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Abstract

Rapid and precisely controlled changes in cell adhesion are a hallmark of many
basic physiological processes. These include: ® leucocyte migration, which occurs during
infiltration into inflammatory sites, and @ platelet aggregation. Integrins are a family of
adhesion molecules whose function is controlled by the cells that expressthem. This
property makes them particularly suitable for those situations that demand flexibility of
cellular adhesive function. Regulatory signals that originate within the cell cytoplasm are
transmitted to the external ligand-binding domain of the receptor to control integrin
function. The generation and transmission of these “inside-out” signals are subjects of
recent interest that will be summarized in this review.

Introduction

Integrins are awidely distributed family of cell surface molecules that mediate
cell adhesion (Table 1).* They interact with many extracellular ligands and so are
involved in arange of physiological processes, including embryogenesis, morphogenesis,
wound repair, inflammation, tumour cell migration and leucocyte trafficking. Their
ligands include extracellular matrix proteins (e.g., fibronectin, collagen, laminin), other
cell surface receptors (e.g., members of the immunoglobulin superfamily, such as
intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-
1), and soluble proteins (e.g., fibrinogen, inactivated complement component C3 (iC3hb))
(Table 1).

Table 1. The integrin family.

Alternative
Integrin Names(s) Ligand(s) Distribution
albl VLA-1, CD49a/CD29 collagen, laminin widespread
azbl VLA-2, CD49b/CD29 collagen, laminin widespread
a3bl VLA-3, CD49c/CD29 laminin-5, fibro- widespread
nectin (?),collagen (?)
adbl VLA-4, CD49d/CD29 fibronectin, lymphocytes, muscle,
VCAM-1 monocytes/ macro-
phages, neural crest
cells, fibroblasts
abbl VLA-5, CD49e/CD29 fibronectin widespread
abbl VLA-6, CD49f/CD29 laminin, fertilin widespread
arbl VLA-7 laminin ?
adbl VLA-8 fibronectin, neural

vitronectin, tenascin



a9bl VLA-9 tenascin ?

avbl fibronectin, vitronectin epithelial cells
alLb2 LFA-1, CD11a/CD18 ICAM-1, ICAM-2, leucocytes
ICAM-3
aMb2 Mac-1, CD11b/CD18 fibrinogen, iC3b, monocytes, granul-
ICAM-1, factor X ocytes, NK cells,
cytotoxic T
lymphocytes
aXb2 p150,95,CD11c/CD18 fibrinogen, iC3b monocytes, granul-
ocytes, activated B
lymphocytes
allbb3 gplib/llla fibrinogen, fibro- platelets, mega-
nectin, VWF, karyocytes
vitronectin
avb3 VnR fibrinogen, fibro- endothelium, tumour

nectin, VWF, vitro-  cells
nectin,thrombospondin,
osteopontin, collagen

abb4 laminin-1, laminin-5 epithelia cells
avb5 vitronectin, carcinomacells
fibronectin (?)
avb6 fibronectin ?
adb7 VCAM-1,, MadCAM-1
fibronectin activatedBand T
lymphocytes, mono-
cytes/macrophages
aEb7 E-cadherin intraepithelial
lymphocytes
avb8 vitronectin ?

Abbreviations: VCAM-1 = vasculatr cell adhesion molecule-1; ICAM = intercellular
adhesion molecule; iC3b = inactivated complement component C3; VWF = von
Willebrand factor; MadCAM-1 = mucosal addressin cell-adhesion molecule

Members of the integrin family are heterodimers, composed of alarger achain
(120 to 180 kD) and asmaller b chain (90 to 110 kD), each of which crosses the cell
membrane once. Both chains have amino-terminal extracellular domains, which fold and
intertwine to form a binding “ pocket” that accommodates their specific ligand(s). Each
chain then has a hydrophobic transmembrane region that connectsto an intracellular
cytoplasmic tail, which, with the exception of the b4 chain, is small and conserved
through evolution. The cytoplasmic tails interact with the cytoskel eton through a series of
linking proteins that include talin and vi nculin.®® Also co-distributed at this site of
receptor-cytoskeletal interaction is a collection of signaling proteins including many
kinases and GTPases. The activities of many of these signaling molecules are altered



following the integrin-ligand interaction and the clustering of the receptors at the cell
surface.™

