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Integrin®  AMEZEHA wHE o] AEefr)d
(extracellular matrix; ECM) EX Th2 AZ S
adhesiono]] T3l MELFRAZA, HEQ Bt
A (development), A ¥ 0] (cellular movement), Al

(proliferation), A|XAFE (apoptosis) T3} & T}k
g AESA 7)5d Bostn Atk 53] FAEA
o] (metastasis), ©523% (Inflammation)®} 2L
%4 BYE 94 inegring] 75 Be BAE
7N ot webA], HZ integrinel] tidk ATE
st AE U W52 misfEle integrin medi-
ated signal transduction 7|38 8= o 1 24
< F o

A 27A] integrin 16 a subunit®} 8 B subunito)
EAse Ao gHA e, ojsd g5t ¥
A= 202 o]49) ap heterodimery} &) o
£-°] a subunit?} P subunit: alternative splicing2
%538l oL o3 ligand specificityd) affinity S
JIAA "ok o]#3 integrin®} Al ligand9)
ZH 2= fibronectin, collagen, vitronectini} 7+ A
F9|714, fibrinogen®} 7+-& soluble ligand, 18|11
intracellular adhesion molecules (ICAM)3} - 914
3l cell®] counter-receptor’} AT} (Bazzoni et al.,
1998). ©]#|3} integrin ligand5-& AN ZF oA
integrin®} A¥-E F3lo] integring clustering A}7]
At cross-linking  AAZEt).  integrin  clustering@}
ligand ¥ integrindl] g A ) MzHG F
Aj3E2] kg (cellular response)S ¥o7)7] 943k 2
T3 gAloln, o]y F 7)o ) AT
£ cytoskeleton®} Ap]L-& YA focal adhesions
A5l =) Focal adhesion siteo]A] integrin®]
cytoplasmic domain talin, vinculin, actini} Z-&
cytoplasmic protein®} A3l X EE ECMo) F-3
A7le 724 71%E 7HAA g@d £¢ ECM#
22 ligandshe] A% AE W pHe} Ca'e} 371,
protein kinase®] #A13}, lipid metabolism¥} gene
expression®] W3}o} 2 o ME U AEAG
£ gAdsslAl €k (Clark et al., 1995).

getd 2 =deAe 2o olFAm e
integrin®] AZHNLEHAE FHOE A ES} ECMZ
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Fig. 1. Models of the physical links between integrins
and F-actin

o] 4328 2 X WA o]FolA|E integrin}
AME W AZALEA, 18)3 cytoskeletonte] 4
Ao diaiA] AR A} gl

2. Integrin cytoplasmic domain} cyto-
skeleton

Integrin®] a subunit (F 1,2007] amino acid)$}
B subunit (7 8007l amino acid)i= &2 cytoplasmic
domain (BT 507 ©]8}9] amino acid)g AU &
A2 7158 ¢out cytoskeleton B-L AIZAHALE
AL 938 AFEYE AU Ut (Green er al,
1998). #L chimeric integrin?} mutant integrin a, B
subunitd] HAL £33l B cytoplasmic domaing
integrin®] focal adhesion targeting] I3}l a
cytoplasmic domain2 ligand specificityS ZAgcha
QAT B9 o sbwite] A5 Axe] QM
o] KXGFFKR motif® AUz o], o] motife}
calreticulin®.& ]2 Ca’'-binding proteinz}e] 2%
2 E3lo] integring] affinity7} ZA®C} (Vignoud
et al., 1997, Coppolino et al, 1995).

Integrin® A XutolA] ECM3}  cytoskeleton 3
dAshE 7)1%5S F38) In vivo

localization @ in vitro binding studyE £3}4] focal

actin filament&

adhesion®]] 4] integrin®] actin-binding proteing] a
-actinin, talin, vinculin, tensin® 22 x|o}lN ¢A
Ho] RuE, 9

Z talin, a-actinin® ( subunit
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9} AAHAHow Agstu vk Actin filamente] 7
£-% o]2)%t actin-binding proteing E3}d integrin
o A Bk (Fig 1. TEDWA(structural
proteij)2 {7 ojeigt @RZAET integrin®] 2
T B3l Axs ATHEEY ksl MEH
g 23 2 olg 2AESA HY, o 7=
vigse] mdd] AZHGEFDSC] ZHsio
integrinel] &3} cellular behaviorZ ZA3IA o}
(Calderwood, et dl., 2000; Vuori, 1998).

