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Integrin signaling and cell growth control
Alan Howe, Andrew E Aplin, Suresh K Alahari and RL Juliano

Integrins contribute to cell growth by providing a physical
linkage between cytoskeletal structures and the extracellular
matrix, and also by participating in various signal transduction
processes. The interaction of integrins with matrix ligands
can generate signals in and of itself, and can also modulate
signals instigated by soluble factors such as peptide
mitogens. Cellular events affected by integrin-mediated
signaling include motility, cell division, differentiation and
programmed cell death. Elucidation of how integrin-mediated
cell adhesion controls cell growth is likely to be of
fundamental importance in understanding complex biological
processes, such as tissue morphogenesis and tumor
progression.
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Abbreviations
CDK cyclin-dependent kinase

ECM extracellular matrix

EGF epidermal growth factor

FAK focal adhesion kinase

ILK integin-linked kinase

JNK c-Jun amino-terminal kinase
MAPK  mitogen-activated protein kinase

MEK MAPK kinase

PDGF  platelet-derived growth factor
Pl 3-K  phosphoinositide 3-OH kinase
PIP, phosphatidyl-4,5-bisphosphate
Rb retinoblasoma

RTK receptor tyrosine kinase
Introduction

The integrin family of cell surface receptors has long
been known to have an essential role in the physical
aspects of cell adhesion: they are the principal receptors
for extracellular matrix (ECM) proteins and serve as
transmembrane bridges between the ECM and actin-con-
taining filaments of the cytoskeleton. The organization
of integrin-associated actin structures is regulated by
complex mechanisms governed by members of the Rho
family of Ras-related G'TPases. Indeed, the very ability of
integrins to bind ECM ligands is also regulated by Rho
and Ras family members, as well as by other proteins
found within the membrane, within the cytoskeleton,
or in direct association with the integrins themselves.
Coordinate regulation of integrin-binding affinity and actin
filament dynamics is of fundamental importance not only
to cell adhesion, but to overall cellular architecture and cell
motility, and to integrin-related signaling events as well.

The field of adhesion research has been energized recently
by the realization that integrins and other adhesion re-
ceptors such as cadherins, selectins and immunoglobulin-
family receptors, have a vital role in signal transduction
processes. Integrin-mediated signaling can be roughly
divided into two descriptive categories. The first is ‘direct
signaling’, in which ligation and clustering of integrins
is the only extracellular stimulus. Thus, adhesion to
ECM proteins can activate cytoplasmic tyrosine kinases
(e.g. focal adhesion kinase [FAK]) and serine/threonine
kinases (such as those in the mitogen-activated protein
kinase [MAPK] cascade), induce ionic transients (e.g.
Ca2+, Na+*/H+), and stimulate lipid metabolism (e.g.
phosphatidylinositol-4,5-bisphosphate (PIP;) synthesis).
Although many such direct signaling events have been
described [1°], the mechanisms underlying these events,
as well as their biological role, have not been fully
resolved. The second category of integrin signaling is
‘collaborative signaling’, in which integrin-mediated cell
adhesion modulates signaling events initiated through
other types of receptors, particularly receptor tyrosine
kinases (RTKs) that are activated by polypeptide growth
factors. Several potential mechanisms for integrin regula-
tion of growth factor signaling have emerged recently, with
the locus of regulation placed either at the level of RTK
activation or within the downstream signaling cascade. In
all cases, however, integrin-mediated adhesion seems to be
required for efficient transduction of signals with origins at
the cell surface and targets in the cytosol or nucleus.

Integrin-mediated cell adhesion impacts on two key
aspects of growth regulation. First, integrin-mediated
adhesion can influence the activity of the basal cell-cycle
machinery, consisting of various cyclin-dependent kinase
(CDK) complexes. Second, integrin-mediated anchorage is
also a key regulator of apoptosis. This last aspect has been
covered in detail recently in this series [2°], but will be
revisited briefly here. Presumably, the integrin signaling
events mentioned above are implicated in anchorage
regulation of the cell cycle and of apoptosis; however, the
mechanistic linkages are just beginning to emerge.

Regulation of integrin-cytoskeletal complexes
Integrin signaling and signal modulation involves the
productive engagement of integrins with their ECM
ligands, lateral clustering of integrins in the plane of
the membrane, and the formation of organized com-
plexes between integrins and cytoskeletal proteins. Quite
often, the connection between integrins and the actin
cytoskeleton occurs in structures known as focal adhesions,
which contain a complex mixture of structural and
signaling proteins [3*]. Thus, an important consideration in
understanding integrin signaling is the process underlying
the formation of integrin—cytoskeletal complexes.