Integrins act as transmembrane linkers between intracellular and extracellular
proteins and transmit signals across the cell membrane. In fact, while integrins are usually
classified as “adhesion molecules,” they are also important “signaling molecules.” @
Signal transduction through integrins occurs in two directions - moving from the
extracellular microenvironment into the cell cytoplasm (“outside-in signaling”) and from
the cytoplasm out to the extracellular domain of the receptor (“inside-out signaling”) @
This brief review summarises some recent observations that have yielded insights into the
mechanisms underlying inside-out signaling through integrins. Outside-in signaling
through integrins has been the subject of several recent revi ews.?

Integrin Function is Regulated

One striking property of integrinsis called “affinity modulation.” 19 Thisrefersto
the fact that the strength with which they bind to their ligand(s) can be rapidly atered.
Resting integrins have low affinity for their ligands (“inactive’), but appropriate stimuli
can convert them to high affinity (“active”) receptors. This enables cells to quickly adjust
their adhesive phenotype without changing the type or number of adhesion molecules that
they express. This ability makes integrins crucial participantsin avariety of important
events, some of which will be discussed in the next section. Control of this dynamic
process resides within the cell itself, but the necessary adjustments must then be
transmitted to the ligand-binding domain of the receptor. This transfer of regulatory
information constitutes the “inside-out’ signals.

When is Dynamic Regulation of Integrins Useful?

Cell migration is an example of a physiological event that is dependent on rapid,
controlled alterationsin integrin-mediated cell adhesion. It involves repeated cycles of
attachment (at the leading edge of the cell) and detachment (at the trailing edge) as the
cell movesin adirected fashion, and this cyclical processis reliant on coordinated
activation/deactivation of integrin function at those sites. Many basic processes utilise
cell migration, and these include wound healing, embryogenesis, tumour metastasis and
inflammation. A well-studied exampleis that of leucocyte extravasation at sites of
inflammation in response to a source of pro-inflammatory cytokines and
chemoattractants. The adhesive eventsinvolved in this form of cell migration have been
elucidated in the last few years. At the point where extravasation is initiated, the resting
integrins on circulating, non-adherent leucocytes are activated, which in turn stabilises the
preliminary attachments that occur between the leucocytes and the adjacent endothelial
cells. The activated integrins then further participate in the subsequent movement of
leucocytes into the extravascular tissue. A number of other adhesion molecules (including
selectins and immunoglobulin superfamily members) are aso involved in this process,
and this complex series of events has been summarized in recent reviews.**?

Platelet aggregation is an example of a different type of fundamental process that
is also dependent on integrin affinity modulation. Aggregation of platelets relies on their



cross-linking by fibrinogen, a soluble plasma protein which binds to the integrin allbb3,
the most abundant platelet cell surface protein. Resting platel ets do not aggregate because
their allbb3 isin the inactive, low-affinity conformation which fails to bind measurable
amounts of soluble fibrinogen. Platelet activation by specific agonists (e.g., thrombin,
ADP, collagen) activates allbb3, leading to high-affinity binding of soluble fibrinogen,
and cross-linking and aggregation ensues.

