the
sequence in which they bind to integrin cytoplas-
mic domains in each type of contact are still
obscure. For example, even though tensin is
sometimes depicted at the end of the chain of
interactions ending in actin filaments, it may
also initiate the chain, since tensin is the only
cytoskeletal protein that accumulates when B,
integrin is aggregated, in the absence of ligand
occupation [Miyamoto et al., 1995].

Molecules involved in mediating signal trans-
duction must also have their activities changed
in response to integrin-dependent signal initia-
tion. Integrin-mediated cell adhesion to extracel-
lular matrix components or aggregation of inte-
grin receptors by specific anti-integrin antibodies
has been shown to induce phosphorylation on
tyrosine residues of a number of proteins [Korn-
berg et al., 1991]. In particular, one of these
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Integrin/cytoskeletal interactions

zyxin
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GRB2
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Pl-3-kinase

Fig. 2. Interactions between various cytoplasmic components
of the focal contact as determined from in vitro binding data.
Arrows indicate direct interactions proposed between the vari-
ous components.

proteins, focal adhesion kinase (FAK or
ppl125F4K)  is phosphorylated rapidly and local-
izes to focal adhesions {Guan et al., 1991; Korn-
berg et al., 1992]. The mechanism by which
integrin activation induces FAK phosphoryla-
tion is unknown, but evidence supporting direct
binding of FAK to the B; cytoplasmic domain
[Hildebrand et al., 1993] suggests that changes
in integrin aggregation and/or conformation al-
ters FAK or its environment promoting auto-
phosphorylation [Parsons et al., 1994]. Simply
clustering integrins with non-inhibitory antibod-
ies, in the absence of ligand-occupation (and
thus presumably without ligand-induced confor-
mational changes) is sufficient to induce FAK
phosphorylation [Miyamoto et al., 1995]. Thus,
simply increasing the local concentration of FAK,
and associated molecules, can promote autophos-
phorylation. This is apparently different from
the situation in platelets where FAK phosphory-
lation also requires PKC and Ca2*-mediated sig-
nals [Shattil et al., 1994]. Several other cytoplas-
mic proteins found in focal adhesions, such as
paxillin, talin, vinculin, and tensin, are also tyro-
sine phosphorylated, although specific informa-
tion concerning the enzymes that mediate these

phosphorylations are currently unknown [Burr-
idge et al., 1992].

The separate roles of integrin-ligand binding
and integrin aggregation have been examined by
measuring the accumulation of various cytoskel-
etal and cytoplasmic proteins at sites of cell
contact with beads coated with anti-integrin an-
tibodies or fibronectin [Miyamoto et al., 1995].
Aggregation of asB; in the absence of ligand
occupation, induced by beads coated with a non-
inhibitory anti-integrin antibody, results in co-
clustering of asB, with FAK and tensin. Under
these conditions, FAK autophosphorylation is
concomitant with clustering. When integrins are
similarly clustered in the presence of soluble
ligand, or with antifunctional integrin antibod-
ies, asP; coaggregates with phosphorylated FAK|
tensin, vinculin, paxillin, a-actinin, talin, and
actin. This result suggests that o583, can exist on
the cell surface in association with FAK and
tensin (or that association is rapidly induced)
and that ligand occupation alters integrin confor-
mation to permit accumulation of additional
cytoskeletal components. Since a-actinin and
talin can bind directly to the B, integrin cytoplas-
mic domain, ligand occupation must expose their
binding sites. However, this accumulation of
cytoskeletal components does not follow from
FAK phosphorylation, since FAK autophos-
phorylation can occur without triggering cyto-
skeletal accumulation.

If these events originate from integrin signal-
ing, then sequences in the B, cytoplasmic do-
main should be required for cytoskeletal reorga-
nization and changes in FAK phosphorylation.
Experiments utilizing a chimeric receptor com-
posed of the cytoplasmic domain of the B, inte-
grin and the extracellular domain of a non-
signaling IL-2 receptor subunit show that
aggregation of isolated B; cytoplasmic domains
is sufficient to induce phosphorylation of FAK
[Akiyama et al., 1994]. The B, cytoplasmic do-
main has been shown to contain all of the infor-
mation needed to target the receptor to focal
adhesions, suggesting that it mimics the confor-
mation of ligand-occupied integrin and its abil-
ity to bind cytoplasmic components [LaFlamme
et al., 1994]. Mutational studies have also shown
that the sequences which localize 8; to focal
contacts are required for FAK phosphorylation
[Guan et al., 1991]. Some experimental models
suggest that phosphorylation of integrin sub-
units is involved in focal contact interactions
and signal transduction. In particular, cell trans-
formation by v-Src causes increased tyrosine
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phosphorylation of a small proportion of B, cyto-
plasmic domains, along with the phosphoryla-
tion of several cytoskeletal components, causing
disorganization of the cytoskeleton, a relocaliza-
tion of phosphorylation 8;, and a decrease in
cell/substratum adhesion [Johansson et al.,
1994]. However, conflicting evidence also exists
[reviewed in Hemler et al., 1994], and general
principles regarding integrin phosphorylation
and signal transduction are inconclusive at pre-
sent.