3. Integrin-dependent signaling pathway

Integﬁn"ﬂ ofs] @AsHoAE AsHeAA 9
TFHL integrin clusteringAl == AEstAE A
3} & focal adhesiondl] ¢x)ahs ThAL ZA
S Fotd o]RRTh o= oE JaHEAAS}
MR R integrindl] o AZAY A xR
g x7)o] @F Qg d4do] dojdth 4w
G438} integrinel] 9J8}ed tyrosine ¢14+E}7E Yol
ol 22 Hud oY, oy vdud
ANl FHAe thEEY AFEu Ao Yol
o] HFHU

Integrin B subuniti= cytoskeleton ©]£]o| % integrin
o) 7)%} integrin-mediated signal transductiong& =
Al AE W dRAEAE 43S i 3
. ol3E Vg AYe AZIEEAEAM B
subunite] 2% ZA$Fsl= integrin-linked kinase (ILK),
B3-endonexin, focal adhesion kinase (FAK) Fo] ¢#
A dch (Dedhar er al, 1996; Wu, 1999). 1 F
FAKo] integrin A3 HgdA 714 F23% 758
sttty HuE<ch FAKL  C-terminal FAT
(focal adhesion targeting sequence)& %3} integrin
Bl subunite] C-2¥ (C-terminal)e] 791-799 E+
756-768 amino acid®} A5l integrin clusteringAl
tyrosine kinase®) @4€ UERA B ol
FAKS] &438l= integrin A5 A 2] downstreamo]]
dxske AZ W G 3719} PKC BAEE fE
&7 He trigger2A 2434 "ok tlgo] FAK
9] tyrosine kinase 7]%-2] €443} A] autophosphoty-
lationS 9o # SH2, SH3 domaing Ad Src family
kinaseE1 ©AEe] AYS fFEatA FHed,

a%
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Fig. 2. Diagram of signaling pathways activated by
ECM and growth factor

FAKY} A7 ZAste EZ2¥E Src kinase, Cas,
Grb2 Fo] @A flom, o]go] Tl paxillin,
Gk 53 zZe o3 JNsAGEAEDN HAFgs
S8t FAKe2RE AEdE Oy 235 Ax
g2 AgsA "ot FAKY) 98l F435E 2l
AL HA Ras/MAP kinase A 29} lipid meta-
bolism® Zd&= PI3 kinase, PLC 222 & 4
lch (Fig. 2). o]#]§ FAK9] A3 Age 43 FAK
o o5} &A4shEe Syk (p72™* nonreceptor tyrosine
kinase)E Foto} o] LA ==, NF«B
o} & A9 nuclear translocationd &3}
FAAY HEE A FAZ ECM 98t
cytoplasmic and cytoskeleton-associated pathwayES &
s fuAel wHo] zAsolye elnan
(Hughes et al., 1998; Schlaepfer er al., 1998).

Integrin a subunit®] 739 B subunite] Y8} isoform
9 FF7F ¥3el= E738la o}F71A isoform &
olfog Ayste “Hldo] FAHA Ek 9
fF o8 a2 subunit®] 7A-$ Factingt BA 432
ke ez g=A den, Az aHd
KXGFFKR motifS 58} calreticulin®} Agst=
2oZ dejA Uk (Michalak ef afl., 1999).