The assembly of afibronectin matrix around certain cellsis afurther example of
the relevance of integrin affinity modulation. Fibroblasts and other adherent cells are
enveloped by a complex sheet of interlinked fibronectin fibrils during growth in vitro.
This process only occurs with living cells and is thought to represent the in vitro
equivalent of the laying down of insoluble fibronectin in the extracellular matrix in
vivo.""*® The fibronectin provides crucial positional information for cell migration
during embryogenesis, leucocyte extravasation and wound healing. Formation of a
fibronectin matrix also has implications for cancer, asit has been known for some time
that cellstransformed in vitro with oncogenic viruses lose their ability to form and retain
their fibronectin matrix.**? In most cases, matrix assembly is dependent on the
expression of functional integrin abb1 (the “classical” fibronectin receptor). Inhibiting
the binding of fibronectin to a5b1 blocks matrix assembly, and overexpression of a5b1l
in cellsinduces increased fibril formation.®” Conversely, certain cells express abundant
abb1 but appear unable to assemble afibronectin matrix. In addition, other receptors
seem capable of supporting matrix assembly, based on studies of a5b1-"knockout”
mice.®? Thisisnot all that surprising when you consider the number of other potential
fibronectin receptorsin the integrin family (Table 1). The resolution of these apparent
paradoxes now appears closer with the recognition of two distinct requirements for
effective matrix assembly. Thefirst is expression of afibronectin receptor (usually but
not necessarily abb1) that isin the activated conformation so that it can bind soluble
fibronectin with high affinity. The second is the involvement of events that occur
following occupancy of the activated receptor by fibronectin. These events are not yet
well defined, but they involve the cytoplasmic tail of the integrin b chain and require an
intact actin cytoskel eton.®

How Are the Activating, Inside-Out Signals Generated?

Much of what is known about integrin activation comes from studies of the
platelet receptor allbb3 (GPIIb-111a). The reasons for this concentration of knowledge
include the ease of isolating platelets, the ease of purifying the receptor, the existence of
well-defined platelet activators (e.g., thrombin, adenine nucleotides, phorbol esters), and
the ability to directly measure changesin receg)tor affinity for ligand using soluble
fibrinogen (or fibronectin) binding assays.™'® Patients with Glanzmann’s
thrombasthenia have a bleeding tendency due to defective clot formation secondary to
impaired platelet aggregation. In most cases they have absent or little expression of allbb
3 on their platelets. However, aminority of patients express normal or near-normal levels
of allbb3 that is unable to bind fibrinogen (or other ligands) with high affinity.(24-29)
The DNA encoding these receptors contains point mutations in certain regions of the



molecule, which in turn has provided important insights into the acquisition of high-
affinity ligand binding (see below).

A potent platelet agonist is thrombin. The platelet and allbb3 activation that
follows thrombin binding to its specific receptor occur through G proteins, which in turn
activates phospholipase C, inducing phosphoinositide hydrolysis and the production of
inositol 1,4,5-triphosphate and diacylglycerol (3032 Concurrently, there are changesin
cytosolic calcium and activation of cellular protein kinases (including protein kinase C).
Direct activators of protein kinase C (such as phorbol esters) induce phosphorylation of
the b3 (but not allb) cytoplasmic tail. However, the stoichiometry of the phosphorylation
appears to be too low to account for the receptor activation.® The cytoplasmic tailsof b
2 integrins are also phosphorylated following receptor activation by certain agonists, but
the activation is not affected by mutation of the relevant phosphorylation site® The
activation of allbb3 by these agonistsis platelet-specific, asit cannot be reproduced in
HEL cells (which express both allbb3 and a functional thrombin receptor(35)) or Chinese
hamster ovary (CHO) all bb3-transfectants.®®

Occupancy and/or ligation of other cell surface molecules also have positive or
negative regulatory effects on integrin function. Ligation of avb3 with specific antibodies
inhibits a5b1-mediated phagocytosis of fibronectin-coated particles by the same cells
(this process requires high-affinity abSb1 receptors). The signals generated are dependent
upon serine-threonine kinases as well as the presence of the b3 chain cytoplasmic tail.(37,
38) Ligation of platelet/endothelial cell adhesion molecule 1 (PECAM-1) also induces the
function of b1 and b2 integrins expressed by the same cells, athough the precise nature
of the activating signal is not clear.* 40

In contrast to these acute changes in receptor function, some cells maintain a
repertoire of activated integrins on their surface. For example, the a5b1 expressed by
adherent cells (such as CHO cells) isintrinsically activated, and the maintenance of this
active state is dependent on intracellular signali ng.(41) Certain other cells normally express
inactive a5b1.“? Induction of differentiation in monocytic cellsis aso associated with
activation of a5b1, in parallel to the adoption of an adherent, macrophage phenotype.(43)
This may be akey event in the acquisition of phagocytic function during monocyte
differentiation.

