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ABSTRACT 

Nissinen, Liisa 
The collagen receptor integrins - differential regulation of their expression and 
distinct signaling functions 
Jyvaskyla: University of Jyvaskyla, 2001, 67 p. 
(Jyvaskyla Studies in Biological and Environmental Science, 
ISSN 1456-9701; 97) 
ISBN 951-39-1020-2 
Yhteenveto: Kollageeniin sitoutuvat integriinit - niiden toisistaan eroava saately ja 
signalointi 
Diss. 

Metazoans need cell adhesion to hold themselves together. The largest family of 
cell surface receptors that mediate cell-matrix interactions are the integrins. 
Integrins link the extracellular matrix to the intracellular cytoskeleton. Integrins are 
also signal transducers. Four collagen-binding integrins are known, namely alPl, 
a2Pl, alOPl, and a11Pl. Integrin a3Pl also binds collagen, but it is an assisting 
receptor. 

In this thesis, the differential regulation of the expression and distinct 
signaling functions of the collagen receptor integrins were studied. The expression 
of four collagen-receptor integrins and the regulation of their expression was 
investigated in human osteosarcoma cell lines: Saos-2, MG-63, and KHOS-240. 
Bone morphogenetic protein-2 (BMP-2), which is a peptide growth factor closely 
related to transforming growth factors-P (TGFs-P), decreased the expression of a2 
and a3 integrins in Saos-2 cells, and in the human keratinocyte cell line, HaCaT, 
respectively. This way BMP-2 regulated the adhesion of Saos-2 cells to laminin-5. 
Integrin a2 expression has been shown to be associated with the transformed 
phenotype of a cell. This was studied further by testing the effects of tumor 
promoters, okadaic acid (OA) and 12-O-tetradecanoyl-13-phorbol acetate (IPA) on 
the expression of the a2 integrin gene in MG-63 cells. OA and IPA induced the 
integrin a2 gene expression. Expression of the novel integrin subunits, alO and 
al 1, was studied in osteosarcoma cells in which al and a2 subunits are expressed. 
Integrin subunits alO and all were expressed in Saos-2, MG-63, and KHOS-240 
cells, and their expression was regulated by TGF-P and tumor promoters, TP A and 
OA. Integrins alpl and a2Pl have been shown to activate different cell signaling 
pathways. Here the signal transduction mediated by integrin a2Pl was studied 
further. A novel a2-related signaling mechanism was described. Integrin a2Pl 
mediated the activation of protein serine/threonine phosphatase, PP2A, and as a 
result of that, PP2A inactivated Akt/PKB by dephosphorylation. Integrin a2 
cytoplasmic tail was able to block a proliferative signaling pathway (Akt/PKB), 
and it could have an effect on cell cycle arrest in human primary fibroblasts. 

These results show that all four collagen-receptor integrins can be expressed 
simultaneously in a single cell and can be independently regulated. The results also 
confirm that the collagen-receptor integrins have distinct signaling functions, and 
their ligation may lead to opposite cellular responses. 

Key words: Collagen receptor; gene regulation; integrin; signal transduction. 
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1 INTRODUCTION 

lntegrins are heterodimeric cell surface receptors which mediate cell-matrix 
interactions. Twenty-six different integrin subunit genes have been 
characterized in human cells. There are several mechanisms by which a cell can 
control the presence of an active integrin molecule on the surface. These 
mechanisms include the regulation of protein levels by transcriptional or 
posttranscriptional mechanisms, the regulation of messenger RNA (mRNA) 
splicing, the mobilization of intracellular stores, and inside-out signaling 
(conformational control of an integrin molecule). The collagen-binding integrins 
are alPl, a2Pl, alOPl, and allPl. 

The regulatory regions of the collagen-receptor integrin genes, al (aviant 
a2 (humant and Pl (humant have been characterized. The genes of collagen
binding integrin a subunits are regulated independently by growth factors and 
cytokines. However, very little is known about the molecular details of integrin 
gene regulation in different conditions. Two Spl binding-sites at the core 
promoter region of a2 are needed for full promoter activity. Two APl (activator 
protein 1) binding-sites at the enhancer region of the a2 gene are needed for 
phorbol ester induced transcription in megakaryotic cells. The integrin al gene 
contains CArG box-like motif. This is an essential cis-acting element in 
differentiating smooth muscle cells. The regulatory region of Pl gene consists of 
two tandemly located promoters. In both promoters there are binding sites for 
Spl. At the distal promoter of Pl gene there are APl motifs. The distal promoter 
is ubiquitously active but the proximal one is not. 

The collagen-binding integrins have specific roles as receptors. There are 
functional differences seen: alPl prefers collagen types IV and XIIt whereas 
a2Pl prefers fibril-forming collagens. alPl and a2Pl activate different signaling 
pathways and thus the ligation of these receptors has different cellular 
responses. 

The purpose of this study was to investigate the differential regulation of 
the expression and distinct signaling functions of the collagen receptors. 
Speculative reasons for the presence of four collagen-binding integrins in a cell 
are presented. alOPl and allPl are novel collagen receptors, and very little is 
known about their expression in different cell lines or in human tissues. Here, 
the expression patterns of these novel integrins have been studied. The 
signaling functions of a2Pl have been examined in three-dimensional collagen 
lattices, and a novel signaling pathway for a2Pl is presented. 



2 REVIEW OF THE LITERATURE 

2.1 Transcription of eukaryotic genes 

Every normal cell of an organism contains the same pattern of genes. Different 
external stimuli activate different sets of genes in a cell. Gene expression is 
primarily controlled by transcriptional regulation. 

2.1.1 Transcription factors 

Transcription factors (TFs) bind to specific DNA sequences in the promoter and 
enhancer/silencer regions of a gene, and they enhance or silence the 
transcription. TFs may contain a DNA-binding domain, an oligomerization 
domain, and an activating domain. Several classes of double-stranded DNA
binding proteins have been identified. They differ in their tertiary structure, in 
their way of interacting with DNA, and also in their specificity. The main 
classes are helix-turn-helix (HTH, e.g. Ets, Estrogen receptor) and helix-loop
helix (HLH, e.g. E2F, MyoD) motifs, zinc fingers (e.g. Spl), leucine zippers (e.g. 
APl), and �-sheet DNA-binding proteins (Pabo & Sauer 1992, Wintjens & 
Rooman 1996, Massari & Murre 2000). 

2.1.2 Activator protein 1 (APl) 

APl (activator protein 1) family consists of Fos (c-Fos, Fra-1, Fra-2, and FosB) 
and Jun (c-Jun, JunB, and JunD) proteins. There are also three activating 
transcription factors (ATFs) which belong to the APl family, namely ATF2, 
ATF3/LRF1, and B-ATF (Angel & Karin 1991). The APl TFs are activated by 
mitogenic growth factors, inflammatory cytokines, the transforming growth 
factor-� (TGF) family of proteins, ionizing irradiation, cellular stress, and tumor 
progression (Angel & Karin 1991, Karin et al. 1997, Wisdom 1999). APl proteins 
are leucine zipper TFs. They form structural homo- or heterodimers. The DNA
binding domain contains 60 to 80 amino acids and it consists of a basic region 
and leucine zipper region. The leucine zipper region mediates dimerization, 
and the basic region binds to the DNA. The leucine zipper region forms an a
helix in which the hydrophobic amino acids (e.g. leucines) are on one side of the 
helix and charged amino acids on the other side. The leucines of one zipper can 
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interact with the leucines of the zipper of another protein to form a coiled coil 
structure. 

An APl complex binds to DNA by the basic-leucine zipper motif. The 
leucine zipper of Jun proteins can form homodimeric complexes and also Jun
Fas heterodimers. Fos proteins are not able to form homodimers. Jun proteins 
also form complexes with activating transcription factors (ATFs). Jun-Jun and 
Jun-Fos dimers bind to a palindromic consensus DNA sequence 5'-TGA G/C 
TCA-3'. This sequence is a TPA- (12-0-tetradecanoylphorbol 13-acetate) 
responsive element (TRE). Jun-ATF dimers and ATF homodimers bind to the 
cAMP-responsive element, CRE, whose sequence is 5'-TGA CG TCA-3' (Angel 
& Karin 1991). Different APl dimers bind DNA with different activities. This 
might be at least partly responsible for the different biological effects of distinct 
APl complexes. The c-Fos/c-Jun complex is more stable, and thus it is a more 
efficient activator than c-Jun homodimer. c-Fos/JunB and c.-Fos/JunD dimers 
bind and activate transcription as well as the c-Fos/ c-Jun dimer. The c
Jun/JunB heterodimer binds weakly to DNA (Angel & Karin 1991, Wisdom 
1999). 

The transcription of c-fos is induced very rapidly and transiently by 
treatment of cells with different stimuli (for example platelet-derived growth 
factor (PDGF), TGF-�, tumor necrosis factor-a (TNF), epidermal growth factor 
(EGF), fibroblast growth factor (FGF), and phorbol esters, Angel & Karin 1991). 
Induction of c-fos is mediated by several cis-elements. Proximal to the c-fos 
TATA box is CRE. CRE-binding proteins (CREB) or ATF proteins bind to this 
element, and it is needed for c-fos transcriptional activation. Another cis-element 
that regulates c-fos transcription is the serum-response element (SRE). A dimer 
of a serum-response factor (SRF) and a ternary complex factor (TCF) recognizes 
this sequence. A third element is the Sis-inducible enhancer (SIE) that is 
recognized by the ST AT transcription factors (signal transducer and activator of 
transcription, Karin 1995). 

The induction of c-jun mRNA by a phorbol ester, TPA, lasts considerably 
longer. One reason for this is that the stability of the c-jun transcript is 
increased. Expression of the c-jun gene is induced by growth factors, cytokines, 
and ionizing irradiation (Angel & Karin 1991). The promoter of c-jun is more 
simple than that of c-fos. The induction of c-jun is mediated by one cis element, 
TRE. In this element, there is one base pair (bp) insertion compared to the 
consensus TRE sequence. Due to this change, the cJun-ATF heterodimer binds 
there more efficiently than other APl complexes (Karin 1995). 

The regulation of APl activity occurs at two levels: extracellular stimuli 
modulate both the abundance and the activity of APl proteins (Karin 1995). The 
activity of APl protein complexes are regulated through their phosphorylation 
by mitogen activated protein kinases (MAPK), the extracellular stimulus
regulated kinases (ERK), c-Jun N-terminal kinases/stress-activated protein 
kinase (JNK/SAPK), and p38. c-Jun is a substrate of JNK/SAPKl. It is 
phosphorylated at serines 63 and 73 by JNK/SAPKl. c-Fos is phosphorylated 
by the ERKl/2 signaling pathway. p38 is also known to activate c-Jun 
(Garrington & Johnson 1999). 
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2.2 Integrin family 

All metazoans from sponges to vertebrates need cell adhesion to hold 
themselves together. Major classes of cell adhesion receptors are cadherins, the 
immunoglobulin superfamily, selectins, and integrins. Adhesion receptors also 
link the extracellular matrix (ECM) and adjacent cells to the intracellular 
cytoskeleton, and they are signal transducers. 

2.2.1 Integrin structure and function 

The main family of cell surface receptors that mediate cell-matrix interactions 
are the integrins (Ruoslahti 1991, Hynes 1992, Hynes 1999). These receptors 
regulate cell adhesion and migration and participate in the regulation of cell 
growth, survival, and differentiation. Integrins are heterodimers consisting of a 
larger a and a smaller P subunit. Both a and p contain an extracellular domain, 
transmembrane region, and a small cytoplasmic domain. The extracellular parts 
of the a and P subunits associate non-covalently to form a functional receptor. 
To date, eighteen a subunit genes and eight p subunit genes are known in 
mammals. a and P subunits can form at least 24 different ap heterodimers. a6, 
a7, allb, Pl, P3, and P4 may occur in alternatively spliced forms. Most i.ntegrins 
are receptors for ECM proteins such as collagens, fibronectin, and laminins. 
Some integrins also mediate cell-cell contacts. In Fig. 1 integrin heterodimers 
and their ligands are presented. 

lntegrin a subunits can de divided into two subgroups depending on the 
presence of an inserted (I) domain in the N-terminal part of the ectodomain. 
The I domain contains approximately 200 amino acids and is present in nine 
integrin a subunits, namely in al, a2, alO, all, aL, aM, aX, aD, and aE. The al 
domain is responsible for ligand binding of these integrins (Landis et al. 1994, 
Zhou et al., 1994, Tuckwell et al. 1996, Calderwood et al. 1997). The integrin al 
domain contains a metal ion adhesion site that coordinates magnesium. The 
Mg2+ ion has been demonstrated to be important in ligand binding (Lee et al. 
1995, Emsley et al. 2000). The ul domain-containing u-integrins are either 
receptors for various collagen subtypes or act as cell-cell adhesion receptors. 
Other integrins recognize short motifs, such as RGD in their ligands. Both a and 
P subunits are needed in the ligand binding of these integrins. 

The expression of specific integrins is regulated during the development, 
and changes of the integrin pattern alter the behavior of the cell. Studies of 
integrin receptor functions are partially based on null mutations in mice. Null 
mutation of the Pl gene results in very early embryonic lethality. The 
phenotype of Pl null is not only the result of a requirement for Pl, but is due to 
critical roles of specific Pl integrins (such as a5Pl) at early stages of 
development. Integrin Pl null cells contribute to all mature organs except the 
liver and spleen (Fassler & Meyer 1995). Nullification of integrin a5 in mice 
results in lethality during embryogenesis. Extra-embryonic and embryonic 
vascular defects and abnormalities in the development of the posterior trunk 
are seen in these mice (Yang et al. 1993). Integrin a4 null mice also die during 
embryogenesis due to impaired cardiac development (Yang et al. 1995). Integrin 
al null mice are phenotypically normal but the feedback regulation of collagen 
synthesis is impaired (Gardner et al. 1999). Integrin a2 and alO null mice are 
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viable, and they develop normally (M. Zutter; R. Fetzler, respectively, 
unpublished). Mice expressing a null mutation of the a3 gene are born alive but 
die within a few hours of birth. There are abnormalities in development of the 
renal tubules, decreased branching of the airways of the lung, and 
disorganization of the epithelial basement membrane ECM (DiPersio et al. 1997, 
Kreidberg et al. 1996). Mice expressing null mutation of the a6 gene die soon 
after birth. They develop epidermal blisters, and the epithelial cells fail to 
anchor to basement membrane (Georges-Labouesse et al. 1996). Integrin a7-null 
mice demonsh·ate abnormal development of skeletal muscle (Mayer et al. 1997), 
and a8 null mice have abnormality in kidney although it was originally cloned 
from chicken brain and is widely expressed in smooth muscle cells and 
myofibroblast from many organs (Muller et al. 1997). Mice lacking aV survive 
until late in embryogenesis or to birth. The major organs of these mice develop 
essentially normally in those that survive to birth but they have defects in the 
development of blood vessels (Bader et al. 1998). 