4. Inside-out Signaling Pathway

Integrinol] 93t A E 9] adhesiond AL T | A

9] integrin®] WAL} WHHE integrin® ligand
affinitye]] Jsted ZA=w, integrin?] affinityy= 4]
¥EWBe o2 receptord] ot BA4J8lE cyto-
plasmic signale] ]3] ZdH} (Fig. 2). Integrin B1,
B2, B3 familyS2 ZEHOZ ligando] uldt affinity
7t EoAE “activation”0)Zk= HPE HA Hrh
o|H§t activationd MEW AEAG] &) integrin
9] cytoplasmic domain®] ¥HE-&}e] conformational
change® YOA extracellular ligand binding site$]
affinity7} &7)8ks RS2, o]z 712 “inside-out
signaling”o]} F-Et} (Williams et al, 1994). ©]¥
3l inside-out signalingd] Hoidle AsAGEAZ
¥ serine/threonine  kinase, phosphatase, Small G
proteing] Ras9} Rho, calreticulin o] ¢aiA ¢lok
(Dedhar er al., 1996).

Calreticulin®] binding motif¢] KXGFFKR A g-&
integrin a subunite] of-$- 2 HEE R glom, o
motif7} A A¥ mutant integrin®] 7% constitutively
active receptorE AJsHA "tk B3 29 By
of w=w KXGFFKR motifd] UejA  274¢]
phenylalanine®]  integrin-calreticulin complex 3 4doj|
- 88k, A arginine®] 79 counterpart
¢l B subunit®] aspartic acid9} salt bridgeE ©]Fo]
default inactive stateZ #%]8}7] 93] Fgsite
Abdo] dHATE 2 integring® activationS $]3]A4
£ a B subunitito]ol] BAJEo}A 9l salt bridge
B7t "4Ho|w, o] WAA calreticulin® a
subunitel] ©] A salt bridgee] Welg FEshe
RAoZ Helth o]9oE  phosphatase inhibitord]
okadaic acidel] 98] A|¥o] X I calreticulin-
integrin 4 &2k8-0] 7143h= AME-S B o calreticulin
o] KXGFFKR motif AL YAe gats
(dephosphorylation) 713 94 WRFE o 4 Ut}
(Fig. 3; Coppolino et al., 1999).

Calreticulino]u} ¢1Aks} #AME= WEZ small G
proteing] R-Ras YA} integrin®] activation® $=3}
=, oF7A Audt FARE 53l zEHEA
= U8R 9k, constitutively active R-RasZ
A Eol| A BHA)FA integrin®] affinity7} Z7}5}o]
A XS] ECM §-Zo] F7kshe dde] vehis, o]
9} WA Z dominant negative R-Ras®] 7% M9
Fo] Zashke @40 Yedt ole UiAlsle
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LOW APFINITY

HIGH AFFINITY

Fig. 3. Top (upper) and side (lower) views of a
model of the ligand binding sites on integrin
allbf3. Interaction between integrin  with
calreticulin is dependent on the activation-state of
the integrin.

R-Ras 9A] M oA integring] ligand affinityS
ZA5 3 98-S BoFu) (Zhang ef al., 1996).
Integrin activation®] = T2 E3& fibronectin
matrix assemblyol]x] ZolE 4 Il integrin
cytoplasmic domaina} cytoskeleton3}9} FFAE-S-
23}y integring] affinity’} 713} A= fibronectin
o] Ago] Zr1 Bt olyg} fibronectin matrix
9 A dA 24 B (Wu e dl., 1995). &
3] fibronectin matrix®] 73-%- embryonic development,
wound healing, malignant cell behavior 52 273}
E 8% 715% AU Jenz A Fo4
o] wj$ =tk o]#F AML integrino] TES| Al
¥ vre] ECMI} Afshe ZRte] oidet 5%
o AEFHe ECME ¥ RS gngth

5. Qutside-in Signaling Pathway

Integrin® AE W) AEHALE 5§ activation 9
o= ECMzte] 4328g Fitel ore AsE
AE ko g A= AEHFEAZAMY 715S
7R gom, olg Bl A2 £3 % 54,
morphogenesis, °%F 59 715& THA Hed
0]& "outside-in signaling"o]g} H-Et}. o3 7T