The cascades of activating signals that are initiated in turn act upon the
cytoplasmic tails of the integrinsin order to produce their net effect. Several models have
been proposed to explain precisaely how the exchange of information occurs.*®*) One
model proposes that the signals induce alterations in the cytoplasmic tails themselves
(e.g., phosphorylation (see above) or another post-translational modification, or
aterations in the interactions between the a and b tails). It is noteworthy that thrombin
aggregation of platelets induces cleavage of the cytoplasmic domain of the b3 chain by
calpain, which is an intracellular calcium-dependent protease.(45) Four of the cleavage
sitesflank NXXY motifs that are known to be important in integrin inside-out
signdli ng,(46) which suggests that thisis a potential means of regulating integrin
activation. Another model proposes the existence of aintracellular “repressor” protein,
which is normally bound to the cytoplasmic tail(s) but is removed during receptor
activation. A third model proposes an “activator” protein that associates with the integrin
during activation. Limiting quantities of these modifying factors appear to reside within



the cytoplasm of cels“®) A recently isolated novel intracellular protein, called b3-
endonexin, is a candidate for either of these roles. It binds specifically to the integrin b3
tail,*® and a point mutation in the b3 tail (S752P) that inhibits this binding has also been
found in patients with a variant of Glanzmann’s thrombasthenia characterised by
defective activation of allbb3.“%

Membrane proximal residuesin the b3 cytoplasmic tail (Leu717 - Asp723) are
also involved in receptor activation, since their deletion produces a constitutively
activated receptor.(SO) These residues are highly conserved amongst integrins. The allb
cytoplasmic tail isaso involved in receptor activation because its deletion also induces
high affinity ligand bindi ng.(51) This property also appears to reside within the membrane
proximal portion of thetail, and has been mapped to the GFFKR motif that is highly
conserved across the integrin family.“?

How Are the Activating Signals Transmitted to the Extracellular Domain of the
Integrin?

Electron microscopy studies suggest that an integrin consists of aglobular “head,”
formed by the amino terminal regions of the a and b chains, attached to the cell by “legs’
formed by the carboxyl ends of each chai n.®? The complex tertiary structure of each of
the chainsis stabilized by disulfide bonds that bridge between a number of highly
conserved cysteineres dues.®**¥ Further electron mi croscopy studies suggest that ligand
binding occursin this“head” region, at asite that is most distant from the cell membrane
(and the cytoplasmic tal Is).(55) Hence, activating structural aterations within or adjacent
to the cytoplasmic tails need to be transmitted the full length of the molecule in order to
mediate the change in ligand accessihility.

One mechanism to account for this transmission of signalsisvialong-range
propagated conformational changes that ultimately activate receptor function by exposing
the ligand-binding regi on.®® Measurable changesin the biophysical properties of allbb3
occur during platelet activation,®” and a number of monoclonal antibodies have been
produced that recognize conformation-sensitive epitopes in the same receptor.(58'62) Some
of these antibodies possess the dual properties of binding with higher affinity to the
occupied form of the receptor as well as themselves inducing receptor activation. The
epitope of one such “activating” antibody has been mapped to the membrane proximal
region of the extracellular domain of the b3 chai n.® This suggests that the activating
conformational change induced by the binding of this antibody is transmitted along the
length of the molecule to the distal ligand-binding site. A similar or identical process may
occur during the propagation of “inside-out” signals. In addition, the conformational
change detected by such an antibody following receptor occupancy may be analogous to
that which mediates the aforementioned “outside-in” signals. Similar “activating”
antibodies directed against other integrins, including members of the b1 and b2
subfamilies, have also been described.®

“Inside-Out” Signals Produce Changes in the Conformation of the Integrin Ligand-
Binding Pocket