2.2.2 Collagen receptors 

To date, at least 19 collagen types have been found. They are divided into seven 
subgroups: fibrillar collagens (types I, II, III, V, XI), network-like structures 
forming collagens (types IV, VIII, X), fibril-associated collagens with 
interrupted triple helices (FACIT; types IX, XII, XIV, XVI, XIX), beaded 
filaments-forming collagens (type VI), anchoring fibrils for basement membrane 
forming collagens (type VII), collagens that contain a transmembrane region 
(types XIII, XVII), and multiplexins (types XV, XVIII). The most abundant 
collagen is type I, which is found in most c01mective tissues. Type II and III 
collagens are expressed in cartilage and in extensible connective tissues (skin, 
lung, and vascular system), respectively. Other fibrillar collagens (types V and 
XI) are expressed in tissues that contain collagen types I and II, respectively.
Type IV collagen is located in basement membranes. Network-forming collagen
type VIII is expressed in many tissues, for example endothelium. Collagen type
X is expressed primarily in hypertrophic cartilage. FACIT collagen type IX is
expressed in tissues that contain collagen type II. Collagen types XII and XIV
are expressed in tissues containing type I collagen. (Prockop & Kivirikko 1995)

Analysis of Drosophila melanogaster and Caenorhabditis elegans genomes 
indicates that these animals lack the I domain containing putative collagen 
receptors (Hutter 2000, Hynes & Zhao 2000). Thus, it is possible that only the 
vertebrates have collagen receptor integrins. The human collagen-binding 
integrins are alPl, a2Pl, alOPl, and a11Pl. a3Pl integrin has also been 
reported to interact with collagen, but it is not a primary collagen receptor 
(DiPersio et al. 1995). alOPl (Camber et al. 1998) and a11Pl (Yelling et al. 1999) 
are novel integrins. Integrin heterodimers prefer different collagen types with 
different affinities. alPl is expressed on smooth muscle, neuronal, osteogenic, 
and endothelial cells and fibroblasts (Ignatius & Reichardt 1988, Belkin et al. 
1990, Salter et al. 1995). a2Pl is expressed on fibroblasts, osteogenic cells, 
chondrocytes, endothelial cells, and platelets (Giltay et al. 1989, Klein et al. 
1991). alPl prefers type IV collagen. It also binds to other collagens, namely 
type I, II, III, V, VI, and XIII (Loeser et al. 2000, Nykvist et al. 2000). alPl has 
been shown to bind also to laminins 1, 2, and 4 (Kern et al. 1993, Ruggiero et al. 
1996, Colognato et al. 1997, Eth1er et al. 1998,). The ligands for a2Pl are collagen 
types I to VIII and type XI (Staazt et al. 1989, Saelman et al. 1994, Ruggiero et al. 
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FIGURE 1 The integrin family of cell adhesion receptors and their ligands. 
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1996, Tuckwell et al. 1996, Chen et al. 1999). a2Pl also binds laminin-1 and 
tenascin-1 (Sriramarao et al. 1993, Colognato et al. 1997, Eth1er et al. 1998). 
Integrin alO is expressed on human and bovine chondrocytes and human 
chondrosarcomas (Camber et al. 1998). It is expressed at the mRNA level in 
various adult tissues: brain, spleen, small intestine, liver, lung, testis, ovary, 
salivary, adrenal, and thyroid glands, pancreas, prostate, skin, bone marrow, 
muscle, heart, and in fetal brain and liver (Lelmert et al. 1999a). The ligand for 
alOPl is at least type II collagen (Camber et al. 1998). all is shown to be 
expressed at the mRNA level in various adult tissues: uterus, heart, colon, lung, 
brain, salivary and thyroid glands, muscle, testis, prostate, small intestine, 
bladder, stomach, and in human osteoblast cell lines (Lehnert et al. 19996, 
Yelling et al. 1999). all protein and mRNA are also present in various 
mesenchymal cells in cartilage of the developing skeleton (Tieger et al. 2001). 
all is also expressed by mesenchymal cells in intervertebral discs and in 
keratinocytes in cornea (Tieger et al. 2001). The ligand for allPl is at least type I 
collagen (Yelling et al. 1999). Collagen type IV has also been shown to be ligand 
for all (Tieger et al. 2001). Furthermore all has been shown to be involved in 
cell migration and collagen gel contraction. (Tieger et al. 2001). 

2.2.3 Fibronectin, vitronectin, and laminin receptors 

Integrins also bind to ECM components other than collagen (Ruoslahti 1991, 
Hynes 1992,). Fibronectin-binding Pl-integrins are a:,pl, a4Pl, a4P7, and a8Pl. 
lntegrin a:,pl is the main fibronectin receptor, and it is expressed on most 
adherent cell types (e. g. fibroblasts, muscle cells, and platelets). Integrin a4Pl is 
able to bind also to vascular cell adhesion protein (VCAM, Elices et al. 1990). 
a4Pl can be detected on hematopoietic cells and muscle cells in culture, and it is 
needed for maturation and function of the immune system and differentiation 
of skeletal muscle (Williams et al. 1991, Rosen et al. 1992). aV-integrins that 
bind to fibronectin are aVP3, aVPl, aVP6, and aVP8. Integrins aVP3, aVPl, 
aVP5, and aVP8 can bind to vitronectin. aVP3 is expressed on endothelial cells 
and platelets. The osteoclast precursors/macrophage-like cells and osteoblasts 
express aVP5. Integrins a3Pl, a6Pl, a6P4, and a7Pl are laminin receptors. a7Pl 
is expressed on skeletal and cardiac muscle in which it is the major laminin
binding integrin. Integrin a3Pl is detected in a wide variety of cells. Laminin-5 
is specifically bound by a3Pl (Delwel et al. 1994). Integrin a6P4 is a component 
of hemidesmosomes on epithelial cells (Sonnenberg et al. 1991). Tenascin and 
osteopontin are ligands for a8Pl and a9Pl. lntegrin a9Pl is also able to bind to 
VCAM-1. It is expressed on epithelial and muscle cells and on neutrophils 
(Taooka et al. 1999, Marcinkiewicz et al. 2000). Integrin a8Pl binds to 
fibronectin and vitronectin. It is present on muscle and mesengial kidney cells 
(Schnapp et al. 1995). aIIbP3 (glycoprotein lib, gpllb/P3) is a fibrinogen 
receptor. It also binds to fibronectin and vitronectin, and it is expressed on 
platelets (Phillips et al. 1991). 

P2- and P7-integrins are expressed on the immune system cells. P7 is able 
to form heterodimers with a4 and aE subunits and these heterodimers bind to 
fibronectin and E-cadherin, respectively (Cepek et al. 1994). Integrins aDP2, 
aLP2, and aMP2 bind to ICAMs and VCAMs (Larson & Springer 1990). 
Fibrinogen is a ligand for aXP2 and aMp2. Integrin aLP2 is expressed on 
leukocytes and functions in immune and inflammatory processes. aXP2 binds 
to heparin, ICAM, and VCAM. It is expressed primarily on myeloid cells. aMP2 
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is expressed only on mature myeloid cells. Integrin aDP2 is expressed 
predominantly on myelomonocytic cells. 

2.3 Regulation of integrin receptor expression 

Several mechanisms by which a cell can control the presence of an active 
integrin molecule on its surface have been characterized. These mechanisms 
include the regulation of protein levels of integrins by transcriptional or post
transcriptional mechanisms, mRNA splicing, the mobilization of intracellular 
stores, and the inside-out signaling (conformational control of an integrin 
molecule). 

2.3.1 Mediators regulating integrin levels 

The integrin pattern of a cell changes during cell differentiation (Adams & Watt 
1990, Korhonen et al. 1990), wound healing (Larjava et al. 1993), and chronic 
and acute inflammation (Nikkari et al. 1993). Cytokines and growth factors are 
needed to regulate these phenomena. These factors regulate integrin expression 
for example by regulating transcriptional activity of the integrin subunit genes. 
Pharmacological agents, such as TPA, can also regulate integrin levels. The 
effect of TPA on integrin expression is often caused by the interruption of a 
known signaling pathway or by the pharmacological induction of 
differentiation. 

2.3.2 Regulation of integrin genes 

A number of integrin gene promoter regions have been characterized including 
al (avian, Obata et al. 1997), a2 (human, Zutter et al. 1994), aIIb (human, 
Pran<lini et al. 1988), u4 (human, Rosen et al. 1991), a5 (human, Birkenmeier et 
al. 1991), a6 (human, Lin et al. 1997), a7 (mouse, Ziober & Kramer 1996), aL 
(human, Cornwell et al. 1993), o:.M (human, Hickstein et al. 1992; Pahl et al. 
1992), aX (human, Lopez-Cabrera et al. 1993), aD (human, Noti et al. 2000), aV 
(human, Donahue et al. 1994), Pl (human, Cervella et al. 1993), P2 (human, 
Agura et al. 1992), P3 (human, Villa-Garcia et al. 1994), P4 (human, Takaoka et 
al. 1998), ps (mouse, Feng et al. 1999), and P7 (mouse, Leung et al. 1993). In Table 
1, consensus binding motifs of integrin promoters are presented. All of these 
promoters lack both TAT A and CAA T boxes except a4 which contains both 
TATA and CAAT boxes (Rosen et al. 1991) and aIIb which contains a CAAT box 
(Uzan et al. 1991). All integrin gene transcription start sites that have no TATA 
or CAAT box have an Inr or Inr-like element except aV, aM, p2, and P3 (Shelly 
& Arnaout 1991, Agura et al. 1992, Donahue et al. 1994, Villa-Garcia et al. 1994). 
In Fig. 2, regulatory regions of integrin genes are shown. 

al integrin gene The al integrin promoter has been cloned from chicken 
(Obata et al. 1997). Transcriptional regulation of al gene has been studied in 
differentiating smooth muscle cells (SMC). In a primary culture of SMCs, al 
expression is downregulated at the transcriptional level during serum-induced 
dedifferentiation (Obata et al. 1997). CArG box, between -156 and -147, is a 
serum response element which is an essential cis element in differentiating 
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smooth muscle cells (Obata et al. 1997). Serum response factor (SRF) binds to 
CArG box and is essential for this transcriptional regulation in SMCs. 

TABLE 1 Integrin promoters and consensus binding motifs. 

lntegrin Promoter 

o:1 
o:2 

o:Ilb 

o:4 

o:5 
o:6 

a.7 

a.L 

a.M 

a.X 

characterized* 
avian 

mouse 

mouse 

mouse 

*If not in human

Consensus motifs 

APl, AP2, CArG, E box 
Inr, Sp 1, APl, AP2, GATA, PU .1, 
estrogen response element 
Inr, CAAT,Spl, GATA, Ets 

TATA,CAAT,Spl,APl, AP2, PU.1, 
MyoD, Ets 
Inr, Spl, APl, Ets 

Inr, Spl, APl, AP2, CREB, c-Myc, 
NF-KB 
Inr, Spl,APl, AP2, GATA, Ets, E 
box, CArG 
Inr, Spl, APl, PU.1, c-Myc 

Spl, AP2, PU.1, GATA, Ets 

Inr, Spl, APl, AP2, PU.1, c-Myc, 
NF-KB, RAR 
Inr, Spl, APl, Ets 

Spl, Ets, GATA, 
two independent promoters, Inr, 
Spl, APl 
Spl, APl, PU.1, CREB, GATA, Ets 

Spl, PU.1 

Inr, Spl, APl, Ets, MyoD, NF-KB 

Inr, Spl, PU.l, STAT 

Inr, AP2, PU.1, Ets, GATA, MyoD 
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a2 integrin gene The a2 gene is regulated by different transcriptional regulatory 
elements in epithelial cells, fibroblasts, megakaryocytes, and platelets (Zutter et 
al. 1990, Zutter et al. 1992). The expression of a2 gene in cells with 
megakaryocytic features requires a core promoter region, a silencer, and 
megakaryocytic enhancers in the distal 5' end region (located between bp -92 
and -30; -351 and -92; -2592 and -1426, respectively, Zutter et al. 1995a). The 
core promoter region of a2 has two Spl binding sites at -61 and -42 (Zutter et 
al. 1994, Zutter et al. 1995a). These two Spl motifs regulate a2 gene core 
promoter activity (Zutter et al. 1997). Phosphorylation of Spl is needed for 
protein-DNA complex formation at the core promoter region of a2 gene (Zutter 
et al. 1997). The silencer element of a2 gene is able to repress promoter activity 
in cells of hematopoietic lineage, DAMI and K562 cells. This silencer region is 
not active in non-hematopoietic cells, for example in breast epithelial cells 
(Zutter et al. 1994, Zutter et al. 19956 ). Potential elements that increase silencer 
activity are AP2 and Spl sites (Zutter et al. 1995a). A 229 bp region of the distal 
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5' flank of the a2 gene is required for high level enhancer activity in 
megakaryocytic cells (Zutter et al. 1999). Two tandem APl sites at bp -1557 and 
-1543 are required for enhancer activity and for DNA-protein complex
formation. c-Fos and c-Jun bind to these APl motifs. Signaling via MAPK
cascade could lead to activation of the megakaryocytic enhancer of the a2 gene
(Zutter et al. 1999). Phorbol ester, PDB, which is used to induce megakaryocytic
differentiation, is able to induce the transcription of the c-fos gene via MAPKK
ERK-pathway and to activate c-Jun via JNK.

The transcriptional activity of the a2 gene has also been studied in the 
mammary epithelium-derived breast cancer cell line, T47-D. Zutter and 
coworkers (1990) have shown that there is a correlation between a2�1 and 
estrogen receptor expression in breast cancer, raising the possibility that a2 
expression may be hormonally regulated. Two half-palindromic motifs that are 
able to bind estrogen receptors are positioned at -802 and -514 (Zutter et al. 
1994). The region between bp -549 and -92 is needed as an enhancer element in 
T47-D cells. It contains one estrogen half-site. Another estrogen half-site as well 
as two APl sites are located within bp-961 and -549, and this region might be 
another enhancer element in T47-D cells (Zutter et al. 1994). 

In human mammary tumor cells over-expressing ErbB2 a2 is 
downregulated at the transcriptional level (D'Souza et al. 1993, Ye et al. 1996). 
Spl binding element, located within --61 to -44, and Spl TF are needed for 
ErbB2 and v-Ras-mediated downregulation of the a2 gene. The --61 to -44 
sequence is able to bind Spl or Sp3. Sp3 functions as a transcriptional repressor 
by competing with Spl binding (Hagen et al. 1994). Thus the transcriptional 
activity of the a2 gene Spl site may be determined by a balance between 
binding of the activator, Spl, or the repressor, Sp3 (Ye et al. 1996). 

lntegrin allb gene The promoter region of allb gene contains four GATA
binding sites located at positions -54, -243, -376, and -463. The -463 GATA motif 
at an enhancer region is essential for full transcrition activity. When -463 site is 
mutated, the -54 GATA-binding site appears to be essential for the remaining 
transcriptional activity (Martin et al. 1993). Both -463 and -54 GATA motifs are 
flanked by the consensus-binding sites of the Ets TFs (-50, -515, Uzan et al. 
1991). The -463 GATA and -515 Ets motifs bind GATA-1 and PU.1, respectively 
(Martin et al. 1993, Doubeikovski et al. 1997). The GATA and Ets cis-acting 
elements are important for megakaryocytic specific gene expression 
(Lemarchandel et al. 1993). The sequence between -118 and -93 is needed to 
block the transcriptional activity of the a.lib promoter in nonmegakaryocytic 
cells (Prandini et al. 1996). This tissue specific region overlaps with the region 
between -198 and -99 which has been shown to be important for the activation 
of the a.lib gene during megakaryocytic differentiation (Fong & Santoro 1994). 