Like many other receptors, integrins can exist in various
states of ligand-binding ability. Modulation of the strength
of integrin—ligand interactions can occur through regulat-
ing the binding activity of individual integrins (affinity
modulation or integrin ‘activation’) as well as through
integrin clustering (avidity modulation). Integrin-binding
affinity is controlled by biochemical events within the
cell, including the activity of small GTPases of the Rho
and Ras families (Figure 1). For example, transfection
with a constitutively active form of R-Ras increases
the binding affinity of the integrins avf3, a4f1, and
a5B1 [4°]. In contrast, transfection of activated H-Ras,
or of its downstream kinase Raf-1, inhibits the ability
of co-expressed alIbB3 to become activated [5°*]. In
another example, B1 and B2 integrin-mediated adhesion
in lymphoid cells seems to be regulated via the Rho
GTPase [6], although it is not clear if changes in
affinity or in avidity are involved. Recently, Keely e7 a/.
[7°] have reported that activated forms of Rac and
Cdc42 dramatically increase the a2B1-mediated motility
and invasiveness of breast epithelial cells in a manner
dependent on phosphoinositide 3-OH kinase (PI 3-K),
implicating these additional Rho family members as
regulators or mediators of integrin activities.

Another important set of regulators of integrin function
is comprised of a variety of proteins that bind directly to
integrin cytoplasmic or extracellular domains. Several of
these molecules can modulate integrin affinity and/or inte-
grin interaction with the cytoskeleton (Table 1). For exam-
ple, overexpression of cytohesin-1, a B2-subunit-binding
protein, can enhance a2 binding to its ligand, ICAM-1
[8°], while the B-subunit-binding integrin-linked kinase
(ILK) is likely to negatively regulate integrin—cytoskeletal
association [9°]. An O-subunit-binding protein, calretic-
ulin, was recently shown to be essential for effective
integrin-mediated cell adhesion [10°], and may act by
modulating an integrin-triggered influx of extracellular
Ca?+ and subsequent CaZ+-dependent cytoskeletal events
(see Figure 1). In addition to interactions occurring within
the cytoplasm, it is also clear that integrin functions
can be modulated by proteins that interact with integrin
extracellular and/or transmembrane domains (Table 1);
this is likely to be a topic of increasing importance. At this
point it is not known whether there are any links between
the effects of the various integrin-binding proteins and
Rho/Ras mediated regulation of integrin affinity and/or
avidity. However, it is interesting to note that cytohesin-1
seems to be a nucleotide exchange factor [11].

A major aspect of the function of Rho family G'TPases
involves working with integrins to regulate the assembly
of actin-containing cytoskeletal structures, with Cdc42,
Rac, and Rho controlling the formation of filopodia,
lamellipodia, and stress fibers and focal adhesions, re-
spectively [12°]. The assembly of mature focal adhesions
and fully developed stress fibers requires both Rho
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GTPases (in part, for generation of contractility) and
integrin-mediated anchorage (for counter-tension) (see
below and Figure 1). However, a certain amount of
actin organization can occur independently of integrin-
mediated attachment; specifically, Rac can polymerize
actin in lamellipodia and Rho can induce actinomyosin
bundles in the cytoplasm in the absence of integrin
engagement [13]. An important aspect of Rho-mediated
cytoskeletal organization has come from studies involving
Rho-kinase, a Rho-responsive serine/threonine kinase that
phosphorylates and inactivates the myosin light chain
phosphatase (MLCP), and also directly phosphorylates
the myosin light chain [14°] (see Figure 1). Enhanced
light-chain phosphorylation leads to activation of myosin
ATPase activity and actinomyosin contractility. It has
been proposed that this contractility generates tension
which contributes to stress fiber formation and induces
aggregation of integrins into focal adhesion structures [3°],
thus providing a neat synthesis of current structural and
biochemical observations concerning assembly of these
structures.

In addition to their roles in assembly of actin cytoskeletal
structures, Rho family members can stimulate signal
transduction cascades leading to activation of transcription
factors such as ATF2, c-Jun, SRF, and Elk [14°]. Interest-
ingly, experiments using effector domain mutants of Rac
and Cdc42 that differentially alter their interaction with
various downstream effectors have shown that activation
of the cascade(s) leading to transcriptional activation is
not essential for mitogenesis and transformation [15,16].
"This might suggest that it is the ability of Rho family
proteins to work with integrins to assemble cytoskeletal
complexes that is most important for their function in
cell growth and transformation. Realistically, however, the
correlation between Rho family cytoskeletal reorganization
and transforming ability is less than perfect [14°].