Much attention has focused on the SH2 and
SH3 domains found in many phosphorylated
focal contact proteins [Cantley and Songyang,
1994; Cohen et al., 1995]. These domains medi-
ate the molecule-molecule interactions found
among many components of the focal contact,
and their affinities are modulated by phosphory-
lation. For example, phosphorylated paxillin is
able to bind to several potential signalling mol-
ecules, such as the phosphotyrosine kinase Src
through its SH3 domain [Weng et al., 1993], and
to Csk (a kinase that phosphorylates and nega-
tively regulates Src) through its SH2 domain
[Sabe et al., 1994]. GRB2, an SH2-containing
adapter protein, has been shown to bind to both
phosphorylated FAK and to ¢-Sre, resulting in
the activation of MAP kinase [Schlaepfer et al.,
1994]. In v-Src transfected cells, phosphory-
lated FAK binds to the Src¢ SH2 domain [Xing et
al., 1994] and the FAK/Src/GRB2/Sos signal-
ing complex exists independent of cell adhesion
[Schlaepfer et al., 1994]. These results suggest
that FAK autophosphorylation and paxillin phos-
phorylation in response to integrin-mediated sig-
nals initiate binding to other intracellular signal-
ing molecules that mediate interactions between
integrins and Ras/MAP kinase signal transduc-
tion pathways. The role of cytoskeletal assembly
is unclear, since conditions where FAK is phos-
phorylated in the absence of cytoskeletal accumu-
lation have been described [Miyamoto et al.,
1995]. Nevertheless, disruption of actin integ-
rity by cytochlasin D inhibits FAK phosphoryla-
tion [Parsons et al., 1994]. The apparent ability
of cells to form functional signaling complexes
in the absence of major cytoskeletal involve-
ment suggests that integrins have two general
cytoplasmic functions: (1) cytoskeletal organiza-
tion, which is important in various structural
responses to adhesion and in migration, and (2)
tyrosine kinase signal transduction in response
to extracellular matrix signals; these two func-
tions are experimentally separable (Fig. 3).

PROTEIN KINASE C

PKC type 3 has been localized to focal adhe-
sions in some cell types and is associated with
changes in actin microfilament organization
[Jaken et al., 1989]. This suggests a possible
involvement in signal transduction. Various com-
ponents of focal contacts are known to be sub-
strates for PKC [Burridge et al., 1988]. Further,
as previously discussed, PKC inhibitors block
the secretion of collagenase by keratinocytes
cultured on type I collagen gels [Sudbeck et al.,
1993]. In a number of instances where extracel-
lular matrix proteins regulate cellular function,
exogenous activation of PKC can replace the
requirement for adhesion. For example, exten-
sion of neurites on low concentrations of lami-
nin is inhibited by PKC inhibitors and can be
induced to the same level as seen on high concen-
trations of laminin by PKC activators [Bixby
and Jhabvala, 1990]. Some normal fibroblasts
attach to and spread on the cell-binding domain
of fibronectin, but do not assemble focal con-
tacts efficiently unless they interact with the
heparin-binding domain of fibronectin. This re-
quirement for the heparin-binding domain can
be overcome by treatment with phorbol esters,
suggesting that a second signal is mediated via
PKC [Woods and Couchman, 1992]. PKC is also
required for HeLa cell spreading. In this system,
adhesion of HeLa cells to collagen or gelatin
induces rapid release of arachidonic acid, produc-
tion of diacylglycerol, and translocation of PKC
to the plasma membrane before cell spreading
can occur [Chun and Jacobson, 1993]. Inhibi-
tion of arachidonic acid metabolism or release,
or of diacylglycerol synthesis can inhibit cell
spreading; this inhibition can also be overcome
by phorbol ester treatment.

G-PROTEIN SIGNALING

Integrin-dependent adhesion also appears to
modulate G-protein-dependent signal transduc-
tion events, since adhesion is shown to alter the
actin cytoskeleton, and the actin skeleton is
regulated by small GTP-binding proteins, such
as Rac and Rho [reviewed in Hall, 1994]. Once
activated, Rho and Rac promote the formation
of actin assembly nucleation sites at the plasma
membrane. Although the mechanisms by which
Rho controls the assembly of functional actin-
and integrin-containing complexes is unknown,
it seems to promote numerous molecular inter-
actions. It has also been shown that a G protein
75 subunit is found in focal adhesions of many
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Fig. 3. Integrin-dependent signal transduction pathways. This
model shows a number of different signal transduction path-
ways proposed to result from integrin binding to ligand and
subsequent aggregation ending in upregulated gene transcrip-

different cell types [Hansen et al., 1994]. Anti-
body staining is extracted with Triton X-100,
suggesting that it localizes to the plasma mem-
brane, and staining completely overlaps with
vinculin and to some extent with actin. The
localization of a G protein subunit to focal adhe-
sions supports the idea that focal adhesions may
be a site where G-protein and extracellular ma-
trix protein-dependent signalling pathways con-
verge to regulate cell adhesion and growth.

tion (A). The model emphasizes a divergence in integrin interac-
tions with a cytoskeletal complex (B) and with a signaling
complex (C).