There is a silencer element at -120 to -116 bp in the ailb promoter (Fong & 
Santoro 1994, Prandini et al. 1996). Another silencer element is located 30 bp 
upstream, and it binds Spl (Shou et al. 1998). Mutation of this element leads to 
high levels of expression of a.lib gene in both megakaryocytic and 
nonmegakaryocytic cell lines (Shou et al. 1998). Unstimulated K562 cells contain 
a nuclear protein that binds to a silencer element between -198 and -99, and the 
binding of this protein is markedly diminished when the cells are treated with 
phorphol ester (Fong & Santoro 1994). 

a4 integrin gene The enhancer of the a4 gene region between position -76 
and -42 contains three consensus-binding sites for Ets TFs: two adjacent sites at 
positions -50 and -54, and --67 (Rosen et al. 1994). This sequence is necessary for 
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transcription in Jurkat cells that express a4, but shows no activity in HeLa cells 
that do not express a4. Neither of these Ets sites alone binds nuclear protein, 
but they control the pattern of Ets proteins that bind to the a4 promoter (Rosen 
et al. 1994). The Ets site at position -50 alone is sufficient for binding GA
binding protein a (GABPa)/GABP� and for transcription activation at low 
level. When all three Ets motifs are present, another complex A is detected. This 
complex contains an unknown member of Ets family and the formation of this 
complex is cell type specific. Deletion of the site -fJ7 inhibits the formation of 
complex A but has no effect on the binding of GABPa/GABP�. When the 
formation of complex A is inhibited, a new complex C which contains Ets-1 
protein appears. Complex C activates transcription almost as efficiently as 
complex A. The tissue and developmental specific expression of Ets members 
and the arrangement of Ets motifs at the promoter region of a4 likely play 
important roles in the transcriptional regulation of the a4 gene (Rosen et al. 
1994). 

At the silencer element between bp -400 and -76 of the a4 promoter, two 
ZEB-binding sites have been found at positions -361 and -399. These are 
responsible for silencer activity in myoblasts and also in hematopoiesis (Postigo 
& Dean 1997, Postigo et al. 1997). ZEB binds to the same motif (the E box) as the 
myogenic basic HLH proteins (e.g. MyoD) and blocks muscle differentiation by 
repressing the expression of muscle genes (e.g. a4 integrin gene). ZEB is 
displaced from motifs -361 and -399 by bHLH proteins as a4(-) myoblasts 
differentiate into a4( +) myotubes (Postigo & Dean 1997). The interplay between 
ZEB and bHLH proteins at different genes may provide a mechanism for 
imposing temporal order of the expression of muscle genes. In hematopietic 
cells the regulation of the a4 integrin gene is different from the regulation of a4 
in muscle cells. In hematopietic cells the gene expression is controlled by the 
balance between repressor, ZEB, and activator, c-Myb/Ets (Postigo et al. 1997). 

a5 integrin gene Deletion analyses of the promoter region of a5 show that 
there is a silencer element between bp -fJ57 and -178, and the elements needed 
for transcriptional activation are between positions -178 and -27 (Birkenmeier et 
al. 1991). Corbi and others (2000) have analyzed the proximal promoter of a5 in 
human epidermal keratinocytes. They show that the APl motif in a5 promoter 
at bp -51 to -45 binds c-Jun/ c-Fos dimer. This region is needed for a5 promoter 
activity during wound healing. The cis element at a5 gene promoter, located 
between the transcription start site and bp -92, is responsible for serum 
stimulation of a5 promoter activity in the human fibrosarcoma cell line, HT-
1080 (Wang et al. 1995). In the human promonocytic cell line U-937 TPA induces 
the transcription of a5 gene by acting on a specific promoter region between bp 
-92 and -41 other than APl motif, and this induction is dependent on PKC
activation (Boles et al. 2000).

a6 integrin gene Lin and coworkers (1997) have shown that Spl and AP2 
bind to the promoter of a6. are APl/ c-Myc site is a positive regulatory elements 
of a6 gene promoter (Nishida et al. 1997). 

a.7 integrin gene Deletion analyses of the a7 promoter demonstrate that the 
fragment from -114 to + 174 has the basic promoter activity in myoblasts and 
myotubes (Ziober & Kramer 1996). The fragment between bp -223 and -114 at 
the promoter region of a7 is a silencer element in myoblasts and myotubes. No 
consensus sequences for known negative regulatory elements are present in this 
region (Ziober & Kramer 1996). The fragment between bp -982 and -223 at the 
a7 gene is able to activate transcription. This fragment contains an E box and an 
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AT-rich region and might be needed for the activation of a7 gene transcription 
in myotubes. Ziober & Kramer (1996) have shown that MyoD and also 
myogenin at lower level are able to activate the transcription of a7 gene. 

a V integrin gene Deletion analyses show that the fragment between bp 
-522 and -364 has a small silencing effect, and the fragment between bp -364
and -142 has an enhancing effect on the activity of aV gene. The silencer region
contains Ets, GATA, and tandem Spl motifs. The enhancer region contains an
Ets site (Donahue et al. 1994). In keratinocytes the Ets site at the enhancer region
is not needed in the activation of transription of aV gene, but the region
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between bp -212 and -139 is needed for this activation. (Kim et al. 1998). A 
region between bp -194 and -172 of the aV integrin gene is known to be a cis
acting element for the promoter activity. This sequence binds Spl and Sp3 
(Czyz & Cierniewski 1999). 

131 integrin gene The regulatory region of Pl gene consists of two tandemly 
located promoters (Cervella et al. 1993). These two promoters drive the 
expression of at least two mRNAs that differ only in the complete 5'untranslated 
regions, but they have the same coding sequence. In both promoters there are 
potential binding sites for Spl, in either the forward or reverse orientation. 
Three binding sites for APl are present at the distal promoter of Pl (Cervella et 
al. 1993). They show that the distal promoter of Pl gene is more active than the 
proximal one in the human osteosarcoma cell line, MG-63. The distal promoter 
is ubiquitously active but the proximal 011e is not (Cervella et al. 1993). 

Transcription of a single gene from multiple promoters gives flexibility to 
the regulation of gene expression (Cervella et al. 1993). The distal promoter of Pl 
is developmentally regulated in transgenic mice and shows a higher activity 
during embryonic development. In adult mice the activity decreases. The 
proximal promoter of the Pl gene showed a weak activity in both embryonic 
and adult tissue (Hirsch et al. 1993). 

132, aL, aX, aM, and aD integrin genes The sequence between -81 and -35 at 
the P2 promoter is able to activate tissue-specific transcription or phorbol ester 
induced transcription. Rosmarin and others (1995a) have shown that TFs that 
bind to Ets motifs at this sequence are GABP and PU.l. Spl binding sites at 
positions -16 and -76 flank the Ets sites at the p2 gene. Spl cooperates with 
GABP to activate the transcription of p2 (Bottinger et al. 1994, Rosmarin et al. 
1995b, Rosmarin et al. 1998). The Spl motif is located at -70 and PU.1 motifs are 
at +4 and -122 at the aL gene. The Spl binding site at -70 is essential for cell 
lineage-specific activity of aL transcription (Lopez-Rodriguez et al. 1995). c-Myc 
inhibits transcription of the aL gene, and APl (-60) is needed for this inhibition 
(Lopez-Rodriguez et al. 2000). Spl/Sp3 binds to -70 and acts synergistically 
with APl (-60) to activate transcription of the aX gene (Lopez-Rodriguez et al. 
1995, Lopez-Rodriguez et al. 1996, Noti et al. 1996a, Noti 1997). c-Fos and c-Jun 
mediate their effects through APl (-60). aX promoter activity is induced by 
TPA in HL-60 cells. IPA-responsiveness is dependent on the APl complex and 
on the presence of an Ets-related sequence at position -34 (Noti et al. 1996b). A 
CEBP-binding site within the aX promoter at position -80 is bound by CEBPa 
in undifferentiated U937 cells and by CEBPa/CEBPP dimer in IPA-induced 
differentiating cells (Lopez-Rodriguez et al. 1997). CEBPa-mediated activation 
is dependent on the -70 and -120 Spl binding sites. CEBP is needed for the 
tissue-specific expression of the aX gene (Lopez-Rodriguez et al. 1997). An 
inverted PU.1-binding site at the major transcription start site is a negative 
regulatory element. PU.1 can modulate the transcription of the aX gene 
according to the proliferative state of the cell (Lopez-Rodriguez & Corbi 1997). 
c-Myc inhibits aX promoter activity, and the APl binding site at -60 is required
for c-Myc repressor activity (Lopez-Rodriguez et al. 2000). The Spl-binding site
at -60 and the PU.1-binding site at -20 are important in the myeloid-specific
expression of aM gene (Pahl et al. 1992, Chen et al. 1993a, Pahl et al. 1993). PU.1
allows Spl to bind to the motif in specific tissues, and thus it controls the
myeloid-specific expression of aM (Chen et al. 1993a). Sp3 has also been shown
to bind to -60 and to mediate transcriptional activation of aM (Noti 1997).
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Spl/Sp3 binds at bp -63 to ---40 and is necessary for aD promoter activity (Noti 
et al. 2000). 

�3 integrin gene There are three known regulatory elements at the 
promoter region of the P3 gene: an enhancer element between bp -1158 and 
-584, and silencer elements between bp -290 and -146 and between bp -126 and
-115 (Jin et al. 1998). The sequence GAGGGG at -108 is a megakaryocytic cell-
line specific, cis-acting element (Jin et al. 1998). Spl binds at -70 and activates
transcription (Jin et al. 1998). D3 vitamin activates the avian P3 integrin gene at
the transcriptional level (Cao et al. 1993, Cao et al. 1996). The promoter region
contains the vitamin D response element (VORE) located at -770.

�4 integrin gene Deletion analyses show that there is a basal promoter 
region at position -106 to +105, a weak enhancer at position ---414 to -106, and a 
suppressor at position -5197 to ---415 at the P4 gene. The transcribed region from 
+4 to + 105 is necessary for full promoter activity (Takaoka et al. 1998). The APl
and Ets sites at the core promoter of P4 gene are needed for transcriptional
activation of the P4 gene. c-Jun, JunB, JunD, and Fra-2 are able to bind to this
APl motif (Takaoka et al. 1998).

�5 integrin gene Three Spl/Sp3 binding sites at +29, -17, and ---48, and a 
PU.1 motif at +73 are located at the promoter of mouse P5 (Feng et al. 1999, 
Feng et al. 2000). Spl/Sp3 motifs bind nuclear proteins from both macrophages 
and osteoblasts, but PU.l binds nuclear proteins only from macrophages. The 
-17 Spl/Sp3 site is an enhancer, and the +29 site represses transcription in
osteoblasts and macrophages. The PU.1 site at +73 is a silencer in macrophages
(Feng et al. 2000). Lai and others (2000) have shown that TGF-P induces the
expression of aVP5 by enhancing the expression of P5 at the transcriptional
level in murine osteoblasts via a mechanism that requires both Spl/Sp3 and
SMAD3 proteins. SMADs and Spl are able to physically interact and thus
activate transcription (Pardali et al. 2000). GM-CSF suppresses transcription of
the P5 gene. The 19 bp sequence within the-172 to -63 region is needed for
supression. This sequence contains binding sites for E2A and estrogen receptor
(Feng et al. 1999).

�7 integrin gene The 5' flanking region of the P7 gene has been cloned from 
mouse. It contains binding sites for AP2, PU.1, Ets, GATA-3, and MyoD (Leung 
et al. 1993). 

2.3.3 Polymorphism in the a2 integrin gene 

Integrin a2Pl is important for the adhesion of platelets to the collagens and 
therefore for platelet activation (Santoro & Zutter 1995). The levels of a2Pl on 
platelets vary significantly, and the number of a2Pl molecules on cell surface 
correlates positively with the level of platelet adhesion to type I or III collagens 
(Kunicki et al. 1993). There is allelic polymorphism in the a2 gene coding 
sequence, and this feature has an effect on the receptor density (Kunicki et al. 
1997). Kunicki and others (1997) have found two linked, allelic polymorphisms 
within the coding sequence of the a2 gene which correlate with receptor 
density: T /C at bp 807 and G/ A at bp 873. Polymorphisms of these codons are 
conservative and do not alter the deduced amino acid sequence of the 
translated protein. There is an association of 807C and 873G with low receptor 
densities, and increasing receptor density is associated with the alleles 807T and 
873A (Kunicki et al. 1997). At the coding region of a2 there is also nucleotide 
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FIGURE3 Polymorphism of the a2 integrin gene (modified from Kritzik et al. 1998).

polymorphism (C or T) at bp 837 (Kritzik et al. 1998). This is associated with 807 
and 873 polymorphisms and with the expression levels of a2�1. Several 
sequence variations have been identified at the -4 kb intron (intron G; Fig. 3) 
(Kritzik et al. 1998). Each of these additional nucleotide polymorphisms is 
found to be associated with the particular a2 allele thereby linking them to the 
807 and 873 polymorphisms. A Bgl II restriction site is created by the nucleotide 
sequence present in intron G of allele 1. An Nde I site is found to be 70 
nucleotides upstream of the Bgl II site. The Nde I site is found in alleles 1 and 2. 
The Br polymorphism at nucleotide 1648 is also linked to these polymorphisms 
(Kalb et al. 1994). This single base change results in a subslilulion of Lys in Br(a) 
to Glu in Br(b) (Santoso et al. 1993). Carriers of allele 1 express high levels of 
a2�1 integrin, whereas individuals who carry alleles 2 and 3 exhibit lower 
expression of a2�1. The frequencies of alleles 1, 2, and 3 are 0.394, 0.529, and 
0.076, respectively (Kritzik et al. 1998). In Fig. 3, the a2 gene surrounding the 
807 and 873 polymorphisms is presented. 

Three a2 gene alleles, in which there are eight nucleotide polymorphisms, 
have been found. It is not known how the silent alleles within the coding 
sequence affect the expression of a2. One possibility is that they are linked to 
other polymorphisms within the a2 gene (such as variants of the a2 promoter 
region) (Kritzik et al. 1998). It has also been shown that enhancer or silencer 
elements located in intron sequences can influence gene expression (Frenkel et 
al. 1994). In addition, the 3'-untranslated region of the a2 gene might modulate 
protein expression by changing the mRNA stability or message translation 
(Jackson 1993). 

The polymorphism increasing the expression of a2�1 integrin on the 
surface of platelets has been shown to be an inherited risk factor for platelet
dependent thromboembolic complication. Studies on patients with myocardial 
infarction and stroke show that high a2 expression levels increase the risk for 
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arterial vascular disease in younger patients (Hoit et al. 1986, Kiely et al. 1993). 
Polymorphism T807 / A873 of the a2 gene may be an inherited risk factor for the 
development of stroke in patients .::::;50 years of age (Carlsson et al. 1999). Bgl II 
polymorphism is associated with an increased risk of retinopathy among 
patients with type II diabetes mellitus (Matsubara et al. 2000). 

2.4 Integrin-mediated signal transduction 

Interaction of a cell with extracellular matrix (ECM) proteins generates 
intracellular signals which are important for cell growth, survival, motility, and 
gene expression. In this signaling network, the positive elements (kinases) are 
balanced by the protein-tyrosine and threonine phosphatases (for example 
PTPlB, PTEN, PTP-PEST, PP2A). The integrins can activate signaling pathways 
in cells. Integrin �1 and aV heterodimers are known to activate FAK pathway. 
Integrins can also activate subgroup-specific pathways. Integrins al�l, a5�1, 
aV�3, and a6�4 are coupled to the Ras-ERK pathway via She. In Fig. 4, integrin
mediated signaling pathways are presented. 