In summary, the organization and function of integrin-me-
diated adhesion sites and actin-based cytoskeletal assem-
blies involves a complicated interplay between multiple
structural and regulatory proteins (Figure 1). This includes
Rho and Ras family G'TPases, proteins that bind directly
to integrins, the structural elements of focal contacts
such as talin and vinculin, as well as the components
of the actinomyosin contractile machinery. Given the
complex skein of events linking integrins, Rho-family
molecules, and the actinomyosin-based cytoskeleton, it
seems reasonable to ask whether integrin ligation and/or
clustering can affect the activation state of Rho GTPases.
Evidence for this has been elusive; however, work in
progress suggests that Cdc42 may be activated through
integrins (M Schwartz, personal communication). This
would provide a satisfying closure of the loop between the
key players involved in integrin activation, adhesion and
cytoskeletal assembly.
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Regulation of integrin—cytoskeletal complexes. In this figure activated integrins are depicted with a ‘lightning bolt’ like structure. Integrin affinity
and avidity are regulated, in part, by proteins that interact directly with integrin cytoplasmic domains, such as cytohesin-1 and 3-endonexin.
Some integrin-binding proteins, (e.g. calreticulin, ILK) may exert their effects by modulating adhesion-triggered events that impinge upon
integrin—cytoskeletal interactions (such as Ca2+ influx). Biochemical pathways involving various members of the Ras superfamily of GTPases also
regulate integrin affinity. For example, both R-Ras- and Rho-mediated pathways have been implicated in integrin activation, while activity of H-Ras
(and its downstream effector Raf) can oppose integrin activation. However, the various mechanisms involved are not fully understood. The Rho
GTPase is of particular importance in the formation of higher-order integrin—cytoskeletal structures,such as focal adhesions and stress fibers,
and thus is likely to function through avidity modulation. An important effector for Rho in this regard is Pl 5-kinase, the principal mediator of PIP,
synthesis. PIP; binding is a regulatory mechanism common to several proteins involved in assembly of the actin cytoskeleton and associated
structures, including vinculin, a-actinin, gelsolin, and profilin. Another important mechanism in Rho-mediated formation of integrin-associated
structures is the generation of tension through actinomyosin-based contractility, which is accomplished through the activity of Rho kinase. Rho
kinase phosphorylates and inactivates myosin light chain phosphatase (MLCP), and also directly phosphorylates the myosin light chain at the
same site targeted by myosin light chain kinase (MLCK). The net result is hyperphosphorylation of the myosin light chain (MLC) which stimulates
its myosin ATPase activity, leading to actinomyosin contractility and formation of focal adhesions and stress fibers. Recently, MAPK activity was
shown to phosphorylate and activate MLCK, raising the intriguing possibility that Rho- and MAPK-mediated signals may cooperate to stimulate
contractility. The ability of Rho, as well as Rac, to instigate actin reorganization also appears to involve moesin and possibly other members of
the ezrin/radixin/moesin (ERM) family of proteins [82°]. ERM proteins mediate the attachment of actin microfilaments to transmembrane proteins
including CD44 and ICAMs [83]. Communication between ERM proteins and Rho may occur through Pl 5-kinase, as PIPy-binding by ERM
proteins regulates ERM—actin interaction, placing ERMs downstream of Rho. However, ERMs may also lie upstream of Rho, as radixin and
other ERMs bind the Rho GDP-dissociation inhibitor (RhoGDI), precluding its association with Rho, which in turn allows for Rho GTP loading
and activation [84]. This illustrates what is emerging as an important aspect of integrin function, namely the interaction/communication between
integrins and other cell surface adhesion receptors.

Integrin-mediated activation of the MAPK while the second is activation of the MAPK cascade.
cascade The autophosphorylation of FAK was among the first
Two sets of direct integrin-mediated signaling events integrin-mediated signaling event to be identified. Over
have attracted a great deal of attention recently; the  the last few years we have learned a good deal about
first is activation of the cytoplasmic tyrosine kinase FAK,  FAK, its protein binding partners, and its relationship
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Integrin-binding proteins.

Binding target Binding protein Characteristics Function Reference
3 subunits

B2 Cytohesin-1 PH- and SEC7 domains Enhances alL32 [8°]

binding to ICAM-1

B3 Endonexin Small cytoplasmic protein Affinity modulation [85]

B4 p27BBP Intermediate filament association ? [86°]

B ILK-1 Serine-threonine kinase Negatively modulates [9]

integrin—cytoskeleton
interactions?
B ICAP1 Phosphoprotein Affinity modulation? Integrin— [87]
cytoskeleton modulation?

B CDho8 Transmembrane protein Affinity modulation [88]
o subunits

Multiple as Calreticulin Calcium regulatory protein Modulates integrin-triggered [10°]

Ca2t influx and Ca2+-
dependent cytoskeletal events
allb CiB Similarities to calmodulin Affinity modulation? [89]
and calcineurin

Trans- T™4 Four membrane- Signal transduction? [90]

membrane proteins spanning helices

domain

to Src-family kinases [17°]. It is apparent that FAK,
Src, and the adaptor proteins p130CAS and paxillin form
a distinct quaternary signaling and structural unit at
cell adhesion sites whose assembly is normally initiated
by autophosphorylation of FAK [17°,18]. However, the
biological role of FAK remains elusive. At one point
FAK activation was thought to be important in focal
contact assembly; however, the advent of FAK—- cells
with relatively normal focal contacts [19°], as well as other
observations [20,21] suggests a limited role for FAK in
stress fiber and focal contact assembly. Instead, it seems
likely that FAK and its associated proteins have a key role
in cytoskeletal turnover and cell motility [22,23], and may
also be important mediators of cell survival (see below).