22

£ integrin®] ligand-induced conformational change

(LICOE AYa 7] wizol] dojuA €rt. o)y
§ AL active integrinBHg SolHo2 AN
B}A| & o] &3l B1= A} (Tshehida ef al., 1988).
Integrin®] outside-in signaling2 B subunite} A3}
I k& FAK9] tyrosine QI4HSHE F3dlo] AX uf
2 Ad"Ent AXJz AEd integring] HIE
PKC, Na'/H' antiportor, Ha-Ras @33}, phosphoinositide
(Phe] £3, AT A Ca"e] Frkeh e AT
AEE Yo7)nf, E9] integrin®] AT AGAAME
tyrosine {138H7L F 238 2H-8-8k=w), THF tyrosine
Aaksl7t M= integring] EAde] wEt JERt
= fAz 2Ewd @ 2§ focal adhesiond] ¥
A 2L Tt ARy ol AletAA €k

AEe ECMY] 43282 Axe] AEE 8
¥4 49 Aoz wep ojeld AEAE] B
W A9 HE (epithelial cell), H3)A|E (endothelial
cell)= M FEANE (apoptosis)S Yo.7)al, AdfolAiL
(fibroblast)x= M X F7]¢] Gl phaseoljr] A& HF
Al BtHMeredith et al., 1993; Frisch et al., 1994;
Guadagno et al., 1993). @}z] growth factor receptor
AY integrin GA] HEAPEN AEFVIE 2H3)
715€ AYa Aot (Fig. 2). #H2] Bl o
integrin®] AZHYEL growth factort} serum}
0 ANZAYHEZE F3t Cyclin D19 24
Z7}A)17)3, Cyclin D1-Cdk4 (cyclin  dependent
kinase 4), cyclin E-Cdk29] 848 Z7IAIA AEF
718 zAgte Aol BE A olg AEF
719 #EE NEHNGHZE MAP kinase, ILK, 21
23l cytoskeleton reorganizationo] T Ho] <}
(Dadhar, 2000; Zhu et al., 1995).

Integrin®} ECM3}te] A5 a-82 A¥o Eiolw
1A% F@dAZ Uk HY FAAHE (mammary
epithelial cel)®] 74$-F AW HEWE laminind] 23]
Lol Aol B casein®} whey acidic protein (WAP)
9] §Ado] Z719th 2 laminint} integrin®] A}3.3}
Lol AE o)A AP-1, STATS transcription factor
2 ZHA fAAY FEE dodle Aotk
(Fig. 2; Streuli et al., 1995). T3} fibronectinol] <]t
integrin a5p12] &A33}te] 735 AHET integrin
o] olste] AP-1, PEA3 transcription factor®] 2413}
7} $550] collagenase®] W&lo] Z7}=] 11, collagenase

2
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Fig. 4. Hypothesis of integrin-mediated Ca’* signaling;
Calreticulin couples calcium release and calcium
influx

of 9Jate] MEFH collageno] Eshxo] x>
He] ECME ul4A "t} (Tremble er al., 1995). =
integrinel] ©J3+ M| ¥ 9] adhesion< transcription factor
o 28& F3ld frERe ¥ zAsly A=
Axe F4 9 B3 2™ ok

6. Coupling of Inside-out and Outside-
in signaling

HIAA ool Be AFEL integring]
activationol] -2 inside-out signaling 2-& ECM3}2)
B5AE o8 fLHoRE AX W AzAg
AAEAE 538} integrin® outside-in signalingS
walen) 2 ST integring] ABARE
integrin®] ECM affinity2 £3l Mz WH3s An
FAE 7M1 QleEz Mz Bd 7oz M
7idle §27F uk

HT B HdPHdre ZHEAA calreticulind]
oJ3fe] integrin®] inside-out, outside-in signaling©}
coupling=lo] 1SS EHHch integrin ’*1§14‘§'«]
couplingoll= 23} AT HGEAZ S8 C&*