As integrins bind to ligands, they become clustered. This promotes the 
formation of focal adhesions structures at the cell membrane in which integrins 
link ECM to intracellular cytoskeletal complexes. In the focal adhesion sites 
integrins associate with signaling molecules and cytoskeletal proteins. Integrin 
ligation induces tyrosine phosphorylation of several proteins inside the cell (e.g. 
focal adhesion kinase, FAK). It also induces the accumulation of actin binding 
proteins such as a-actinin, talin, tensin, paxi.llin, and vinculin at this site. FAK is 
a non-receptor tyrosine kinase whose activity is induced by integrin ligation to 
ECM (Kumar 1998, Longhurst & Jennings 1998). It has a central tyrosine kinase 
domain, which is flanked by N- and C-terminal domains. Talin and paxi.llin 
bind to the C-terminal domain of the FAK (Chen et al. 1995, Schaller et al. 1995). 
The N-terminal domain of FAK is able to interact with the integrin's 
cytoplasmic tail. This interaction is needed for FAK activation when integrin 
clustering takes place. It is proposed that talin takes FAK to the focal adhesion 
complex, and the conformation of FAK changes. Thus it can interact with the �1 
subunit tail. Activated FAK is autophosphorylated at tyrosine residue 397. 
When FAK is phoshorylated, the SB domains of Src family kinases (for example 
Src and Fyn) and phosphatidyl inositol-3 kinase (PI3K) bind to this site (Chen et 
al. 1996). Src and Fyn phosphorylate a number of PAK-associated proteins 
including paxillin, tensin, and a multi.domain docking protein p139Cas (Vuori 
et al. 1996, Schlaepfer & Hunter 1997). Src proteins can also phosphorylate FAK 
at tyrosine residue 925. The adapter protein Grb2 (growth factor receptor
bound protein) complex with the Ras guanosine 5'-triphosphate exchange 
factor, mSOS, binds to phosphorylated tyrosine residue 925 of FAK (Schlaepfer 
et al. 1994). 

Another signaling protein that binds to the �1 subunit cytoplasmic tail is 
integri.n linked kinase (ILK) (Dedhar et al. 1999). ILK is a serine/threonine
kinase whose activity is inhibited by integrin ligation to ECM (Hannigan et al. 
1996). ILK localizes to the focal adhesion site. Radewa and others (1997) have 
shown that overexpression of ILK in epithelial cells induces anchorage
independent growth and malignant transformation. ILK inhibits glycogen 
synthase kinase 3 (GSK-3) in epithelial cells (Delcommenne et al. 1998). GSK-3 is 
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able to regulate the expression and degradation of cyclin D1 and thus inhibit 
cell cycle progression. Another substrate of ILK is PKB/ Akt. ILK 
phosphorylates PKB/ Akt on Ser473, and this modification is essential for the 
complete activation of protein kinase B (PKB/ Akt) (Delcommenne et al. 1998). 
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Signaling by the integrin receptors. �1-integrin signaling pathways and a
subunit-specific signaling pathways are presented. 

Integrin mediated adhesion stimulates the Rho family of GTPases (Hall 1998, 
Kumar 1998, Schwartz & Shattil 2000). They mediate adhesion-dependent 
events in cells. Rho proteins are Ras-related GTP-binding proteins. They are 
divided into Rho, Rae, and Cdc42 subfamilies. Rho is involved in the 
organization of focal adhesion and stress fibers. Rae induces lamellipodia and 
associated adhesion complexes and Cdc42 controls the formation of filopodia 
(Hall 1998, Kumar 1998). Cells plated on ECM rapidly develop extended 
filopodia and lamellipodia. This indicates Cdc42 and Rae activity, respectively. 
As cells spread, larger integrin based focal adhesions and actin stress fibers 
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form. This indicates Rho activity (Schwartz & Shattil 2000). Cdc42 and Rae 
induced extension of filopodia and lamellipodia leads to cell spreading. 
GTPases are regulated by guanine nucleotide exchange factors (GEF), guanine 
nucleotide dissociation factors, and GTPase-activating proteins (GAP, Schwartz 
& Shattil 2000). Integrin-mediated adhesion causes the activation of Cdc42, and 
this leads to activation of Rae. Integrin-mediated activation of Rae has been 
shown to be mediated by Cas which localizes to the focal adhesion site. Rae and 
Cdc42 are able to mediate activation of PAK (p21 activated kinase), JNK, and 
p38 cascades. 

The integrin a subunits associate with particular transmembrane proteins 
[caveolin-1, the transmembrane-4 superfamily proteins (TM4SF), or integrin 
associated proteins] and cytoplasmic proteins. Thus the integrins are able to 
activate a subunit-specific intracellular signaling pathways. Integrins alPl, 
aSPl, a6P4, and aVP3 promote cell proliferation via the She/Ras/ERK 
signaling pathway (Wary et al. 1996). The integrins that do not activate She are 
weak activators of ERK in primary fibroblasts, endothelial cells, and 
keratinocytes (Mainiero et al. 1997, Pozzi et al. 1998, Wary et al. 1998). In 
primary fibroblasts She- and PAK-pathways are activated independently 
(Barberis et al. 2000). In integrin-mediated activation the conformation of Fyn 
changes, and it interacts, through its SH3 domain, with She. She is then 
phosphorylated and combines with the Grb2-mSOS complex. Caveolin-1 is a 
transmembrane adapter between an a subunit and Fyn (Wary et al. 1996, Wary 
et al. 1998). 

2.4.1 Signaling by collagen receptors 

The signaling of alPl and a2Pl has been sh1died inside a three-dimensional 
collagen lattice. This three-dimensional environment may be a more natural 
assay system than a monolayer. Collagen gel can also be used to study the 
contraction of a collagen matrix. The molecular mechanism of contraction is 
unknown, but it has been shown that collagen receptor integrins are needed for 
this reorganization of collagen fibers. Integrins alPl and a2Pl have been shown 
to regulate the expression of matrix metalloproteinases (MMP) and collagens 
inside a three-dimensional collagen lattice. a2Pl induces the expression of 
MMP-1, and the downregulation of collagen al(I) is mediated by alPl in 
human osteogenic cells and skin fibroblasts (Langholz et al. 1995, Riikonen et al. 
1995b, Gardner et al. 1999). alpl acts as a feedback regulator of collagen 
synthesis both in vivo and in vitro. alPl and a2Pl are needed for MMP-13 
induction in collagen gel in human dermal fibroblasts, and this induction 
requires p38 activity (Ravanti et al. 1999b). 

Integrin alPl has been shown to activate the proliferation-associated 
Shc-Grb-2/SOS-ERK signaling pathway (Wary et al. 1996). Caveolin-1 is the 
adaptor protein between the al-subunit and the signaling protein, Fyn (Wary et 
al. 1998). a2Pl is not able to activate ERK. Inside a three-dimensional collagen 
lattice a2 has been suggested to activate nuclear factor-KB (NF-KB) and PKC-1; 
in fibroblasts (Xu & Clark 1997). A collagen lattice induces the nuclear 
translocation of p50, a member of NF-KB family, and the degradation of a NF
KB inhibitor protein, IKB-a (Xu et al. 1998). The inhibition of NF-KB activity has 
been shown to block the contraction. This suggests that a2Pl is needed for 
tissue remodeling processes (Xu et al. 1998). a2Pl is able to activate p38 MAPK, 
and the activation is dependent on Cdc42 (Ivaska et al. 1999). Via this signaling 
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pathway, a2 increases type I collagen expression in a three-dimensional 
collagen lattice. 

Integrin a3Pl, which is an assisting collagen receptor, forms membrane 
complexes with TM4SF proteins. a3Pl is important for integrin-mediated cell 
migration. TM4SF proteins may be needed for the assembly of signaling 
complexes. a3Pl has also been shown to bind to CD151 protein. This complex 
activates phosphatidyl inositol-4 kinase (PI-4K) pathway. This pathway has 
been suggested to be important in cell motility (Berditchevski et al. 1997, Yauch 
et al. 1998). TM4SF proteins are not located in the vinculin-containing adhesion 
complexes (Berditchevski & Odintsova 1999). Penas and coworkers (2000) have 
shown that a3Pl and TM4SF proteins CD9 and CD81 are involved in 
keratinocyte migration during wound healing. 

2.4.2 Phosphatases in signaling 

The balance between phosphatases and protein kinases determines the 
phosphorylation state of both the protein kinases and TFs. Phosphatases are 
divided into the subgroups according to their substrate specificity, namely 
serine/threonine phosphatases (PSP), tyrosine phosphatases (PTP), and dual 
specificity (threonine/tyrosine) phosphatases (DSP, Hunter 1995). There are 
also lipid phosphatases; for example PTEN is a DSP that removes the phosphate 
from the 3' position of 3-phosphoinositides (Hopkin 1998). Phosphatases have 
been shown to regulate integrin signaling. A protein tyrosine phosphatase, 
PTPlB, regulates p130Cas (Liu et al. 1998). Other potential negative regulators 
of fibronectin-stimulated signaling events include the PAK-associated PTEN 
(Tamura et al. 1998) and the p130Cas- and paxillin-associated PTP, PTP-PEST 
(Garton et al. 1997, Shen et al. 1998). 

Protein phosphatase 2A (PP2A) is a multimeric serine/threonine 
phosphatase that is highly conserved in eukaryotes (Millward et al. 1999, 
Janssens & Goris 2001). PP2A is the major kinase phosphatase that down
regulates activated protein kinases in eukaryotic cells. It is a complex protein in 
which a catalytic subunit can associate with many kinds of regulatory and 
targeting subunits. The catalytic subunit is bound constitutively to a scaffold 
subunit, PR65. This heterodimer can further interact with any one of the 
regulatory subunits; PR55, PR61, or PR72. The activity of PP2A can be regulated 
by phosphorylation and methylation. Active PP2A can inhibit cell cycle, at 
G2/M check point, induce apoptosis, and act as a tumor suppressor. Okadaic 
acid (OA) and Calyculin A are PP2A inhibitors. They are also tools for the study 
of PP2A function. In vitro, OA is an inhibitor of PP2A. The mechanism of 
inhibition is not clear, but the crystal structure of PPl shows that toxin 
microcystin binds to the active center of PPL The catalytic subunits of PPl and 
PP2A are conserved and this suggests that this mechanism is the same between 
PSPs (Goldberg et al. 1995). PP2A can be located in the nucleus or the 
cytoplasm of a cell. It controls the activity of several protein kinases, such as 
Akt/PKB, PKC, p70S6 kinase, ERK, cyclin-dependent kinases (Cdks), and IKB. 



3 AIMS OF THE STUDY 

Cells can express several collagen receptors on their surface, namely alpl, a2Pl, 
alOPl, and allpl. These integrins have many common features, but they also 
have specific roles in a cell. The purpose of this study was to examine the 
differential regulation and distinct signaling functions of collagen-binding 
integrins. The specific aims of the study were: 

To identify the role of bone morphogenetic protein-2 in the regulation of 
integrin expression and cell adhesion. 
To study the expression of collagen-binding integrins alPl, a2Pl, alOPl, 
and allPl. 
To analyze the regulation of integrin a2 subunit gene. 
To study a2Pl integrin-mediated signal transduction. 



4 MATERIALS AND METHODS 

4.1 Cell cultures (I-IV) 

The following cell lines were used in these studies: human osteosarcoma cell 
lines, MG-63, Saos-2, HOS, KHOS-240, KHOS-NP, HOS-MNNG, human 
chondrosarcoma cell line, HTB-99, and human fibrosarcoma cell line, HT-1080. 
They were obtained from the American Type Culture Collection (Rockville, MD). 
Human keratinocytes, HaCaT cells, were originally established by Dr. Fusenig 
(Deutsches Krebsforschungszentrum Heidelberg, Germany; Boucamp et al. 1988). 
Human primary fetal chondrocytes were obtained as described previously 
(Vuorio et al. 1984). Other cell lines used were human skin fibroblasts and murine 
fetal fibroblasts (al-/- and al+/+, Gardner et al. 1999). Cells were maintained in 
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf 
serum (FCS). 

4.2 Plasmid constructs and transfections (III, IV) 

lntegrin a2 and a2/a1 The a2 integrin expression consh·uct was prepared as 
described previously (Riikonen et al. 1995a), and the mutant a2/ al integrin, in 
which the cytoplasmic tail has been replaced with the corresponding al integrin 
sequence, was prepared as described previously (Ivaska et al. 1999). The 
polybrene/DNA method was used for stable transfections. Cells were incubated 
with 1 µg of polybrene (Sigma Chemical Co. St. Louis, MO)/1 �tg of DNA in 
DMEM for 6 h. After that, the cells were treated with 25% DMSO in DMEM for 3 
min. The neomycin analogue G418 (Life Techonologies, Inc., Gaithersburg, MD) 
was a selection marker. Resistant cell clones were selected for 2-3 weeks, isolated, 
and analyzed by flow cytometer for their expression of a2 integrin. 

lntegrin a2 promoter a2 gene between bp -999 and -1 was generated with 
PCR using Gene Amp PCR-kit (Perkin Elmer, Branchburg, NJ). Template DNA 
was isolated from human lymphocytes. The fragment was cloned to pBs0CAT 
(a2CAT) and pGL3 Basic (a2luc; Promega, Madison, WI). As a control plasmid 
pAPCAT2a (APCAT) was used. APCAT contains three AP-1 consensus sequences 
in front of the tk (tymidine kinase) promoter in the pBLCAT2 plasmid (Frisch et 
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al. 1990). Transient transfections were done by the calcium phosphate/DNA co
precipitation method (Graham & van der Eb 1973). Incubation time was 16 h with 
MG-63 cells and 4 h with HT-1080 cells. The glycerol shock was done for 3 and 2 
min, respectively. The CAT (chloramphenicol acetyl transferase) activity was 
measured in reactions containing 0.25 M Tris-HCl, pH 8.0, 25 µg n-buturyl
coenenzyme A (Sigma Chemical Co. St. Louis, MO), and 0.0625 �tCi of [14C] 
chloramphenicol (Amersham, UK). The butyrylated chloramphenicol products 
were extracted with xylene, and the xylene phase was extracted with 0.25 M Tris
HCl. The CAT activity was measured with a scintillation counter. Transfection 
efficiency was monitored by co-transfecting the promoter consh·uct with RSV /P
galactosidase construct and correcting the CAT activity for P-galactosidase 
activity (Sambrook et al. 1989) or for protein concentration (Bio-Rad Laboratories, 
Richmond, CA). Luciferase activity was measured with Luciferase Assays System 
kit (Promega, Madison, WI), and luminescence was detected with Luminoskan 
(Labsystems). 

Signaling vectors The Cdc42a'1117, Cdc42QL, Rael a,1117, and Rh0Aa'1119 signaling
constructs were provided by Dr. J. C. Lacal (CSIC, Madrid). The pCMVHA-Akt 
expression construct was provided by Dr. K. Vuori (Burnham Institute, CA), and 
the wt-PP2A expression construct by Dr. D. Brautigan (University of Virginia, 
VA, Chung & Brautigan 1999). Transient transfections were done using Fugene 6 
transfection reagent (Boehringer Mannheim, Mannheim, Germany). 

4.3 Adenoviruses (IV) 

The constitutively active Akt adenoviral vector (myrAkt) was obtained from Dr. 
K. Walsh (Tufts University School of Medicine, MA) and had been constructed as
described (Fujio & Walsh 1999). Recombinant replication-deficient adenovirus
RAdlacZ (Wilkinson & Akrigg 1992), which contains the Escherichia coli P
galactosidase (lacZ) gene under the control of CMV IE promoter was provided by 
Dr. G. W. G. Wilkinson (University of Cardiff, Wales). Infection was performed as 
described previously (Ravanti et al. 1999b) by adding adenoviruses (500 M.O.I) to
cell suspension and incubating overnight at 371:C on plastic in 10%FCS/DMEM.
Culture media was replaced by serum-free DMEM the following day, and
incubation continued for 24 h.