The clustering of integrins, caused either by antibodies
or by adhesion to substratum-bound ECM ligands, leads
to the activation of elements of the MAPK cascade.
However, the mechanistic basis of integrin-mediated
MAPK activation is uncertain, with three models currently
vying for support. The first model posits a close parallel
with the mechanism used by many growth factors to
activate MAPK. In this model FAK would substitute
for the growth factor RTK; thus the pathway would
proceed from FAK, to SH2-domain adaptor proteins,
to guanine nucleotide exchange factors, to Ras, and
thence to the downstream kinase cascade of Raf-1,
MEK, and MAPK (Figure 2a). There is a good deal
of evidence in support of a key role for FAK in
integrin-mediated MAPK activation. Adhesion-mediated
autophosphorylation of FAK leads to Src recruitment,
further tyrosine phosphorylation of FAK, and of p130CGAS
and the binding of SH2-domain proteins including Shc

and the Grb2/Sos adaptor protein-exchange factor complex
[24°,25-27]. The formation of the FAK/Src/CAS/Grb2
assembly suggests the possibility of futher signaling to
MAPK. In addition, one study showed that overexpression
of FAK led to a Src- and Ras-dependent activation of
MAPK [25]. However, a number of other studies militate
against a direct involvement of FAK in integrin-mediated
MAPK activation. Thus, overexpression of a constitutively
activated form of FAK in epithelial cells failed to activate
MAPK [28°], while overexpression of a dominant-negative
form of FAK in fibroblasts blocked FAK activation, but
failed to block MAPK activation [29°]. One concern with
all of these studies is whether significant overexpression
of a putative signaling protein can give a quantitatively
inaccurate impression of its true physiological role.

Another study also argues against a role for FAK in
MAPK activation, and instead suggests a novel alternative
mechanism for integrin signaling (Figure 2b). Thus, the
work by Wary ¢z a/. [30°°] delineated a pathway leading
from integrins, to the SH2- and P'TB(phosphotyrosine
binding)-domain-containing adaptor protein Shc, to nu-
cleotide exchange factors and Ras, and thence to the
downstream kinases of the MAPK cascade. There is
no evident role for FAK in this proposed pathway. An
important aspect of this work is the suggestion that
integrins signal via an interaction of the external and
transmembrane domains of their o subunits with the
membrane protein caveolin, which in turn interacts with
She. This is quite distinct from other models where
the cytoplasmic tails of integrins are postulated to have
a key role in signaling. Interestingly, a recent report
has linked caveolin overexpression to an abrogation of
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Mechanisms of integrin-mediated activation of the MAPK cascade. Evidence suggests at least three mechanisms through which
integrin-mediated cell adhesion can trigger MAPK activation. The mechanism depicted in (a) involves an approximate recapitulation of

growth factor/RTK signaling, with FAK acting as a surrogate tyrosine kinase domain. In this model, integrin engagement leads to FAK
autophosphorylation on Tyr397, generating a binding site for the SH2 domain of Src. Src then phosphorylates FAK at several positions including
Tyr925, which serves as a point of purchase for SH2-containing adaptor proteins such as Grb2. Binding of Grb2 to FAK results in membrane
localization of Sos, a guanine nucleotide exchange factor, which in turn promotes GTP loading and activation of Ras. Activated Ras binds Raf
and localizes it to the membrane, where it is activated by a complex and poorly understood mechanism. Once activated, Raf phosphorylates
and activates the kinase MEK, which then does the same to MAPK. However, substantial evidence indicates that integrin-mediated MAPK
activation can occur independently of FAK. (b) One mechanism for FAK-independent activation of MAPK by integrins involves the interaction
of integrin o subunits with the membrane protein caveolin (Cav). Interestingly, this interaction involves the transmembrane and extracellular
juxtamembrane domains, rather than the cytoplasmic domain, of the o subunit. The Shc adaptor protein associates, perhaps indirectly, with
caveolin, and is tyrosine phosphorylated and recruited into integrin-associated complexes. Tyrosine-phosphorylated Shc is then bound by

a Grb2-Sos complex, and activation of MAPK occurs through the canonical Ras-mediated pathway. (c) There is substantial evidence for
Ras-independent mechanisms for integrin-mediated MAPK activation. It is well established that membrane localization of Raf is important for

activation, but the membrane-associated component(s) responsible are as yet unidentified. Furthermore, it is also known that once activated, Raf
exists in a detergent—insoluble membrane/cytoskeletal complex. Although the mechanism of Ras-independent, integrin-mediated MAPK activation
is unclear, integrin-mediated cell adhesion may regulate the unknown, membrane-associated machinery responsible for Raf activation (X), simply

present Raf to that machinery, or may effect a distinct signaling event (Y) that leads to Raf activation.

anchorage-independent cell growth [31], lending further
support to a possible connection between integrins and
caveolin.