& 3l calreticulin®} integrin®] A& 289 E"iii}"]
Ao ZH o]FoAT} (Fig. 4; Kwon et al, 2000). 7}
23] 1 7]ZS A HW, integrin clusteringol] 23}
FAK, PLCv 59 437}t dojutz, 8435w
PLC-vel] ¢Jsle] gAg IP3o] 2J3le] endoplasmic
reticulum (ER), sarcoplasmic reticulum (SR)®] IP3
receptor channelo] F&]A] Eo] ZRHoz MEY
AN AEY a9 =7t 2718 "ok =

7Hl Ca¥' & ME A ZA3}= endocalreticulin (4]
ZU] EA5h= calreticulin)®} A3la calreticulin)
integrin A¥-& dozit} 1 A} integring confor-
mational change® U2 ecdocalreticulin (¥ EX
A el calreticuling®} Zg3Th. I F  integrin-
calreticulin  complext® ME ¥ WO Ca® channel$l
DHPR (dihydrophyridine receptor)S HojA A
99 Ca's MEUREZ SolbA @k =
calreticulin® M ¥ U] Ca® releases] o)t integrin®)
activations Fr =& 7+ olu)#} (inside-out), DHPR
B 2L chanelg ZHYL Folo ATUz
Ca” influxs} 2 AFAY (outside-in) e AT
53to] integrin A3 AEL couplingA) 7)1 QITh

7. HSE

Aol A B8l AXF integrinol] HE B A7}
HZ 109 @ 3 FAsolx o= BFsin
o}37kA] e ] A 23 Qo) o)=

FFo

integrin®] 7]50] T3] AE 2] adhesiong 533}
= 72489 98 9] growth factor receptors] Y
AEYRe ANFE AX YE AGNI)E o)FH
A 715& Az A7) WEeltk t$o] integrin®]
739 T q, B subunite] ZAYEHH, o)59] =3
o o] B ot af heterodimer/} BAEH
alternative splicingS 58 & T2 27139 2FHo|
dolupy] wEe] 1 7159 BFAe] g =7
) Eo]c}.

Integrinel] 25+ A1 dee] o, B subunite] cytoplasmic
domaino] ¥t AL o AF vl GA o}x7}
A HAPEHA R T 7R BAZ Folslth a3
Shhs integrind] ©J3] o|BA signalo] FAFH
AX Y2 d2He 7t tig EAoy, ta 3
U= T3l integrin heterodimerol} 23] A=
integrin  signaling®] E-o]/de]] i3k EAloltk. A
o 7% integrin} 432HgEE AL 3
ato] 710 4R signaling pathways}o] Aluiw
AZ HYozH FHEHo Jla gled, FAKF
ILK®} 2-& integrin binding protein kinase®] 7
o]} integrin A FHNEE coupling 7)5-LS —",‘—agz‘s]-
= HFEHQ ooltt. kAt o}&A7kR] FAKT ILK
FEe] 24 diside ¢8R vt Qo 3
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9] H$+= integrin-specific signalingel] B3t TAo]
th #A7HA] e b W= integrin clustering
of 9Jdte] FAKS] tyrosine <At} fs|o
integrin signalingo] fdETiL YA Utk A
7 A EoA ekt ECMO] 9l integrin)
clustering=]1d 3¢ Yojub= FAK3} paxilling] Q1
e BEAoR dojue dgeE Hasold
1o, o]2 <13} integrin heterodimerol] we} Eo]
Hoz Afshs wllFo] EAE Aoz o)
Stk o] integrin a6flo] E43E W Yot
S A4S} integrin a3Blo] &4 Al et
FdH OES Tt HEHT (ewell & al,
1995) AT o}F7R] oWg FF ATALGE
AEd] o3 olgg dEo] Yojuple=x HEAA
23 Utk WA integrin®] AT AGA A Y
& Y3M= FBEUE integrin signaling®] speci-
ficity7} oJRA FA=HE Zlol disk EAlsiEe] A
Asolop & Zoltk. gl t] YolsiA growth
factor signaling@} 2o] ThE receptoro] 2|3k A5 A
23} integrin signaling®] oJ® 3t 4]0 2 cross-talk &
=Xl tig 4 9A] siasojor & Aot

ok
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