The outcome of this generation and propagation of “inside-out” signalsis high-
affinity binding of the integrins' ligands. Conversion to high-affinity binding seemsto be
an intrinsic property of the receptor itself, rather than secondary to removal of extrinsic
factors that were blocking access to the receptor (such as other receptors and/or soluble
factors).(36) In most if not all cases the change in the external domain of the receptor
appears to be conformational, and it can occur very rapidly. The result is better access of
macromolecular ligands to the binding “pocket” that is formed by the intertwined a and b
chains of the receptor.(7°) The site of this binding pocket has been mapped in some detail,
and it contains some key residues that are mutated in certain variant forms of
Glanzmann' s thrombasthenia.™ Small peptides that mimic the binding sites on ligands
(e.g., RGD-containing peptides) can readily gain access to the ligand-binding region.(sg)
In some cases the “inactive” form of an integrin can aso bind ligand with measurable,
albet low, affinity (e.g., abl and soluble fi bronectin),(42) and this low-affinity binding
can be utilized for cell adhesion in certain setti ngs.(43)

Conclusion

Cells can regulate their adhesive phenotype by altering the function of the integrin
adhesion receptors that they express. This ability is central to the control of important and
varied physiological and pathophysiological processes. The basis of thisregulation is
intracellular signals that are transmitted to the extracellular domain of the receptor and
induce changes in receptor conformation. The initiation, coordination and transmission of
these “inside-out” signals have all been studied in the last few years, and significant
progress has been made in their understanding at the molecular level.

References

1. HynesRO: Integrins. afamily of cell surface receptors. Cell 1987; 48: 549-554.

2. Hynes RO: Integrins: versality, modulation, and signaling in cell adhesion. Cell 1992;
69: 11-25.

3. Hemler ME: VLA proteinsin the integrin family: structures, functions, and their role
on leukocytes. Ann Rev Immunol 1990; 8: 365-400.

4. Ruodahti E: Integrins. JClin Invest 1991; 87: 1-5.

5. Horwitz A, Duggan E, Buck C, Beckerle MC, Burridge K: Interaction of plasma
membrane fibronectin receptor with talin - a transmembrane linkage. Nature 1986;
320: 531-533.

6. Otey CA, Pavalko FM, Burridge K: An interaction between a-actinin and the bl
integrin subunit in vitro. J Cell Biol 1990; 111: 721-729.

7. Clark EA, Brugge JS:. Integrins and signal transduction pathways: the road taken.
Science 1995; 268: 233-239.

8. Shattil SJ, Ginsberg MH, Brugge JS: Adhesive signaling in platelets. Curr Opin Cell
Biol 1994; 6: 695-704.

9. Schwartz MA, Ingber DE: Integrating with integrins. Mol Biol Cell 1994; 5: 389-393.

10. Ginsberg MH, Du X, Plow EF: Inside-out integrin signalling. Curr Opin Cell Biol
1992; 4. 766-771.



11. Springer TA: Traffic signals for lymphocyte recirculation and leukocyte emigration:
the multistep paradigm. Cell 1994; 76: 301-314.

12. Carlos TM, Harlan IM: Leukocyte-endothelial adhesion molecules. Blood 1994; 84.
2068-2101.

13. Bennett JS, Vilaire G: Exposure of platelet fibrinogen receptors by ADP and
epinephrine. J Clin Invest 1979; 64; 1393-1401.

14. Bennett JS, Hoxie JA, Leitman SF, Vilaire G, Cines DB: Inhibition of fibrinogen
binding to stimulated human platelets by a monoclonal antibody. Proc Natl Acad Sci
USA 1983; 80: 2417-2421.

15. Marguerie GA, Plow EF, Edgington TS: Human platel ets possess an inducible and
saturable receptor specific for fibrinogen. J Biol Chem 1979; 254: 5357-5363.

16. Marguerie GA, Edgington TS, Plow EF: Interaction of fibrinogen with its platelet
receptor as part of a multistep reaction in ADP-induced platelet aggregation. J Biol
Chem 1980; 255: 154-161.

17. McDonald JA: Extracellular matrix assembly. Ann Rev Cell Biol 1988; 4. 183-207.

18. Mosher DF, Sottile J, Wu C, McDonald JA: Assembly of extracellular matrix. Curr
Opin Cell Biol 1992; 4: 810-818.

19. Vaheri A, Ruodlahti E: Fibroblast surface antigen produced but not retained by virus-
transformed human cells. J Exp Med 1975; 142: 530-535.