4.4 Reagents, antibodies, and cDNAs (I-IV) 

Human recombinant bone morphogenetic protein-2 (BMP-2) was from Genetics 
Institute (Camgridge, MA). Purified bovine bone TGF-Pl was provided by Dr. J. 
Massague, and purified bovine bone TGF-P2 was provided by Dr. D. Olsen. 
Human recombinant TGF-Pl, TGF-a, OA, TPA, dexamethasone, and Calyculin A 
were from Sigma Chemical Co. (St. Louis, MO). SB203580 and 
Bisindoylmaleimide I (BIMI) were from Calbiochem (San Diego, CA). 

Polyclonal rabbit antisera were used against human Pl (Heino et al. 1989), 
a2, a3 (Santala & Heino 1991), and all integrins (Veiling et al. 1999). The 
following monoclonal antibodies against human integrin a subunits were used: 
12Fl for a2 (Pischel et al. 1987), J143 for a3 (Kantor et al. 1987), BIIG2 for a5 
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(Werb et al. 1989), L230 for aV (Wayner et al. 1991), and G0H3 for a6 (Sonnenberg 
et al. 1988). Anti-al (MCA1133) integrin antibody and a function blocking anti-a2 
(MCA743) integrin antibody were from Serotec (Oxford, UK). The antibodies 
against Akt, ERK2, and PP2A were from Santa Cruz Biotechnology Inc. (Santa 
Cruz, CA). The antibody against hemagglutinin protein (HA-probe) was from 
Boehringer Mannheim. The phosphospecific antibodies against p-Akt and p
ERKl/2 were from New England Biolabs (Beverly, MA). The antibody against 
PI3K was from Upstate Biotechnology (Lake Placid, NY). The anti-p27kipl 

antibody was from Pharmingen (San Diego, CA). 
The following cDNAs were used: human a2 (Takada & Hemler 1989), a3 

(Tsuji et al. 1991), cx5 and �1 (Argraves et al. 1987), aV (Suzuki et al. 1987), MMP-1 
(Goldberg et al. 1986), c-jun (Angel et al. 1988), junB (Schutte et al. 1989), c-fos, a 
3.1 kb genomic fragment (Amersham), rat glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (Fort et al. 1985), and pBluescript (Promega, Madison, 
WI). 

4.5 Collagen gels (IV) 

Collagen gel was prepared from bovine dermal collagen containing 95% type I 
collagen and 5% type III collagen (Cellon, Strassen, France). Eight volumes of 
Cellon were mixed with one volume of 10 X concentrated medium and one 
volume of 0.2 M Hepes/0.05 M NaOH. Cells were suspended in the neutralized 
Cellon. Cells were harvested from the collagen by treatment with 0.5 mg/ml 
collagenase type II (Sigma Chemical Co. St. Louis, MO). 

4.6 Transcriptional nuclear run-on analyses (III) 

Nuclear run-on analyses were performed with an equal number of isolated nuclei 
(107 

/ reaction) in the presence of 100 µCi of [ a-32P]UTP (3000 Ci/ mmol, NEN) as
described previously (Banerji et al. 1984). Radiolabelled RNA was hybridized 
with nitrocellulose-fixed plasmids. The hybridization and washing conditions 
used were as described previously (Sistonen et al. 1992). Quantitation was done 
with GS-250 Molecular Image System, and results were corrected for levels of 
GAPDH transcripts in the same samples. 

4.7 Northern blot hybridization (I, III, IV) 

Total cellular RNA was isolated by using the guanidium thiocyanate/CsCl 
method (Chirgwin et al. 1979), the single step method (Chromoczynski & Sacchi 
1987) or the Rneasy Mini kit (Qiagen). RNAs were separated in formaldehyde
containing agarose gel, transferred to nylon membrane (Zeta-probe, Bio-Rad 
Laboratories, Richmond, CA) and hybridized with 32P-labeled (Amersham, UK)
cDNA probe. 
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4.8 Detection of mRNA for specific integrin subunits by reverse 
transcriptase-polymerase chain reaction (II) 

Total cellular RNA from cell cultures was isolated by using RNeasy Mini kit 
(Qiagen). For extraction and purification of total RNA from human fetal tissues, 
the samples were immediately frozen and pulverized in liquid nitrogen, 
homogenized in guanidinium isothiocyanate, and sedimented through 5.7 M 
CsCl (Chirgwin et al. 1979). RT-PCR was done using the Gene Amp PCR Kit 
(Perkin Elmer, Branchburg, NJ). All oligonucleotides were designed to recognize 
a unique sequence exclusive for each cDNA. Integrin al, a2, alO, and all 
subunits were amplified using specific primers for I domains (Table 2). GAPDH, 
a housekeeping gene, was used as a control (Herouy et al. 1998). Forty cycles of 
PCR amplification were done in 2 mM MgC12 with protocols shown in Table 2. 
The generated products were subjected to electrophoresis on a 1.5% agarose gel 
and were visualized by ethidium bromide staining. 

TABLE2 Collagen receptor integrin PCR primers and conditions. 

Integrin Primer sequence 
subunit 
al forward: CACAGGGATCCGTCAGCCCCACATTT 

reverse: GTGGCTGTCGACAGCTGTGGCTTCCAG 

a2 forward: CACAGGGATCCCCTGATTTTCAGCTC 
rwerse: GTGGCTGAA TTCAACAGTACCTTCAATG 

alO forward: CAG GGA TCC CCA ACA TAC ATG GAT 
GTT GTC 
reverse: GGC TGA A TT CCC CTT CAA GGC CAA 
AAA TCC G 

all forward: CAGACCTACATGGACATCG 
reverse: CATCTCCAGCCCAAAGGAG 

GAPDH forward: CCCATGGCAAATTCCATGGCA 
reverse: TCTAGACGGCAGGTCAGGTC 

*Glyceraldehyde-3-phosphate dehydrogenase

4.9 Immunoprecipitation (1-111) 

PCR conditions 
( 40 cycles of) 
r, 94°c; r, ss0c; 2', 
12°c 
r, 94°c; r, ss0c; 2', 
12°c 
l', 94°C; 1', 67°C; 2', 
12°c 

l', 94°C; 1', 60°C; 2', 
12°c 
l', 94°C; l', 67°C; 2', 
12°c 

Cell cultures were metabolically labeled with 50 µCi/ml of [35S]methionine 
(Tran35S-label, ICN Biomedicals Inc., Irvine, CA). Cells were lysed in 
immunoprecipitation buffer (150 mM NaCl, 1 mM CaCl2, 1 mM MgC12, and 25 
mM Tris-HCl, pH 7.4) containing 100 mM n-octyl-�-O-glucopyranoside (Sigma 
Chemical Co. St. Louis, MO). Radioactivity in cell lysates was counted, and an 
equal amount of radioactivity was used in immunoprecipitation assays. Triton X-
100 (0.5% v /v) and bovine serum albumin (BSA) (0.5 mg/ml) were added to the 
supernatants, which were then precleared by protein A-Sepharose (Pharmacia 
LKB Biotechnology Inc., Uppsala, Sweden). Anti-integri.n antibodies were added 
to supernatants. Immune complexes were recovered by binding to protein A
Sepharose and washing with 25 mM Tris-HCl-buffered isotonic saline (pH 7.4) 
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containing 0.5% Triton X-100, 1 mg/ml BSA, and 0.5 M NaCl. The 
immunoprecipitates were analyzed by electrophoresis on sodium dodecyl 
sulfate-containing (SOS) 6% polyacrylamide gels (PAGE) under nonreducing 
conditions followed by autoradiography. Integrin bands were quantified by the 
Microcomputer Imaging Device version M4 (Imaging Research Inc., St. 
Catharines, Ontario, Canada). 

4.10 Immunoblot analysis (IV) 

Cells were released from collagen, washed once with ice cold PBS and lysed in 
Laemmli sample buffer. The samples were sonicated, fractionated by 10% or 
12% SOS-PAGE and transferred to Hybond ECL membrane (Amersham). 
Western blotting was performed as described previously (Ivaska et al. 1999) 
with New England Biolabs antibodies at a dilution of 1:1000 and other 
antibodies at a dilution of 1:250. Specific binding of antibodies was detected 
with peroxidase conjugated secondary antibodies and visualized by enhanced 
chemiluminescence (ECL) detection system (Amersham). 

4.11 Flow cytometry (I, III, IV) 

Cells were detached with 0.01% trypsin and 0.02 % EDTA, and trypsin activity 
was inhibited by medium supplemented with FCS. Cells were exposed to 
saturating concentration of antibodies and stained with rabbit anti-mouse IgG 
coupled to fluorescein (Dakopatts, Glostrup, Denmark). The fluorescence 
emission intensities were analyzed by using a FACScan flowcytometer (Becton 
Dickinson Comp., San Diego, CA). Control samples were prepared by treating 
the cells without primary antibodies. 

4.12 Cell proliferation analysis (IV) 

Synchronized (serum starvation for 24-36 hours) cells were seeded into collagen 
gels. FCS was added, and cell growth was studied by determining the relative 
number of viable cells at each time point by CellTiter 96 Cell Proliferation Assay 
(Promega). 

Cell cycle analysis Cell cycle distribution was determined by releasing 
fibroblasts from collagen as described previously (Ivaska et al., 1999), 
suspending the cells to hypotonic buffer (0.1 % Na-citrate, 0.1 % Triton-X 100) 
and staining with propidium iodide (10 �Lg/ml) and analysing by flow 
cytometry. 
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The coating of a 96-well immunoplate (Maxi Sorp, Nunc, Denmark) was done 
by exposure to 0.2 ml of phosphate-buffered saline (pH 7.4) containing 0.1 
µg/ cm2 type I collagen (from lathyric rat skin, Boehringer Mannheim). 1 % BSA 
was used to measure the non-specific binding or spreading. Cells were 
detached with trypsin-EDTA. Trypsin activity was inhibited by washing the 
cells with 1 mg/ml soybean trypsin inhibitor (Sigma Chemical Co. St. Louis, 
MO). Cells were incubated at 37 °C for 45 min in cell adhesion assays. In cell 
spreading assays, cells were suspended in DMEM with 50 µM cycloheximide 
(Sigma Chemical Co.), transferred into wells and incubated at 37 °C for 35 min. 
In inhibition assays, functional monoclonal antibodies against a2 or a3 integrins 
(Chemicon International Inc.) were incubated with cells at room temperature 
for 15 min before adding them to wells. Non-adherent cells were removed by 
rinsing the wells with medium, and adherent cells were fixed with 2% 
paraformaldehyde, stained with 0.5% crystal violet in 20% ethanol, and washed 
with distilled water. The immunoplates were allowed to air-dry. Crystal violet 
in the cell layer was then dissolved into 10% acetic acid and was measured 
spectrophotometrically at 600 nm with Multiscan Plus (LabSystems). In cell 
spreading assays, the wells were washed with PBS and fixed with 8% 
formaldehyde and 10% sucrose in PBS for 30 min. The portion of spread cells 
from total cells number was counted as percentage. 

4.14 Kinase/phosphatase activity assays (IV) 

Phosphatase assay Cells were lysed in phosphatase lysis buffer (20 mM Hepes, 
pH 7.4, 10% glycerol, 0.1% NP-40, 1 mM EGTA, 30 mM �-mercaptoethanol, 1 
mM phenylmethylsulphonylfluoride (PMSF), leupeptin, antipain, and 
pepstatin, 2 µg/ml each). A Protein Phosphatase Assay system (Life 
Technologies) was used to determine phosphatase activity according to 
manufacturers instructions. Protein content was determined using the Bradford 
method (Bradford 1976), and phosphatase activity was calculated relative to 
protein content. 

PI-3K assay Cells were suspended in lysis buffer (1 % NP-40, 10 mM Tris
HCl, pH 7.0, 1 mM EDTA, 2 mM PMSF, 10 �tg/ml aprotinin, 10 µg/ml 
leupeptin, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 10 mM 
sodium pyrophosphate). Lysed cells were centrifuged, and the protein 
concentration was measured from the supernatant (Bradford 1976). Supernatant 
was treated with Gammabind Sepharose (Pharmacia LKB Bioteclmology). Anti 
PI-3K antibody (specific for p85) was added. An in vitro kinase assay for PI3K 
was used to measure PI3K activity (Whitman et al. 1985; Auger et al. 1989). The 
phosphorylation of PI (Avanti Polar Lipids, Birmingham, AL) with [y-32P] ATP 
(ICN Biomedicals Inc., Irvine, CA) to form [32P]PI was analyzed using 1 % K
oxalate/ 50% methanol coated thin layer chromatography (TLC) plates 
(Analtech Inc., Newark, DE), and [32P]PI was visualized by autoradiography. 

Akt kinase assay Cells were lysed with lysis buffer (1 % Nonidet P-40, 10 % 
glycerol, 137 mM NaCl, 20 mM Tris-HCl, pH 7.4, 20 mM NaF, 2 µg/ml 
leupeptin, lmM PMSF). Lysates were immunoprecipitated with anti-HA 
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antibody. Immunoprecipitated proteins were incubated with a phosphorylation 
substrate, H2B (Roche), and with [y-32P]ATP. Kinase reactions were subjected to 
SOS-PAGE on 15 % gel before autoradiography (Fujio & Walsh 1999). PP2A 
inhibitor, OA (1 nM), was included at every stage to inhibit any in vitro 
phosphatase activity from influencing the kinase activity after the lysis of the 
cells. 



5 RESULTS 

5.1 Bone morphogenetic protein-2 regulates the expression of 
integrin subunits (I) 

The effect of BMP-2 on the expression of integrins was studied on human 
osteosarcoma cells, Saos-2 and HOS, on human keratinocyte cell line, HaCaT, 
and also on human fetal chondrocytes. The a3 protein levels were down
regulated by BMP-2 in Saos-2, HOS, and HaCaT cells (II, Fig. 1, 2A, 6A). In 
chondrocytes, Saos-2, HOS, and HaCaT cells, the down-regulation of a3 was 
also shown at mRNA level (II, Fig. 4, 5, 6B). BMP-2 had no effect on the 
expression of al, a2, a5 (not shown), a6 (not shown), or aV at protein level in 
Saos-2 and HOS cells (II, Fig. 1, 2). In HaCaT cells, BMP-2 decreased a2 mRNA 
and protein levels (II, Fig. 6). 

Laminin-5 (LN-5) is a ligand for a3�1 integrin (Carter et al. 1991). The 
conditioned medium from 804G cells containing LN-5, but not other adhesion 
proteins, was used in adhesion assays of HaCaT cells (Hormia et al. 1995). 
HaCaT cell adhesion to LN-5 could be prevented by a specific anti-a3 antibody 
(P1B5), and HaCaT cells seemed to use a3�1 also in adhesion to LN-1. In Saos-2 
cells anti-a3 antibody P1B5 blocked their binding to LN-5, whereas it had no 
effect on the cell binding to LN-1, fibronectin, or type I collagen (II, Fig. 7); thus 
in Saos-2 cells the ligand binding specificity of a3�1 was narrow when 
compared to HaCaT cells. The effect of BMP-2 on the adhesion of Saos-2 cells to 
LN-5 was studied. BMP-2 decreased the ability of Saos-2 cells to attach to LN-5 
(II, Table 1). To conclude, a3�1 is the LN-5 receptor on osteosarcoma cells. 
BMP-2 decreases cell adhesion to LN-5 via downregulation of a3�1. 