There is also a complex interrelationship be-
tween the tyrosine kinase signalling pathways
and G-proteins. The tyrosine kinase-dependent
SH2/SH3 signaling complex includes Sos, a Ras
guanine nucleotide exchange factor, which leads
to activation of the MAP kinase signal transduc-
tion pathway [Hall, 1994]. In addition, G protein-
coupled receptors, including Rho which are acti-
vated by bombesin treatment, can rapidly induce
the tyrosine phosphorylation of several proteins
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including FAK [Sinnett-Smith et al., 1993; Seckl
et al., 1995], suggesting a potential involvement
for G-proteins in tyrosine phosphorylation sig-
nals.

INOSITOL LIPID METABOLISM

Adhesion of cells to the extracellular matrix
has been correlated with an increase in the
levels of intracellular water-soluble inositol phos-
phates, possibly in response to phospholipase C
activation [Cybulsky et al., 1990]. Inositol lipid
metabolism is impaired in suspended cells; spe-
cifically, inositol bis phosphate (PIP,) levels are
much lower, and adhesion of cells to fibronectin
rapidly induces synthesis and accumulation of
PIP, [McNamee et al., 1993]. PDGF treatment
of these adherent cells, but not suspended cells,
induces release of phosphoinositides from PIP,
hydrolysis. PIP, hydrolysis results in IP; and
diacylglycerol release, which in turn results in
release of Ca?* from intracellular stores and
PKC activation. This system may be another
example of a signal transduction pathway where
growth factor and integrin-mediated signals in-
teract. Integrins prime the system by increasing
PIP, levels and growth factors trigger the sys-
tem by inducing hydrolysis of the PIP; to active
metabolites.

ACTIVATION OF 10N CHANNELS

Cell adhesion and spreading that is mediated
by integrins can result in alterations in intracel-
lular Ca2?*, and sometimes in oscillations in intra-
cellular Ca2* concentration [Schwartz et al.,
1993a]. In endothelial cells, triggering of the
a,Bs integrin generates a rise in intracellular
Ca2* while triggering through «ayf; did not
[Schwartz, 1993]. Monoclonal antibodies against
a 50 kDa integrin-associated protein (IAP) block
this calcium influx [Schwartz et al., 1993]. In
addition, migration of endothelial cells on vitro-
nectin but not collagen was dependent on the
presence of extracellular calcium [Schwartz,
1993]. This requirement for calcium may be to
activate the phosphatase calcineurin, which de-
phosphorylates a number of proteins, which then
leads to deadhesion [Hendey et al., 1992]. Thus,
integrin-dependent changes in intracellular Ca2+
seem to be specific for a particular integrin («,B3)
in some cells.

Integrin-dependent cell spreading or antibody-
induced clustering of integrins activates the
Na+/H~* antiporter, producing an elevation of
intracellular pH [Schwartz et al., 1991]. How-
ever, unlike the changes in Ca?*, all of the

integrins tested were capable of altering intracel-
lular pH. These effects are dependent on inte-
grin clustering and immobilization but appear
to be independent of changes in cell shape. It has
been suggested that this increase in pH could be
involved in regulation of cellular growth, but
induction of pH; by fibronectin-coated beads did
not induce DNA synthesis. Thus, this system
seems to lack the specificity expected of a bona
fide signalling pathway. However, changes in
pH induced by integrin “activation” is required
as one of a number of different signals to stimu-
late a cellular response.

CONCLUSIONS

Integrin-dependent signal transduction is very
complex. A wide variety of transduction path-
ways have been implicated. However, since many
of these pathways appear to interact, the critical
steps have not been clearly identified. To further
complicate matters, different integrins may
somehow induce different signaling pathways,
and signaling through the same integrin ex-
pressed in different cells may be different. FAK
activation appears to be a critical event in inte-
grin signaling by tyrosine phosphorylation, but
monocytes, which also signal by tyrosine phos-
phorylation, do not contain FAK [Shaw et al.,
1990]. Much of the current work focuses on
signal transduction pathways identified in
growth factor and cytokine-activated pathways.
However, the ability of integrin-mediated down-
stream events to synergize with cytokine and
growth factor signals suggests at least some
divergence in these pathways.

A general model for integrin-dependent signal-
ing can be abstracted from these data. First,
ligand occupation and aggregation of integrins
result in the phosphorylation of FAK which
could then help to recruit a signal transduction
complex via SH2/SH3 domain interactions. The
signaling complex includes both tyrosine kinase
and G-protein signaling molecules similar to the
molecules activated in response to growth factor
treatment. Integrin occupation also results in
enhanced PIP, levels, increased cytoplasmic
Ca?*, and cytoplasmic alkalinization. Together
these, and perhaps other signals, activate tran-
scription factors that promote transcription of
specific genes. Challenges for the future include
tracing the steps for a complete signaling path-
way, from integrin ligation to gene induction, as
well as sorting out the interactions between
signal transduction pathways. In addition, it
will be interesting to learn how different cell and
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tissue types modify these signaling pathways to
mediate specific cellular functions in cell adhe-
sion, migration, and gene expression in cell
growth and differentiation.
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