20. Hynes RO, Ali IU, Destree AT, et a: A large glycoprotein lost from the surfaces of
transformed cells. Ann N 'Y Acad Sci 1978; 312: 317-343.

21. Giancotti FG, Ruodlahti E: Elevated levels of the abb1 fibronectin receptor suppress
the transformed phenotype of Chinese hamster ovary cells. Cell 1990; 60: 849-859.

22. Yang JT, Rayburn H, Hynes RO: Embryonic mesodermal defectsin a5 integrin-
deficient mice. Development 1993; 119: 1093-1105.

23. Wu C, Keivens VM, O’ Toole TE, McDonald JA, Ginsberg MH: Integrin activation
and cytoskeletal interactions are essential for assembly of afibronectin matrix. Cell,
in press.

24. Nurden AT, Caen JP: An abnormal platelet glycoprotein pattern in three cases of
Glanzmann’ s thrombasthenia. Br JHaematol 1974, 28: 253-260.

25. Phillips DR, Agin PP. Platelet membrane defects in Glanzmann’s thrombasthenia:
evidence for decreased amounts of two major glycoproteins. J Clin Invest 1977; 60:
535-545.

26. Ginsberg MH, Lightsey A, Kunicki TJ, Kaufmann A, Marguerie G, Plow EF.
Divalent cation regulation of the surface orientation of platelet membrane
glycoprotein I1b. Correlation with fibrinogen binding function and definition of a
novel variant of Glanzmann's thrombasthenia. J Clin Invest 1986; 78: 1103-1111.

27. Loftus JC, O’ Toole TE, Plow EF, Glass A, Frelinger AL, Ginsberg MH. A b3
integrin mutation abolishes ligand binding and alters divalent cation-dependent
conformation. Science 1990; 249: 915-918.

28. Bat ML, Ginsberg MH, Frelinger AL, Berndt MC, Loftus JC. A spontaneous
mutation of integrin allbb3 (platelet glycoprotein I1b-111a) helps define aligand
binding site. J Biol Chem 1992; 267: 3789-3794.

29. LanzaF, Stierle A, Fournier D, Martine M, Andre G, Nurden AT, Cazenave J-P. A
new variant of Glanzmann’s thrombasthenia (Strasbourg |): Platelets with



30.

31

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

functionally defective glycoprotein I1b-111a complexes and a glycoprotein I11a 214Arg-
214Trp mutation. J Clin Invest 1992; 89: 1995-2004.

Shattil SJ, Brass LF: Induction of the fibrinogen receptors on human platelets by
intracellular mediators. J Biol Chem 1987; 262: 992-1000.

Shattil SJ, Brugge JS: Protein tyrosine phosphorylation and the adhesive functions of
platelets. Curr Op Cell Biol 1991; 3: 869-879.

Shattil SJ, Cunningham M, Wiedmar T, Zhao J, Sims PJ, Brass LF. Regulation of
glycoprotein I1b-111areceptor function studied with platelets permeabilized by the
pore-forming complement proteins C5b-9. J Biol Chem 1992; 267: 18424-18431.
Hillery CA, Smyth SS, Parise LV: Phosphorylation of human platelet glycoprotein
I1la(GPIlla). JBiol Chem 1991; 266: 14663-14669.

. Hibbs ML, Jakes S, Stacker SA, Wallace RW, Springer TA: The cytoplasmic domain

of the lymphocyte function-associated antigen 1 b chain: sites required for binding to
intercellular adhesion molecule 1 and the phorbol ester stimulated phosphorylation
site. JExp Med 1991; 174: 1227-1238.

Brass LF, Manning DR, Williams AG, Woolkalis MJ, Poncz M: Receptor and G
protein-mediated responses to thrombin in HEL cells. J Biol Chem 1991; 266: 958-
965.

O'Toole TE, Loftus JC, Du X, et a: Affinity modulation of the allbb3 (platelet GP
[1b-111a) is an intrinsic property of the receptor. Cell Reg 1990; 1: 883-893.