5.2 Four collagen receptor integrins are differentially 
regulated in osteosarcoma cells (II) 

RT-PCR was performed to analyze whether or not human osteoblast-derived 
osteosarcoma cell lines, HOS, MG-63, and Saos-2, express alO and/ or all 
integrins at mRNA level. It has been shown that MG-63 cells express a2�1 on 
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their cell surface but have only low amounts of alPl (Heino & Massague 1989). 
Saos-2 and HOS have alPl but no detectable a2Pl (Santala et al. 1994). alO and 
all mRNAs were found in MG-63 and Saos-2 cells. HOS cells did not express 
alO or all at the mRNA level (II, Fig. 3A). Immunoprecipitation was done to 
analyze the expression of all (Yelling et al. 1999). The results indicate that the 
all subunit is also expressed at the protein level in MG-63 cells (II, Fig. 3B). 

The effect of malignant transformation on the expression of alO and all 
was studied at the mRNA level using human osteoblast-derived osteosarcoma 
cells: HOS, KHOS-240, HOS-MNNG, and KHOS-NP. HOS cells were originally 
cultured from an osteosarcoma, but they are not tumorigenic in nude mice. 
HOS-MNNG is its chemically transformed, tumorigenic variant. KHOS-NP and 
KHOS-240 cells are Kirsten sarcoma-virus transformed HOS cells. KHOS-NP is 
a tumorigenic subclone, and KHOS-240 is non-tumorigenic. The mRNAs of alO 
and all were up-regulated in transformed cell lines, KHOS-240, KHOS-NP, and 
HOS-MNNG when compared to HOS cells (II, Fig. 4). Thus, progression of a 
malignant phenotype induces the expression of these integrins in the same way 
it induces a2 (Santala et al. 1994). 

RT-PCR was performed to analyze the regulation of al0 and all by TGF
Pl, TGF-a, OA, and TPA (11, Tablel). Integrin alO was induced by OA and TPA 
at the mRNA level in KHOS-240 cells (II, Fig. 5A). TPA also induced the 
expression of alO and all in MG-63 cells. In Saos-2 cells TPA induced alO, and 
OA down-regulated all. TGF-Pl induced the expression of all but 
downregulated al0 in KHOS-240 cells. In MG-63 cells TGF-Pl induced the 
expression of all (II, Fig. 5A). In Saos-2 cells TGF-a induced the expression of 
al0. The regulation of all expression by growth factors and tumor promoters 
was also studied at the protein level. The expression of al 1 was up-regulated 
with TGF-Pl at the protein level in MG-63 cells (II, Fig. 5B). To conclude, the 
induced expression of alO and all by tumor promoters also associates them 
with malignant phenotypes. Furthermore, the results indicate that the regulation 
of collagen receptors is independent and cell line specific. 
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The distribution of integrin subunits, al, a2, alO, and all, in cartilage tissue of 
20-24 week-old human fetuses was sh1died by RT-PCR. Specific primers for al,
a2, alO, and al 1 integrins, and GAPDH were used. Integrin alO was expressed
in epiphyseal cartilages of knee and shoulder joints of 24 week-old human fetus
(II, Fig. 1). The highest level of alO mRNA was observed in growth plate of 20
week-old human feh1s. The mRNAs for alO were not seen in meniscus where
other collagen-binding integrin subunits al, a2, and all ,,vere expressed.
Neither was alO mRNA detected in skin nor muscle. Integrin all had a broader
expression pattern. Its mRNA was detected in all tissues studied, with highest
levels in growth plate, bone, meniscus, and calvaria. mRNA for all, unlike a.10
mRNA, was detected in skin. Integrin al mRNA was expressed in skin, growth
plate, and whole eye. The mRNA levels for integrin al and a2 subunits were
relatively low in epiphyseal cartilage tissues except in meniscus. Integrin a2
mRNA expression was highest in skin, growth plate, and eye. a2 subunit was
also expressed in femoral bone (II, Fig. 1).
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The expression of alO and all integrins in human chondrosarcoma cells 
(HT8-99) and human primary fetal chondrocytes was studied by RT-PCR. alO 
and all mRNAs were expressed in both cell types (II, Fig. 2A). Metabolic 
labelings and immunoprecipitations with antisera against integrin PI, a2, and 
al 1 subunits were performed to confirm the presence of the corresponding 
proteins. Antiserum against the PI subunit precipitated a typical pattern of 
protein bands (II, Fig. 28), that have been identified previously as precursor PI 
(about 100 kDa), mature PI (about 110 kDa), multiple PI-associated a subunits 
(about 140 kDa), and PI-associated al subunit (about 190 kDa) (Heino et al. 
1989). The presence of a2 and all subunits was confirmed by specific antisera 
(II, Fig. 28). Due to a lack of specific antiserum, we could not confirm the 
presence of alO at protein level. The results suggest that all four collagen 
receptor integrins may be simultaneously expressed in a single cell. 

5.4 Integrin a2 gene is regulated by tumor promoters (III) 

The effects of a PKC activator, 12-O-tetradecanoylphorbol 13-acetate (TPA), and 
an inhibitor of serine/threonine phosphatase, OA, were studied on MG-63 cells. 
In osteogenic cells the expression of a2Pl is induced by both Kirsten sarcoma 
virus and chemical transformation (Santala et al. 1994). Integrin a3 is the major 
PI integrin on MG-63 cells, but small amounts of a2Pl and CX-5Pl are also 
present (Takada et al. 1987, Heino et al. 1989). The association of a2 with the 
transformed phenotype was studied further by testing the effects of TP A and 
OA on integrin expression. TPA increased the expression of a2 at mRNA and 
protein levels and slightly on the cell surface on MG-63 cells, but had no effect 
on the expression of a3 on the cell surface. a3 protein levels were slightly 
increased (III, Fig. 1). OA induced a2 at both the mRNA and protein levels but 
down-regulated a3 at the mRNA and protein levels (III, Fig.5). 

Nuclear run-on assays were done to study the transcriptional regulation of 
integrin genes by TP A and OA. TPA induced the transcription of a2 gene at 5 h 
in MG-63 cells. TPA also slightly induced the expression of the a3 gene, but had 
no effect on the expression of a5, aV, or PI genes (III, Fig. 2). OA increased a2 
gene transcription, but at a later time point than TPA (24 hours), and it 
decreased a3 gene expression by 12 h in MG-63 cells (III, Fig. 6). The alterations 
in integrin expression were compared to changes seen in the expression of the 
cellular immediate-early genes, c-jun and junB, on MG-63 cell treated with TP A. 
The induction of junB mRNA expression by TPA seemed to precede the 
activation of a2 transcriptional induction at 2 h (III, Fig. 3). 

The -999 to -1 promoter region of the a2 gene (Zutter et al. 1994) was 
cloned in front of the CAT and luciferase construct to further study the 
transcriptional regulation of the gene in osteosarcoma cells. TP A could not 
activate the a2 promoter construct in MG-63 cells (either CAT or luciferase, not 
shown). Transfection efficiency of MG-63 cells was not good. Thus, we used the 
human fibrosarcoma cell line, HT-1080, which is easier to transfect. Nuclear 
run-on assays showed that TPA induced the transcription of a2 gene in HT-
1080 cells, and the induction of a2 was also seen at mRNA level (III, Fig. 4). 
APCAT construct was used as a positive transfection control. APl-dependent 
transcription of the APCA T construct was increased by TP A, whereas neither 
a2CAT nor a2luc (not shown) was induced (III, Fig. 4). 
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Thus, h1mor promoters can increase the expression of a2Pl suggesting 
that it might be involved in tumor progression. Increased expression of a2 is 
proceeded by the induction of APl genes. Despite the fact that a2 promoter has 
multiple APl-binding sites, we could not find direct evidence that would 
support the idea that APl activation could explain the effects of TPA and OA 
on a2 gene. 

5.5 Integrin a2�1 regulates the activity of protein phosphatase 
2A (IV) 

The roles of a2Pl and alPl integrins in regulation of the cell cycle was studied. 
Previously it has been shown that alPl is needed for cell survival (Wary et al. 
1996, Pozzi et al. 1998). Serum starved (24-36 h) human primary fibroblasts and 
al-null murine fibroblasts were seeded into collagen and FCS was added. a2Pl 
induced cell cycle arrest. alPl was needed for cell survival (IV, Fig. 1). 
Fibroblasts were treated with a function blocking anti-a2 antibody (a-a2 mAb) 
(Ravanti et al. 1999b). Cells cultured in the presence of a-a2 mAb and serum 
were not arrested in growth (IV, Fig. lA). p27kipl is a cyclin dependent kinase
(Cdk) inhibitor, and it inhibits cyclin E/Cdk2 and cyclinA/Cdk2 complexes 
(Polyak et al. 1994). Therefore, the p27k,pi levels were studied. p27k,pl was 
increased at 36 h in growth arrested cells, and a treatment with a-a2 mAb 
suppressed p27kipl levels (IV, Fig. 2). 

The phosphorylated Akt/PK8 levels were lower in fibroblasts within 
collagen gel than in monolayer cultures or in a-a2 mAb treated fibroblast inside 
collagen (IV, Fig. 3A). The amount of phosphorylated Akt/PK8 in Saos-2 cells 
expressing a2 (Saos-a2) or a2 with al cytoplasmic domain (Saos-a2/ al) 
(Ivaska et al. 1999) was studied. Inside collagen the levels of active Akt were 
lower in Saos-a2 cells (IV, Fig. 38). The significance of collagen-induced Akt 
inactivation in the cell cycle arrest of fibroblasts was studied. Human primary 
fibroblasts were infected with constitutively active Akt (Adeno-myrAkt) or 
control virus RadLacZ and cultured inside collagen or on plasiic in ihe presence 
of serum. Infection with the Adeno-myrAkt increased Akt protein levels 2-fold 
(not shown), and cells infected with it had significantly higher H28 histone 
kinase activity (not shown). In addition, phosphorylation of a down-stream 
kinase of Akt, glycogen synthase kinase-3P, was also greatly increased (not 
shown). Inside collagen Adeno-myrAkt induced cell proliferation compared to 
the cells infected with RadLacZ (IV, Fig. 4A). In contrast, in proliferating cells 
cultured in monolayer, myrAkt inhibited cell proliferation (IV, Fig. 48). The 
overexpression of active Akt may be harmful in cells that express active 
endogenous Akt. 

The mechanism involved in Akt/PK8 inactivation was studied further. 
Akt activity can be decreased by either inhibition of upstream activators or by . 
dephosphorylation of Thr308 and Ser473 on Akt/PK8 protein (Meier et al. 
1998). a2Pl-mediated Akt/PK8 inhibition could be prevented by a protein 
serine/threonine phosphatase inhibitor, Calyculin A (IV, Fig. 5A). The 
serine/threonine phosphatase activity was higher in Saos-a2 cells than in Saos
a2/ al cells (IV, Fig. 58). The phosphatase assay used measures PP2A activity, 
but is not specific for it. PP2A differs from PPl because it has an over 100-fold 
higher sensitivity to OA (Cohen et al. 1989). Integrin-induced phosphatase 
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activity was inhibited by 60% with 0.1 nM OA, a low inhibitor concentration 
which is unable to effect on PPl activity (IV, Fig. 5C). PP2A activation could be 
reduced by a-a2 mAb in fibroblasts inside collagen (IV, Fig. 6). The effect of 
transfected Cdc42 dominant negative mutant (Cdc42DN) on the activation of 
PP2A in fibroblasts was tested. Activation of PP2A by a2�1 was shown to be 
dependent on Cdc42 activity (IV, Fig. 8). 

To conclude, a novel signaling mechanism, collagen-induced and a2�1-
mediated activation of PP2A via Cdc42, was presented. PP2A inactivated 
Akt/PKB, and reconstitution of the Akt activity overcame collagen-related 
growth arrest in fibroblasts, confirming the role of Akt/PKB in a2�1-induced 
cell growth arrest. 



6 DISCUSSION 

6.1 Bone morphogenetic protein-2 is a regulator of cell 
adhesion 

BMPs are a group of peptide growth factors which are closely related to TGFs
�- BMPs are required for bone development. They are also involved in the 
differentiation of several other tissues during embryogenesis (Winnier et al. 
1995). In this study, BMP-2 was shown to regulate cell-matrix interactions by 
modifying the expression of integrins differentially compared to TGF-�1. The 
effect of BMP-2 on integrin expression was cell-type specific, and it seemed to 
decrease the expression of integrins rather than to enhance it. The effect of 
BMP-2 on integrin expression on several cell lines was demonstrated. BMP-2 
decreased the expression of o:3 integrin in all cell lines sh1died suggesting that 
this is a more general phenomenon in development. In epithelial HaCaT cells 
BMP-2 had only a small effect on o:3, but it decreased more significantly o:2 
integrin. 

Because integrins are needed for cell adhesion, migration, and 
differentiation, the downregulation of integrin subunits by BMP-2 might have 
several consequences. Furthermore, altered adhesion of the cells to the matrix 
during development can cause programmed cell death (Meredith et al. 1993). 
BMPs regulate programmed cell death in embryonic tissues (Zou & Niswander 
1996). In human myeloma cells, BMP-2 is able to induce apoptosis via STAT3 
(Kawamura et al. 2000). In MH60 cells, BMP-2-induced apoptosis is mediated 
through the T AK1-p38 pathway, and Smad6 might function as a negative 
regulator of this pathway (Kimura et al. 2000). However the molecular 
mechanisms of BMP action during embryogenesis are incompletely known. Our 
data suggest that some of the BMP-related effects might be mediated by altered 
cell adhesion. 
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Transcriptional regulation of the a2 gene was studied in osteosarcoma and 
fibrosarcoma cells, MG-63 and HT-1080, respectively. In nuclear run on assays 
of MG-63 and HT-1080 cells, the a2 gene was activated by tumor promoters, 
TPA and OA. However, the -999 to -1 fragment of the a2 gene was not able to 
activate the transcription of the reporter gene although there are APl binding 
motifs in this fragment. TPA is an activator of protein kinase C, and OA is an 
inhibitor of serine/threonine protein phosphatase 1 and 2A (Haystead et al. 
1989). TPA can induce several cell lines to differentiate (for example 
mononuclear phagocytes), and during the differentiation, there are alterations 
in the integrin pattern (Prieto et al. 1994). TPA has been shown to increase the 
expression of a2�1 in melanoma cells (Eguchi & Horikoshi 1996). The effect of 
OA on integrin expression has not been reported. Integrin a2�1 was shown to 
be associated with tumor progression by showing that tumor promoters TPA 
and OA were able to increase the transcription of the a2 gene, but not the genes 
of other integrins. 

Integrin a2 expression has been shown to be induced in malignant 
transformation and tumor progression (Santala et al. 1994, Vihinen et al. 1996). 
Integrin a2 is also overexpressed in aggressive melanoma-derived cell lines 
(Klein et al. 1991, Etoh et al. 1992). In this study, TPA was able to increase the 
adhesion of MG-63 cells on type I collagen. Previously the overexpression of a2 
in osteosarcoma cells has been shown to increase the migration and invasion 
through collagen gel (Vihinen et al. 1996). These observations link the enhanced 
transcription of a2 gene to tumor progression. In addition to this, a2 is able to 
induce MMP expression (Langholz et al. 1995, Riikonen et al. 1995b, Ravanti et 
al. 1999b). Thus integrin a2 might have an important role in cancer cell 
invasion. 