Both of the models described above include Ras as a
critical link between integrins and MAPK. This con-
nection has also been supported by other studies using
N17 Ras as a dominant negative to block adhesion
activation of MAPK [31,32°,33]. However, studies from
our laboratory, using the amino-terminal domain of Raf
as a powerful and specific dominant-negative inhibitor of
Ras signaling, indicate the existence of a Ras-independent
component of integrin-mediated MAPK activation [34°].
Additional studies have shown that integrin-mediated
adhesion can activate versions of Raf-1 that have mutations
in their Ras-binding domain (A Howe and RL Juliano,
unpublished observations), further supporting the notion
of a Ras-independent aspect of integrin signaling. The
mechanism underlying the putative Ras-independent
integrin signaling pathway to MAPK is unclear. The
biochemistry of Raf activation is complex and not
fully understood [35°]; however, a key aspect of the

process is the Ras-mediated recruitment of Raf-1 to the
plasma membrane. Our observations suggest that some
component of the integrin—cytoskeletal complex found at
adhesion sites may be able to partially or fully substitute
for Ras in the recruitment of Raf-1 to the membrane
environment (Figure 2c¢).

In summary, the mechanistic basis for the commonly
observed integrin-mediated activation of MAPK is some-
what controversial at present. Some of the observational
differences may be due to the existence of several over-
lapping signaling pathways, with one pathway or another
predominating in a particular cell type or experimental
situation.

Perhaps even more important than the mechanistic
details of the integrin-MAPK direct signaling pathway is
consideration of its biological significance. To a substantial
degree, integrins trigger a set of downstream events (acti-
vation of Raf-1, MEK, MAPK) similar to those triggered by
peptide mitogens. However, integrin-mediated adhesion
itself does not result in mitogenesis (the key role of
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Integrin modulation of growth factor signaling. This figure depicts three mechanisms whereby integrin-mediated cell adhesion can affect signals
elicited by growth factor receptors. (a) Engagement of integrins can lead to a ligand-independent increase in RTK (e.g. PDGFB-R) tyrosine
phosphorylation; this is inhibited by cytochalasin D, suggesting that at least some level of cytoskeletal organization is required. Beyond this,
nothing is known about the mechanism underlying the effect. (b) Integrins can physically associate with growth factor receptors (evidenced

by co-immunoprecipitation and immunofluorescent co-localization), although the interaction (symbolized by the two-headed arrow) may

involve other proteins. (c) Integrins can modulate signaling effectors downstream of RTKs. In some cases, when cells are anchored to ECM
proteins, the signaling cascade instigated by peptide growth factors is unbroken between the RTK and MAPK. However, in non-adherent

cells, signal transmission is interrupted, with the breach occurring at the level of Raf or MEK. The mechanism by which integrin-mediated cell
adhesion permits efficient signal transduction is currently unclear, but may involve regulation of an anchorage-dependent co-activator (e.g. the
membrane-associated Raf activator [X]) or establishment of architectural scaffolds (Y,Z) which provide efficient spatial arrangement of signaling

components.

adhesion in collaborating with soluble growth factors will
be considered below). Within tissues, most cells have
their integrins continually engaged with the surrounding
ECM; thus major global changes in MAPK activity within
the cell due to integrins are unlikely. However, cells do
make and break adhesions with the ECM during cell
migration and tissue remodeling; thus local changes in
MAPK activity within the cytoplasm may be quite likely.
"This hints at the possibility that a key biological role for
integrin-triggered MAPK activation may be local regula-
tion of adhesion, contractility and cell movement, rather
than global regulation of mitogenic signaling. Supporting
this view is the exciting observation that MAPK can
regulate myosin light chain kinase [36°] and thus influence
actinomyosin contractility (Figure 1). The observations of
Hughes er al. [5°°], discussed above, suggests a possible
feedback loop between integrin-mediated adhesion and
the MAPK cascade that may also act locally to regulate
cell adhesion. However, it also remains possible that a low
level of MAPK activity, due to breaking and reforming of
integrin-mediated adhesions, may play a permissive part
in nuclear events leading to cell growth.

Modulation of growth factor signaling by
integrins

In addition to directly generating signals, integrins can
modulate signaling responses to soluble growth fac-
tors and differentiation-inducing agents (Figure 3). The
best known incarnation of this is the phenomenon of
anchorage-dependent growth, which has been studied for
nearly 30 years. Recently, many aspects of anchorage
control of cell growth have been attributed to integrin-me-
diated adhesive interactions with the ECM, thus placing
anchorage dependence in a biochemical context [37°,38°].
Modultion of growth factor signaling by adhesion has been
observed in a number of cell types, indicating that the
phenomenon seems to be quite general [1°].