Blystone SD, Graham IL, Lindberg FP, Brown EJ: Integrin avb3 differentially
regulates adhesive and phagocytic functions of the fibronectin receptor abbl. J Cell
Biol 1994; 127: 1129-1137.

Blystone SD, Lindberg FP, LaFlamme SE, Brown EJ: Integrin b3 cytoplasmic tail is
necessary and sufficient for regulation of a5b1 phagocytosis by avb3 and integrin-
associated protein. J Cell Biol 1995; 130: 745-754.

Leavedey DI, Oliver MM, Swart BW, Berndt MC, Haylock DN, Simmons PJ: Signals
from platelet/endothelial cell adhesion molecule enhance the adhesive activity of the
very late antigen-4 integrin of human CD34+ hemopoietic progenitor cells. J
Immunol 1994; 153: 4673-4683.

Berman ME, Muller WA: Ligation of platelet/endothelial cell adhesion molecule 1
(PECAM-1/CD31) on monocytes and neutrophils increases binding capacity of
leukocyte CR3 (CD11b/CD18). J Immunol 1995; 154: 299-307.

O'Toole TE, Katagiri Y, Faull RJ, et a.: Integrin cytoplasmic domains mediate
inside-out signal transduction. J Cell Biol 1994; 124. 1047-1059.

Faull RJ, Kovach NL, Harlan JM, Ginsberg MH: Affinity modulation of integrin aSb
1: regulation of the functional response by soluble fibronectin. J Cell Biol 1993; 121.
155-162.

Faull RJ, Kovach NL, Harlan IM, Ginsberg MH: Stimulation of integrin-mediated
adhesion of T lymphocytes and monocytes. two mechanisms with divergent
biological consequences. J Exp Med 1994; 179: 1307-1316.

. Diamond M S, Springer TA: The dynamic regulation of integrin adhesiveness. Curr

Biol 1994; 4: 506-517.
Du X, Saido TC, Tsubuki S, Indig FE, Williams MJ, Ginsberg MH: Calpain cleavage
of the cytoplasmic domain of the integrin b3 subunit. JBiol Chem, in press.



46.

47.

48.

49,

50.

51

52.

53.

55.

56.

57.

58.

59.

60.

O'Toole TE, Ylanne J, Culley BM: Regulation of integrin affinity states through an
NPXY motif in the b subunit cytoplasmic domain. JBiol Chem 1995; 270: 8553-
8558.

Chen YP, O'Toole TE, Shipley T, et a: “Inside-out” signal transduction inhibited by
isolated integrin cytoplasmic domains. J Biol Chem 1994; 269: 18307-18310.

Shattil SJ, O’ Toole TE, Eigenthaler M, et a: b3-endonexin, a novel polypeptide that
interacts specifically with the cytoplasmic tail of the integrin b3 subunit. J Cell Biol
1995; 131: 807-816.

Chen YP, Djaffar I, Pidard D, et a: Ser-752-Pro mutation in the cytoplasmic domain
of integrin b3 subunit and defective activation of platelet integrin allbb3
(glycoprotein 11b-111a) in avariant of Glanzmann thrombasthenia. Proc Natl Acad Sci
USA 1992; 89: 10169-10173.

Hughes PE, O’ Toole TE, Ylanne J, Shattil SJ, Ginsberg MH: The conserved
membrane-proximal region of an integrin cytoplasmic domain specifies ligand
binding affinity. J Biol Chem 1995; 270: 12411-12417.

O'Toole TE, Mandelman D, Forsyth J, Shattil SJ, Plow EF, Ginsberg MH:
Modulation of the affinity of integrin allbb3 (GPI1b-111a) by the cytoplasmic domain
of allb. Science 1991; 254: 845-847.

Nermut MV, Green NM, Eason P, Yamada SS, Y amada KM : Electron microscopy
and structure of human fibronectin receptor. EMBO J 1988; 7: 4093-4099

Calvete JJ, Henschen A, Gonzalez-Rodriguez J: Complete localization of the
intrachain disul phide bonds and the N-glycosylation points in the a-subunit of human
platelet glycoprotein I1b. Biochem J 1989; 261: 561-568.