6.3 Why does a cell need four collagen receptor integrins? 

6.3.1 Concomitant expression of collagen receptor integrins 

To date there are at least four collagen-binding integrins known, namely al�l, 
a2Pl, alOPl, and allPl. In addition, a3Pl has been shown to be an assisting 
collagen-binding receptor (DiPersio et al. 1995). Our data indicate that all four 
collagen receptors may be expressed, at least at mRNA level, in KHOS-240 and 
MG-63 cell lines. Previously it has been demonstrated that MG-63 cells have 
a2�1 integrin on their cell surface but have only low amounts of alPl (Heino & 
Massague 1989), and KHOS-240 cells express both alPl and a2Pl integrins 
(Santala et al. 1994). We showed here that mRNAs of alO and all integrin 
subunits were also expressed in these cell lines. Furthermore, our results 
indicated that primary human chondrocytes and a chondrosarcoma cell line 
(HTB-99) expressed all four collagen receptors. We also studied the expression 
of collagen receptor integrins in human fetal tissues. The mRNAs for integrin 
subunits al, a2, alO, and all were simultaneously expressed in growth plate, 
bone, and whole eye of the 20-24 week-old fetus. The alO mRNAs were not 
seen in meniscus, skin, or muscle where other collagen-binding integrin 
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subunits al, a2, and al 1 were expressed. The mRNA levels for integrin al and 
a2 subunits were relatively low in epiphyseal cartilage tissues except in 
meniscus, but mRNAs for alO and all were detected in these tissues. The 
expression of these subunits in adult and fetal human tissues has been studied 
previously (Lehnert et al. 1999a, Lehnert et al. 1999b, Yelling et al. 1999, Tiger et 
al. 2001). In smooth muscle-rich uterus, mRNAs for alO and all are expressed, 
but there is no al integrin. In colon the expression of alO and al are detected, 
but the all levels are low. For example, in bladder and prostate all four 
collagen receptors might be expressed simultaneously: a2 expression has been 
shown by immunohistochemistry (Zutter & Santoro 1990) and al, all, and al0 
by Northern blot (Lehnert et al. 1999a, Veiling et al. 1999). This raises the 
question of why cells have to have four different collagen receptors at the same 
time. Integrins alPl and a2Pl seem to have many common features, but they 
have also specific roles as collagen receptors (Heino 2000). Functional 
differences between collagen-binding integrins are seen. They prefer different 
collagen types: a2Pl binds fibril-forming collagens, and alPl binds types IV 
and XIII collagens (Kern et al. 1993, Ruggiero et al. 1996, Nykvist et al. 2000). 
Their signaling mechanisms differ from each other: a2Pl activates p38 pathway 
inside collagen but does not activate ERK, and alPl activates proliferative 
Shc-Grb-2/SOS-ERK signaling pathway (Wary et al. 1996, Wary et al. 1998, 
Ivaska et al. 1999). Regulation of the gene expression of collagen receptor 
subunits is different: al and a2 genes are regulated differentially with growth 
factors and the promoter regions have different IF-binding motifs (Zutter et al. 
1995a, Obata et al. 1997). 

6.3.2 Differential regulation of collagen receptor integrin subunits 

The integrin pattern of a cell changes during different physiological and 
pathological conditions (Adams & Watt 1990, Korhonen et al. 1990, Larjava et 
al. 1993, Nikkari et al. 1993). Cytokines and growth factors are needed in the 
regulation of these processes. Many growth factors and cytokines have also 
been shown to be potent regulators of integrin expression. Therefore, by 
regulating the amount of different integrin heterodimers on cell surfaces, it is 
possible to have distinct effects on the cell behavior in different physiological 
and pathological conditions. We have studied the effect of TGF-P, TGF-a, and 
tumor promoters, OA and TPA, as well as BMP-2 on the expression of collagen 
receptor integrin subunits. 

To test the hypothesis that the collagen-receptor integrins are 
independently regulated, we analyzed how the novel collagen-binding integrin 
subunits are expressed in osteosarcoma cells. TGF-Pl has been shown to be a 
potent regulator of integrin expression. It regulates cell proliferation and 
differentiation. TGF-Pl has been shown to induce the expression of a2 integrin 
in osteosarcoma cells (Heino et al. 1989). Furthermore it has been shown to 
regulate collagen gel contraction by inducing the expression of a2 on the cell 
surface of MG-63 cells (Riikonen et al. 1995a). In WI-38 lung fibroblasts, TGF-P 
has been shown to induce the expression of al (Heino et al. 1989). Here, TGF-P 
was shown to increase the mRNA and protein levels of al 1, but it had no effect 
on the expression of al (Heino & Massague 1989) or alO subunits. TGF-a has 
been shown to induce the expression of a2 in keratinocytes (Chen et al. 1993b). 
It had no effect on all, but it induced alO mRNAs in Saos-2 cells. These results 
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demonstrate that the collagen receptor integrin subunits are differentially 
regulated in osteogenic cells. 

6.3.3 Distinct signaling functions of collagen receptor integrins 

lntegrins al and a2 are concomitantly expressed in many cell types, but they 
may regulate different functions and activate different signaling pathways. The 
studies with three-dimensional collagenous matrixes have shown that the 
ligation of a2Pl triggers MMP-1 expression (Langholz et al. 1995, Riikonen et al. 
19956). On the other hand it has been shown that alPl is a negative feedback 
regulator of collagen synthesis (Gardner et al. 1999). alPl can form a complex 
with caveolin-1 and activate the Ras-ERK pathway via Fyn and She, which is a 
cell proliferative pathway (Wary et al. 1998). a2Pl has been shown to activate 
PKC-1; and NFKB, which induce MMP-1 expression (Xu et al. 1998). It also 
increases type I collagen gene expression by activation of p38a via Cdc42 
(Ivaska et al. 1999). 

Cell adhesion is needed for cell growth (Guadagno et al. 1993). Several 
mechanisms have been shown for the integrin-mediated regulation of cell cycle 
progression. For example, alPl and a5Pl have been shown to activate the ERK 
signaling pathway, which regulates the cell cycle (Wary et al. 1998, Roovers et 
al. 1999). a2Pl has been shown to inhibit cell cycle progression of smooth 
muscle and melanoma cells (Koyama et al. 1996, Henriet et al. 2000). We 
showed that the ligation of a2Pl to collagen inhibited the cell cycle progression 
of human dermal fibroblasts. Ligation of a2Pl to collagen activated PP2A, and 
furthermore, PP2A dephosphorylated Akt/PKB. The direct role of a2Pl in the 
activation of PP2A was demonstrated with a function blocking antibody against 
a2 and with osteosarcoma cells that lack a2 but are transfected with either a 
wild type or a mutated form of a2. During the activation of PP2A via ligation of 
a2Pl to collagen, Cdc42 seemed to be required. Cdc42 might be an important 
downstream mediator of a2Pl integrin because it has also been shown to be a 
mediator of a2Pl signals in the p38-activating pathway (Ivaska et al. 1999). 

Pl3K/ Akt pathway is activated by several extracellular stimuli, and it has 
been linked to cell survival (Downward 1998). Akt/PKB activity can be 
regulated by inhibition of upstream activators or by direct dephosphorylation 
(Meier et al. 1998). Phosphoinositide-3 kinase (Pl3K) is an upstream activator of 
Akt/PKB. The activity of PI3K was not affected by a2Pl integrin. On the other 
hand a PP2A inhibitor, Calyculin A, was able to inhibit a2Pl-mediated 
Akt/PKB inactivation. Furthermore, a direct relationship between Akt activity 
and the PP2A catalytic domain was shown. The reconstitution of Akt activity in 
fibroblasts could induce their proliferation inside collagen gel. These results 
suggest that decreased Akt activity is one of the mechanisms of a2Pl
dependent growth arrest. PP2A activity is needed for the degradation of cyclins 
during Gl (Bastians et al. 1999), and the entry of cells to M phase can be 
inhibited by PP2A (Lee et al. 1991). Regulation of Akt by PP2A suggests yet 
another mechanism used by PP2A to inhibit cell cycle. According to these 
findings a2Pl and alPl could have opposite effects on cell growth because 
alPl induces cell growth via ERK pathway and a2Pl was here shown to down
regulate the growth inducible Akt/PKB pathway (Fig. 5). 

These data link a2Pl to a selective activation of a serine/threonine 
phosphatase, PP2A. PP2A can interact with several proteins and contribute to 
the regulation of numerous signaling pathways (Millward et al. 1999, Jansens & 
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Goris 2001). PP2A can regulate cell cycle (Lee et al. 1991) and apoptosis (Song & 
Lavin 1993). Relatively little is known about how the specific protein tyrosine 
and serine/threonine phosphatases regulate integrin-mediated signals. A link 
between integrins and the protein tyrosine phosphatase SHP-2 has been 
demonstrated, and the phosphatases have been shown to positively regulate 
integrin function (Oh et al. 1999, Inagaki et al. 2000). A dual-specificity 
phosphatase, PTEN, has been shown to be important in negative regulation of 
FAK, and thus PTEN regulates the anchorage independent growth (Tamura et 
al. 1999). 

The data presents a model of differential actions of collagen receptor, for 
example during wound healing. Integrins a2Pl and alPl are differentially 
regulated by growth factors such as TGF-P and platelet derived growth factor 
(Xu & Clark 1996, Heino et al. 1989). Fibroblasts that first migrate to the site of 
injury express alPl (Gailit et al. 1996). These cells express only low levels of 
type I collagen (Langholz et al. 1995, Riikonen et al. 1995b), and they can 
proliferate (Pozzi et al. 1998). Later a2Pl is induced and alPl down-regulated 
(Gailit et al. 1996, Xu & Clark 1996). The expression of a2Pl might change the 
cell behavior. a2Pl blocks proliferation, induces collagen synthesis (Riikonen et 
al. 1995b, Ivaska et al. 1999), and activates MMPs that are needed in matrix 
remodeling (Riikonen et al. 1995b, Ravanti et al. 1999b). Thus, by regulating the 
amount of collagen receptor integrins on cell surfaces, it is possible to have 
different effects on the cell behavior in different physiological and pathological 
situations. 
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7 SUMMARY 

Four human collagen receptor integrins are known, namely alPl, a2Pl, alOPl, 
and allPl. These integrins are known to have many common features. 
However, there are functional differences between the collagen receptor 
integrins in terms of their ligand binding specificity, the specific cellular 
signal:ing pathways they initiate, and the differential regulation of their genes. 
Based on previous studies, integrin alPl is known to prefer collagen types IV 
and XIII, whereas integrin a2Pl binds fibril-forming collagens. Integrins alPl 
and a2Pl activate different signaling pathways, and thus the ligation of these 
receptors leads to different cellular responses. Little is known about the 
expression of integrins alOPl and all Pl. 

In this thesis the collagen receptor integrins were shown to be 
independently regulated and simultaneously expressed in a single cell. Growth 
factors were shown to regulate the collagen receptor integrins differentially: for 
example transforming growth factor-P induced the expression of integrin a2Pl 
whereas bone morphogenetic protein-2 reduced its expression. 

A novel integrin a2Pl-linked signaling pathway was introduced. It was 
demonstrated that the a2 cytoplasmic tail was needed for activation of protein 
phosphatase PP2A which inhibited Akt/protein kinase B. This signaling 
pathway could have an effect on cell proliferation. 

These results showed that four collagen receptors could be expressed 
simultaneously in single cell and they were independently regulated by growth 
factors and pharmacological agents. Further more the a2Pl and alPl integrins 
were shown to have specific signaling functions. Therefore, by regulating the 
amount of collagen receptor integrins on cell surfaces, it would be possible to 
have different effects on cell behavior in different physiological and 
pathological conditions. 
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YHTEENVETO (Finnish summary) 

Monisoluiset eläimet tarvitsevat integriinejä, joilla niiden yksittäiset solut 
kiinnittyvät soluväliaineeseen ja toisiinsa. Integriinireseptorit muodostuvat 
yhdestä a- ja yhdestä P-alayksiköstä. Integriinin a-alayksiköitä tunnetaan 18 ja 
P-alayksiköitä kahdeksan. Nämä alayksiköt muodostavat heterodimeerejä, joita
on yhteensä 24 erilaista. Nämä heterodimeerit sitovat erilaisia soluväliaineen
proteiineja riippuen siitä minkälainen aP-yhdistelmä on kyseessä. Ne myös
välittävät soluun tietoa eri tavalla ap-yhdistelmästä riippuen.

Väitöskirjatyössä on tutkittu kollageeniin tarttuvia integriinireseptoreita, 
alpl, a2Pl, alOPl ja allPl. Kaikilla selkärankaisilla on löydetty kollageeniin 
sitoutuvia integriinejä, kun esimerkiksi banaanikärpäsellä niitä ei ole. Työssä on 
pohdittu, miksi solu tarvitsee neljä kollageeniin sitoutuvaa integriiniä. 
Vaikkakin näillä integriineillä on monia yhteisiä ominaisuuksia, ne toimivat 
solussa eri tavalla. Integriinien alOPl ja allPl toiminnasta ei tiedetä 
paljonkaan. Sen sijaan alPl ja a2Pl integriinejä on tutkittu enemmän. Integriini 
alPl sitoutuu paremmin tyyppien IV ja XIII kollageeneihin, kun taas integriini 
a2Pl sitoutuu fibrillaarisiin kollageeneihin. 

Työssä osoitettiin, että kaikki neljä kollageeneihin sitoutuvaa integriiniä 
voivat ilmentyä yksittäisessä solussa samanaikaisesti. Näiden integriinien 
geenien osoitettiin myös olevan itsenäisesti säädeltyjä. Esimerkiksi luun 
kasvutekijä, BMP-2, laski a2Pl integriinin määriä, kun taas transformoiva 
kasvutekijä, TGF-P, lisäsi a2Pl integriinin määriä solun pinnalla. BMP-2 sääteli 
myös a3Pl integriinin määrää soluissa. Muiden integriinialayksiköiden 
ilmentymiseen sillä ei ollut vaikutusta. 

a2Pl integriinille osoitettiin uusi signaalinsiirtoreitti. Integriini a2:n solun 
s1samen osa aktivoi proteiinifosfataasin, PP2A, ja sitä kautta 
signalointiproteiinin, Akt/proteiinikinaasi B. Tämä signalointitie esti solun 
jakautumista. 

Tulokset osoittivat, että alPl, a2Pl, alOPl ja allPl integriinit voivat 
ilmentyä samaan aikaan yksittäisessä solussa ja että ne ovat itsenäisesti 
säädeltyjä. Integriinien a2Pl ja alPl osalta tiedetään, että niillä on myös 
erilaiset tehtävät solussa. Integriini alPl:n on osoitettu aktivoivan solun 
jakautumista edistävän signaalinsiirtotien. Tässä työssä osoitettiin a2Pl 
integriinin aktivoivan solun jakautumista estävän signaalinsiirtotien. Siten 
integriinien alPl ja a2Pl kiinnittyessä ligandeihinsa, ne aktivoivat solun sisällä 
erilaisia signaalinsiirtoteitä. Tästä seuraa solun erilainen käyttäytyminen eri 
tilanteissa. 



52 

REFERENCES 

Adams, J. C. & Watt, F. M. 1990. Changes in keratinocyte adhesion during 
terminal differentiation: reduction in fibronectin binding precedes alpha 5 
beta 1 integrin loss from the cell surface. Cell 63: 425-435. 

Agura, E. D., Howard, M. & Collins, S. J. 1992. Identification and sequence 
analysis of the promoter for the leukocyte integrin beta-subunit (CD18): a 
retinoic acid-inducible gene. Blood 79: 602-609. 

Angel, P. & Karin, M. 1991. The role of Jun, Fos and the AP-1 complex in cell
proliferation and transformation. Biochim. Biophys. Acta 1072: 129-157. 