The most direct mechanism for integrin modulation of
mitogen signaling involves binding and activation of
RTKs by integrins. Thus, Sundberg and Rubin [39]
have described an integrin-mediated activation of the
platelet-derived growth factor (PDGF)-B receptor that
is independent of ligand. Although this may seem
somewhat surprising, other adhesion receptors (NCAM,
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N-cadherin) have also been reported to activate RTKs
in a ligand-independent fashion [40]. Ligand-dependent
functional associations between integrins and RTKs have
also been reported [1°]. For example, Schneller ez al.
[41°] recently found that a highly tyrosine-phosphorylated
fraction of PDGF receptor associated with avf3, and
that adhesion to vitronectin, a ligand for this integrin,
potentiated mitogenic signaling. Clustering of integrins
by beads coated with anti-integrin antibody has been
reported to result in co-clustering of epidermal growth
factor (EGF) receptor, receptor activation, and enhanced
EGF-dependent activation of MAPK [42°]. In the two
studies mentioned above, it is unclear whether the
integrins and RTKs associate directly or whether other
proteins are involved, as seems more likely. It is intuitively
satisfying to think of RTKs associating with integrins
or with other components of integrin adhesion sites,
thus increasing the probability of RTK dimerization
and activation, and enhancing the efficiency of signal
transduction; however, the generality of this mechanism
is uncertain at present.

In the examples described thus far, integrin regulation
of growth factor signaling occurred at the level of the
RTK. However, other studies have reported that integrin
engagement can affect events further down the mitogenic
signaling cascade. For example, Lin ez /. [43°] showed that
integrin-mediated cell adhesion influenced the efficiency
of signal transduction between RTKs and MAPK. In
comparing suspension cells with integrin-anchored cells,
upstream events taking place at the membrane were
similar, including RTK tyrosine phosphorylation and
GTP loading of Ras; however, the activation of Raf
and of the downstream kinases MEK and MAPK were
markedly impaired. This suggests that integrin-mediated
adhesion enhances the efficiency of the MAPK cas-
cade by participating in Raf recruitment and activation.
Observations from another group have also suggested
that integrin-dependent adhesion regulates events in the
cytoplasmic arm of the MAPK cascade; however, in this
case the break in the signaling pathway was found to occur
at the level of MEK rather than Raf [44°]. An interesting
(though unsubstantiated) possibility is that one or more
components of integrin adhesion sites act as a scaffold to
organize elements of the cytoplasmic MAPK cascade in a
manner that mimics the function of the Ste7p protein in
the yeast MAPK cascade [45].

There is currently some controversy about the precise
site of integrin regulation of the RTK-Ras-MAPK path-
way. However, it is quite conceivable that integrins
may regulate this pathway at several levels, with the
predominant locus of regulation differing under various
experimental conditions. In addition to the examples
above, there have been several other recent reports
concerning cooperation between integrins and soluble
growth, motility or differentiation factors [46°,47-50];

however, there have also been counterexamples where
such cooperation was not observed [51].

In summary, it has recently become evident that integrin-
dependent adhesive structures often have a major role
in modulating the efficiency of growth factor signaling
through RTKs and the MAPK cascade. This may be
of great importance in anchorage regulation of the cell
cycle and of apoptosis, but details of the connections
between the signaling cascades and cell growth have
yet to be resolved. The mechanistic aspects of the
integrin-mediated signal modulation process also remain
rather hazy at present, but deserve intensive scrutiny
because of the biological significance of this set of events.
In a teleological sense it is not surprising that a cell would
use both positional information about its relation to the
ECM, as well as information about the availability of
growth factors, to determine when to enter the cell cycle.
What is interesting about this process is the mechanism
for coordinating biochemical and positional signals. It is
conceivable that nature might have evolved two quite
distinct signaling pathways for soluble factors and for
positional cues; however, what seems to exist is a situation
whereby adhesion receptors provide positional information
by modulating the signaling cascades used by receptors
for soluble factors. Nonetheless, it seems reasonable to
keep an open mind about the possibility of growth
regulatory signaling that is unique to adhesion receptors.
One interesting and plausible mechanism concerns direct
mechanical links between the cytoskeleton and functional
complexes in the nucleus; this is discussed in detail in
the review by D Ingber and co-workers (see this issue, pp

232-239).

In addition to modulating the activity of growth factor
receptors, a growing body of literature demonstrates that
integrins can regulate and be regulated by other cell
adhesion molecules, including cadherins [52], selectins
[53], and other integrins [54] (these are a few selected
recent examples). Communication between different fam-
ilies of adhesion molecules is also suggested by the
existence of common cytoplasmic regulators. In this
way, Rho GTPases, the well established regulators of
integrin-associated actin structures, are also proving to
be essential regulators of cadherin-mediated cell—cell
adhesion [55,56]. It seems likely that several types of
cell-surface adhesion receptors, each recognizing a unique
facet of adjacent cells or matrix, will conspire to govern
cell growth and division in response to mitogens. Indeed,
the dominance of contact inhibition of growth over the
mitogenic permissivity afforded by anchorage to ECM
attests to a higher order of growth regulation by the cellular
microenvironment.