. Calvete JJ, Henschen A, Gonzalez-Rodriguez J: Assignment of disulphide bondsin

human platelet GPl1la. A disulphide pattern for the b-subunits of the integrin family.
Biochem J 1991; 274: 63-71.

Weisel JW, Nagaswami C, Vilaire G, Bennett JS: Examination of the platelet
membrane glycoprotein I1b-I11a complex and its interaction with fibrinogen and other
ligands by electron microscopy. JBiol Chem 1992; 267: 16637-16643.

Du X, GuM, Weisdl JW, et a: Long range propagation of conformational changesin
integrin allbb3. JBiol Chem 1993; 268: 23087-23092.

Sims PJ, Ginsberg MH, Plow EF, Shattil SJ: Effect of platelet activation on the
conformation of the plasma membrane glycoprotein I1b-111acomplex. J Biol Chem
1991, 266: 7345-7352.

Frelinger AL, Lam SC-T, Plow EF, Smith MA, Loftus JC, Ginsberg MH: Occupancy
of an adhesive glycoprotein receptor modulates expression of an antigenic site
involved in cell adhesion. JBiol Chem 1988; 263: 12397-12402.

Frelinger AL, Cohen |, Plow EF, et a: Selective inhibition of integrin function by
antibodies specific for ligand-occupied receptor conformers. J Biol Chem 1990; 265:
6346-6352.

Frelinger AL, Du X, Plow EF, Ginsberg MH: Monoclonal antibodies to ligand-
occupied conformers of integrin allbb3 (glycoprotein 1b-111a) ater receptor affinity,
specificity, and function. J Biol Chem 1991; 266: 17106-17111.



61. Shattil SJ, Hoxie JA, Cunningham M, Brass LF. Changes in the platelet membrane
glycoprotein I1b-111acomplex during platelet activation. J Biol Chem 1985; 260:
11107-11114.

62. Kouns WC, Wall CD, White MM, Fox CF, Jennings LK: A conformation-dependent
epitope of human platelet glycoprotein I11a. J Biol Chem 1990; 265: 20594-20601.

63. Kovach NL, Carlos TM, Yee E, Harlan JM: A monoclonal antibody to b1 integrin
(CD29) stimulates VL A-dependent adherence of leukocytes to human umbilical vein
endothelial cells and matrix components. J Cell Biol 1992; 116: 499-509.

64. Neugebauer KM, Reichardt LF: Cell-surface regulation of b1-integrin activity on
developing retinal neurons. Nature 1991; 350: 68-71.

65. Arroyo AG, Sanchez-Mateos P, Campanero MR, Martin-Padura |, DganaE,
Sanchez-Madrid F. Regulation of the VLA integrin-ligand interactions through the b1
subunit. J Cell Biol 1992; 117: 659-670.

66. van de Wiel-van Kemenade E, van Kooyk Y, de Boer AJ, et a: Adhesion of T and B
lymphocytes to extracellular matrix and endothelial cells can be regulated through the
b subunit of VLA. JCell Biol 1992; 117: 461-470.

67. Keizer GD, Visser W, Vliem M, Figdor CG: A monoclonal antibody (NKI-L16)
directed against a unique epitope on the a-chain of human leukocyte function-
associated antigen 1 induces homotypic cell-cell interactions. J Immunol 1988; 140:
1393-1400.

68. van Kooyk Y, Weder P, Hogervorst F, et a: Activation of LFA-1 through aCa’*-
dependent epitope stimulates lymphocyte adhesion. J Cell Biol 1991; 112: 345-354.

69. Dransfield |, Hogg N: Regulated expression of Mgz+ binding epitope on leukocyte
integrin a subunits. EMBO J 1990; 8: 3759-3765.

70. Coller BS: Activation affects access to the platel et receptor for adhesive
glycoproteins. J Cell Biol 1986; 103: 451-456.

71. Loftus JC, Smith JW, Ginsberg MH: Integrin-mediated cell adhesion: the
extracellular face. JBiol Chem 1994; 269: 25235-25238.