Integrins, cell adhesion and cell-cycle control
One of the defining characteristics of transformed cells
is that they can respond to soluble growth factors and



proceed through the cell cycle while in suspension,
whereas normal cells require anchorage to a substratum. In
recent years some of the molecular and biochemical events
underlying anchorage dependence of cell-cycle control
have begun to come to light, suggesting an important role
for integrin-mediated cell adhesion [37°].

A key event in the G1 phase of cell-cycle progression is
hyperphosphorylation of the retinoblastoma (Rb) protein,
leading to release of E2F-family transcription factors from
their complex with Rb; in normal cells this event requires
both soluble mitogens and cell anchorage [37°,57-59].
The precise identity of the cyclin-CDK complexes that
regulate Rb phosphorylation in response to adhesion is
somewhat uncertain at this point. Some reports indicate
that the expression of cyclin D1 mRNA and protein is
strongly adhesion dependent [37°,60°], and emphasize a
key role for cyclin D1-CDK4,6 complexes [61]. However,
another study found no difference in levels of cyclin D1
and D3 or of CDK4 or CDK6 proteins, nor in cyclin
D-CDK6 kinase activity, in anchored compared with
suspended cells [62°]. Several investigators have observed
anchorage dependence of the activity of cyclin E-CDK2
complexes due to changes in the levels of associated CDK
inhibitor proteins such as p21 and p27. In addition, in some
cell types cell-cycle progression seems to be blocked later
on in the cycle due to cyclin A-dependent functions [37°].

In suspended cells, the expression of p21 is increased
and the turnover of p27 is decreased [49,59,60°]; this
leads to an increase in the amount of p21 and p27
associated with CDK complexes and thus a reduction in
kinase activity. A recent report has suggested that p53
becomes activated in response to disruption of cell-ECM
interactions, leading to a p53-mediated induction of
p21 expression and subsequent G1 arrest; interestingly,
in p53—/- fibroblasts, disruption of cell anchorage did
not affect p21 levels (as expected) but rather induced
p27 [63]. In epithelial cells a novel connection has
emerged between anchorage control of cell cycle and
of apoptosis [64]. Thus, loss of anchorage resulted in
reduced G1 CDK activity and hypophosphorylation of Rb;
in contrast to the situation in fibroblasts, accumulation
of hypophosphorylated Rb triggered apoptosis rather than
cell-cycle arrest. In epithelial cells lacking functional Rb
anchorage-dependent apoptosis was not observed, while
overexpression of Rb enhanced the apoptotic effect. This
study illustrates that cell anchorage can affect growth
control pathways very differently in various cell lineages.
Recently, there have been a few direct studies of the
interplay between oncogenes and anchorage in cell-cycle
regulation [58,65]. These studies have further emphasized
the complexity of the process, with the presence of the
oncogene affecting both the timing and the controlling
mechanism of cell-cycle traverse.

At present, there is a poorly explored ‘gray zone’ between
our growing understanding of integrin-mediated signal-
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ing pathways and our understanding of how anchorage
influences the components of the cell-cycle machinery.
Presumably, the fact that integrin-mediated adhesion can
strongly influence the transduction efficiency of signaling
cascades triggered by soluble mitogens will provide an
important link to anchorage regulation of the cell cycle.
However, the precise connections remain to be elucidated.

Integrin-mediated adhesion and apoptosis
Programmed cell death or apoptosis is an important regu-
lator of the growth of both normal and transformed cells.
Recently it has become clear that integrin-mediated cell
anchorage has a vital role in the control of apoptosis mark
1[2°]; indeed a new term ‘anoikis’ has been coined
to describe programmed cell death caused by loss of
anchorage. As the role of integrins in apoptosis has been
explored over the last couple of years, there has also
been remarkable progress in understanding other elements
of the pathway. Thus, the caspase family of proteases
has been shown to have a key role in programmed cell
death [66°]; these enzymes are usually thought to be
downstream effectors, but it is becoming clear that they
can also modulate upstream events in cell death pathways.
Different members of the Bcl-2 family of proteins either
positively or negatively regulate apoptosis; a major aspect
of this involves control of caspase activity [67°]. Activation
of the Jun-kinase (JNK) cascade, one of three mammalian
signaling pathways related to the MAPK cascade, has been
shown to lead to apoptosis in some cell types [68]. Finally,
activation of PI 3-K has been shown to block apoptosis;
this is mediated through Akt, a cytosolic protein kinase
which is a target for PI 3-K products, and which seems
to be a key antagonist of programmed cell death [69°]. A
picture is now beginning to emerge that links these various
actors in controlling the anchorage regulation of apoptosis.
However, as seen below, this area of research is not free
of controversy.

A couple of years ago it was shown that FAK has an
important role in anchorage regulation of programmed
cell death. Thus, expression of an activated form of
FAK in epithelial cells blocked anoikis [28°]. Further,
inhibition of FAK function by microinjection of an
antibody [70], or inhibition of FAK expression using
antisense oligonucleotides [71], triggered apoptosis in
fibroblasts and tumor cells respectively. While the precise
mechanism is unresolved, one interesting possibility
relates to the ability of FAK to associate with PI 3-K
[72]. It has been shown that cell adhesion can activate PI
3-K, probably by a Ras-dependent mechanism [33,73°°].
Further, expression of constitutively activated forms of PI3
kinase or Akt blocked anoikis in epithelial cells, while
use of drugs that inhibit PI 3-K enhanced anoikis, but
this could be overcome by Akt [73°°]. These observations
suggest an anti-apoptotic pathway that leads from integrin
engagement, to FAK, to PI 3-K, and thence to Akt
The mechanism by which active Akt blocks apoptosis
is not entirely clear; one exciting possibility is that Akt
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phosphorylates the pro-apoptotic Bcl-2 family protein
BAD, causing it to be sequestered by 14-3-3 proteins [74].
The role of PI 3-K and Akt in regulation of apoptosis is
discussed in more detail by J] Downward in this issue (pp

262-267).

A recent observation shows that FAK can be cleaved
by caspases [75]; this may suggest a positive feedback
loop whereby initiation of apoptosis activates capsases and
shuts down the FAK-PI 3-K-Akt anti-apoptotic pathway.
Interestingly, a recent study has implicated Pyk2 as a
pro-apoptotic molecule [76]; the Pyk2 effect on apoptosis
could be blocked by activated Akt, indicating that it lies
on the same pathway. Pyk2 is a cytosolic tyrosine kinase
that has a strong resemblance to FAK, but seems to have
a different role in cells [77].

Another possible arm of the anoikis pathway has also
been explored, one that involves caspases, Bcl-2 and
the JNK cascade [78]. A recent report elucidates part
of the mechanism, demonstrating that loss of matrix
anchorage activates a caspase that cleaves and activates
MEKK-1, an upstream kinase in the JNK pathway
[79°]; when overexpressed in cells, the MEKK-1 cleavage
product triggers apoptosis. Integrin anchorage prevents
MEKK-1 cleavage by maintaining the expression of Bcl-2,
an anti-apoptotic protein that blocks caspase activation.
These observations suggest a pathway that links integrins,
Bcl-2, caspases, and activation of the MEKK-1-JNK
cascade as regulators of anchorage-dependent apoptosis.
However, this view has been criticized on the basis
of recent evidence that the correlation between JNK
activation and anoikis can be uncoupled, and that a
dominant-negative form of a JNK kinase failed to block
anoikis [80]. One possible way to reconcile these very
different sets of observations is to suggest that MEKK-1
may exert its apoptotic effect by a mechanism that is
independent of JNK activation.

Control of anoikis may vary substantially from one cell
lineage to another and be influenced by the presence of
active oncogenes. For example, in epithelial cells, which
are very subject to anoikis, the Ras oncogene strongly
antagonizes this process, probably by activating Akt
[2°,73°°]. In contrast, fibroblasts normally do not undergo
apoptosis upon loss of anchorage; rather they arrest in
G1 [37]. However, when fibroblasts are transformed by
the Myc/Ras or E1A/Ras sets of oncogenes, the cells now
readily undergo anoikis [81]. This illustrates the important
implications of cell type and transformation status on the
regulation of apoptosis.

In summary, integrin-mediated cell anchorage is known to
regulate a complex set of events that impact programmed
cell death pathways. Current evidence suggests the
possible existence of two different pathways controlled
by anchorage. The first involves integrins, FAK, PI 3-K
and Akt; the second involves integrins, Bcl-2, caspases

and MEKK-1. However, as we learn more about events in
various cell types, linkages between these pathways may
become more apparent.

Conclusions

The functional status (activation) of integrins is regulated
by complex interactions with a number of cytosolic,
cytoskeletal and membrane-bound proteins. Integrin ac-
tivation and engagement with ECM ligands directly
activates signaling pathways and also modulates pathways
triggered by other agents, particularly polypeptide growth
factors. These events are likely to be very important
in the anchorage regulation of cell-cycle progression and
of apoptosis. However, the mechanistic basis of integrin
signaling and signal modulation, as well as how these
processes impinge on cyclin—-CDK complexes and on the
machinery for programmed cell death, have yet to be fully
elucidated. Thus, the study of integrin-mediated signaling
is likely to be an important area of research for some time
to come.
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