Angel, P., Allegretto, E. A., Okino, S. T., Hattori, K., Boyle, W. J., Hunter, T. & 
Karin, M. 1988. Oncogene jun encodes a sequence-specific trans-activator 
similar to AP- 1. Nature 332: 166-171. 

Argraves, W. S., Suzuki, S., Arai, H., Thompson, K., Pierschbacher, M. D. & 
Ruoslahti, E. 1987. Amino acid sequence of the human fibronectin 
receptor. J. Cell Biol. 105: 1183-1190. 

Auger, K. R., Serunian, L. A., Soltoff, S. P., Libby, P. & Cantley, L. C. 1989. 
PDGF-dependent tyrosine phosphorylation stimulates production of 
novel polyphosphoinositides in intact cells. Cell 57: 167-175. 

Bader, B. L., Rayburn, H., Crowley, D. & Hynes, R. 0. 1998. Extensive 
vasculogenesis, angiogenesis, and organogenesis precede lethality in mice 
lacking all alpha v integrins. Cell 95: 507-519. 

Banerji, S. S., Theodorakis, N. G. & Morimoto, R. I. 1984. Heat shock-induced 
translational control of HSP70 and globin synthesis in chicken 
reticulocytes. Mol. Cell Biol. 4: 2437-2448. 

Barberis, L., Wary, K. K., Fiucci, G., Liu, F., Hirsch, E., Brancaccio, M., Altruda, 
F., Tarone, G. & Giancotti, F. G. 2000. Distinct roles of the adaptor protein 
she and focal adhesion kinase in integrin signaling to ERK. J. Biol. Chem. 
275: 36532-36540. 

Bastians, H., Topper, L. M., Gorbsky, G. L. & Ruderman, J. V. 1999. Cell cycle
regulated proteolysis of mitotic target proteins. Mol. Biol. Cell 10: 3927-
3941. 

Belkin, V. M., Belkin, AM. & Koteliansky, V.E. 1990. Human smooth muscle 
VLA-1 integrin: purification, substrate specificity, localization in aorta, 
and expression during development. J. Cell Biol. 111: 2159-2170. 

Berditchevski, F. & Odintsova, E. 1999. Characterization of integrin-tetraspanin 
adhesion complexes: role of tetraspanins in integrin signaling. J. Cell Biol. 
146: 477-492. 

Berditchevski, F., Tolias, K. F., Wong, K., Carpenter, C. L. & Hemler, M. E. 1997. 
A novel link between integrins, transmembrane-4 superfamily proteins 
(CD63 and CD81), and phosphatidylinositol 4-kinase. J. Biol. Chem. 272: 
2595-2598. 

Birkenmeier, T. M., McQuillan, J. J., Boedeker, E. D., Argraves, W. S., Ruoslahti, 
E. & Dean, D. C. 1991. The alpha 5 beta 1 fibronectin receptor.
Characterization of the alpha 5 gene promoter. J. Biol. Chem. 266: 20544-
20549.

Boles, B. K., Ritzenthaler, J., Birkenmeier, T. & Roman, J. 2000. Phorbol ester
induced U-937 differentiation: effects on integrin alpha(5) gene 
transcription. Am. J. Physiol. Lung Cell Mol. Physiol. 278: L703-712. 



53 

Bottinger, E. P., Shelley, C. S., Farokhzad, 0. C. & Arnaout, M. A. 1994. The 
human beta 2 integrin CD18 promoter consists of two inverted Ets cis 
elements. Mol. Cell Biol. 14: 2604-2615. 

Boukamp, P., Petrussevska, R. T., Breitkreutz, D., Hornung, J., Markham, A. & 
Fusenig, N. E. 1988. Normal keratinization in a spontaneously 
immortalized aneuploid human keratinocyte cell line. J. Cell Biol. 106: 761-
771. 

Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye 
binding. Anal. Biochem. 72: 248-254. 

Calderwood, D. A., Tuckwell, D. S., Eble, J., Kuhn, K. & Humphries, M. J. 1997. 
The integrin alphal A-domain is a ligand binding site for collagens and 
laminin. J. Biol. Chem. 272: 12311-12317. 

Camper, L., Hellman, U. & Lundgren-Akerlund, E. 1998. Isolation, cloning, and 
sequence analysis of the integrin subunit alphalO, a betal-associated 
collagen binding integrin expressed on chondrocytes. J. Biol. Chem. 273: 
20383-20389. 

Cao, X., Ross, F. P., Zhang, L., MacDonald, P. N., Chappel, J. & Teitelbaum, S. L. 
1993. Cloning of the promoter for the avian integrin beta 3 subunit gene 
and its regulation by 1,25-dihydroxyvitamin 03. J. Biol. Chem. 268: 27371-
27380. 

Cao, X., Teitelbaum, S. L., Zhu, H. J., Zhang, L., Feng, X. & Ross, F. P. 1996. 
Competition for a unique response element mediates retinoic acid 
inhibition of vitamin D3-stimulated transcription. J. Biol. Chem. 271: 20650-
20654. 

Carlsson, L. E., Santoso, S., Spitzer, C., Kessler, C. & Greinacher, A. 1999. The 
alpha2 gene coding sequence T807 / A873 of the platelet collagen receptor 
integrin alpha2betal might be a genetic risk factor for the development of 
stroke in younger patients. Blood 93: 3583-3586. 

Carter, W. G., Ryan, M. C. & Gahr, P. J. 1991. Epiligrin, a new cell adhesion 
ligand for integrin alpha 3 beta 1 in epithelial basement membranes. Cell 
65: 599-610. 

Cepek, K. L., Shaw, S. K., Parker, C. M., Russell, G. J., Morrow, J. S., Rimm, D. L. 
& Brenner, M. B. 1994. Adhesion between epithelial cells and T 
lymphocytes mediated by E-cadherin and the alpha E beta 7 integrin. 
Nature 372: 190-193. 

Cervella, P., Silengo, L., Pastore, C. & Altruda, F. 1993. Human beta 1-integrin 
gene expression is regulated by two promoter regions. J. Biol. Chem. 268: 
5148-5155. 

Chen, H. M., Pahl, H. L., Scheibe, R. J., Zhang, D. E. & Tenen, D. G. 1993a. The 
Spl transcription factor binds the CDllb promoter specifically in myeloid 
cells in viva and is essential for myeloid-specific promoter activity. J. Biol. 
Chem. 268: 8230-8239. 

Chen, J. D., Kim, J. P., Zhang, K., Sarret, Y., Wynn, K. C., Kramer, R. H. & 
Woodley, D. T. 19936. Epidermal growth factor (EGF) promotes human 
keratinocyte locomotion on collagen by increasing the alpha 2 integrin 
subunit. Exp. Cell Res. 209: 216-223. 

Chen, H. C., Appeddu, P. A., Parsons, J. T., Hildebrand, J. D., Schaller, M. D. & 
Guan, J. L. 1995. Interaction of focal adhesion kinase with cytoskeletal 
protein talin. J. Biol. Chem. 270: 16995-16999. 



54 

Chen, H. C., Appeddu, P. A., Isoda, H. & Guan, J. L. 1996. Phosphorylation of 
tyrosine 397 in focal adhesion kinase is required for binding 
phosphatidylinositol 3-kinase. J. Biol. Chem. 271: 26329-26334. 

Chen, M., O'Toole, E. A., Li, Y. Y. & Woodley, D. T. 1999. Alpha 2 beta 1 integrin 
mediates dermal fibroblast attachment to type VII collagen via a 158-
amino-acid segment of the NCl domain. Exp. Cell Res. 249: 231-239. 

Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. & Rutter, W. J. 1979. Isolation 
of biologically active ribonucleic acid from sources enriched in 
ribonuclease. Biochemistry 18: 5294-5299. 

Chomczynski, P. & Sacchi N. 1987. Single-step method of RNA isolation by acid 
guanidinium thiocyanate- phenol-chloroform extraction. Anal. Biochem. 
162: 156-159. 

Chung, H. & Brautigan, D. L. 1999. Protein phosphatase 2A suppresses MAP 
kinase signalling and ectopic protein expression. Cell Signal. 11: 575-580. 

Cohen, P., Klumpp, S. & Schelling, D. L. 1989. An improved procedure for 
identifying and quantitating protein phosphatases in mammalian tissues. 
FEBS Lett. 250: 596-600. 

Colognato, H., MacCarrick, M., O'Rear, J.J. & Yurchenco, P.O. 1997. The laminin 
alpha2-chain short arm mediates cell adhesion through both the 
alphalbetal and alpha2betal integrins. J. Biol. Chem. 272: 29330-29336. 

Corbi, A. L., Garcia-Aguilar, J. & Springer, T. A. 1990. Genomic structure of an 
integrin alpha subunit, the leukocyte p150,95 molecule. J. Biol. Chem. 265: 
2782-2788. 

Corbi, A. L., Jensen, U. B. & Watt, F. M. 2000. The alpha2 and alpha5 integrin 
genes: identification of transcription factors that regulate promoter activity 
in epidermal keratinocytes. FEBS Lett. 474: 201-207. 

Cornwell, R. D., Gollahon, K. A. & Hickstein, D. D. 1993. Description of the 
leukocyte function-associated antigen 1 (LFA-1 or CDlla) promoter. Proc. 
Natl. Acad. Sci. US A 90: 4221-4225. 

Czyz, M. & Cierniewski, C. S. 1999. Selective Spl and Sp3 binding is crucial for 
activity of the integrin alphaV promoter in cultured endothelial cells. Eur. 
J. Biochem. 265: 638-644.

D'Souza, B., Berdichevsky, F., Kyprianuu, N. & Taylur-Papac.limitriou, J. 1993. 
Collagen-induced morphogenesis and expression of the alpha 2-integrin 
subunit is inhibited in c-erb82-transfected human mammary epithelial 
cells. Oncogene 8: 1797-1806. 

Dedhar, S., Williams, B. & Hannigan, G. 1999. Integrin-linked kinase (ILK): a 
regulator of integrin and growth-factor signalling. Trends Cell Biol. 9: 319-
323. 

Delcommenne, M., Tan, C., Gray, V., Rue, L., Woodgett, J. & Dedhar, S. 1998. 
Phosphoinositide-3-OH kinase-dependent regulation of glycogen synthase 
kinase 3 and protein kinase 8/ AKT by the integrin-linked kinase. Proc. 
Natl. Acad. Sci. US A 95: 11211-11216. 

Delwel, G. 0., de Melker, A. A., Hogervorst, F., Jaspars, L. H., Fles, D. L., 
Kuikman, I., Lindblom, A., Paulsson, M., Timpl, R. & Smmenberg, A. 1994. 
Distinct and overlapping ligand specificities of the alpha 3A beta 1 and 
alpha 6A beta 1 integrins: recognition of laminin isoforms. Mo!. Biol. Cell 5: 
203-215.

DiPersio, C. M., Shah, S. & Hynes, R. 0. 1995. alpha 3A beta 1 integrin localizes 
to focal contacts in response to diverse extracellular matrix proteins. J. Cell 
Sci. 108: 2321-2336. 



55 

DiPersio, C. M., Hodivala-Dilke, K. M., Jaenisch, R., Kreidberg, J. A. & Hynes, R. 
0. 1997. alpha3betal lntegrin is required for normal development of the
epidermal basement membrane. J. Cell Biol. 137: 729-742.

Donahue, J. P., Sugg, N. & I-lawiger, J. 1994. The integrin alpha v gene: 
identification and characterization of the promoter region. Biochim. 
Biophys. Acta 1219: 228-232. 

Doubeikovski, A., Uzan, G., Doubeikovski, Z., Prandini, M. H., Porteu, F., 
Gisselbrecht, S. & Dusanter-Fourt, I. 1997. Thrombopoietin-induced 
expression of the glycoprotein Ilb gene involves the transcription factor 
PU.l/Spi-1 in UT7-Mpl cells. J. Biol. Chem. 272: 24300-24307. 

Downward, J. 1998. Mechanisms and consequences of activation of protein 
kinase B/ Akt. Curr. Opin. Cell Biol. 10: 262-267. 

Eguchi, H. & Horikoshi, T. 1996. The expression of integrin alpha 2 beta 1 and 
attachment to type I collagen of melanoma cells are preferentially induced 
by tumour promoter, TPA (12-O-tetradecanoyl phorbol-13-acetate). Br. J. 
Dermatol. 134: 33-39. 

Elices, M. J., Osborn, L., Takada, Y., Crouse, C., Luhowskyj, S., Hemler, M. E. & 
Lobb, R. R. 1990. VCAM-1 on activated endothelium interacts with the 
leukocyte integrin VLA-4 at a site distinct from the VLA-4/fibronectin 
binding site. Cell 60: 577-584. 

Emsley, J., Knight, C. G., Farndale, R. W., Barnes, M. J. & Liddington, R. C. 2000. 
Structural basis of collagen recognition by integrin alpha2betal. Cell 101: 
47-56.

Etoh, T., Byers, H. R. & Mihm, M. C., Jr. 1992. Integrin expression in malignant 
melanoma and their role in cell attachment and migration on extracellular 
matrix proteins. J. Dermatol. 19: 841-846. 

Eth1er, N., Gohring, W., Sasaki, T., Mann, K. & Timpl, R. 1998. The N-terminal 
globular domain of the laminin alphal chain binds to alphalbetal and 
alpha2betal integrins and to the heparan sulfate- containing domains of 
perlecan. FEBS Lett. 430: 217-221. 

Fassler, R. & Meyer, M. 1995. Consequences of lack of beta 1 integrin gene 
expression in mice. Genes Dev. 9: 1896-1908. 

Feng, X., Teitelbaum, S. L., Quiroz, M. E., Towler, D. A. & Ross, F. P. 1999. 
Cloning of the murine beta5 integrin subunit promoter. Identification of a 
novel sequence mediating granulocyte-macrophage colony-stimulating 
factor-dependent repression of beta5 integrin gene transcription. J. Biol. 
Chem. 274: 1366-1374. 

Feng, X., Teitelbaum, S. L., Quiroz, M. E., Cheng, S. L., Lai, C. F., Avioli, L. V. & 
Ross, F. P. 2000. Spl/Sp3 and PU.1 differentially regulate beta(5) integrin 
gene expression in macrophages and osteoblasts. J. Biol. Chem. 275: 8331-
8340. 

Fong, A. M. & Santoro, S. A. 1994. Transcriptional regulation of alpha lib 
integrin gene expression during megakaryocytic differentiation of K562 
cells. Role of a silencer element. J. Biol. Chem. 269: 18441-18447. 

Fort, P., Marty, L., Piechaczyk, M., el Sabrouty, S., Dani, C., Jeanteur, P. & 
Blanchard, J. M. 1985. Various rat adult tissues express only one major 
mRNA species from the glyceraldehyde-3-phosphate-dehydrogenase 
multigenic family. Nucleic Acids Res. 13: 1431-1442. 

Frenkel, B., Montecino, M., Stein, J. L., Lian, J. B. & Stein, G. S. 1994. A composite 
intragenic silencer domain exhibits negative and positive transcriptional 



56 

control of the bone-specific osteocalcin gene: promoter and cell type 
requirements. Proc. Natl. Acad. Sci. US A 91: 10923-10927. 

Frisch, S. M., Reich, R., Collier, I. E., Genrich, L. T., Martin, G. & Goldberg, G. I. 
1990. Adenovirus ElA represses protease gene expression and inhibits 
metastasis of human tumor cells. Oncogene 5: 75-83. 

Fujio, Y. & Walsh, K. 1999. Akt mediates cytoprotection of endothelial cells by 
vascular endothelial growth factor in an anchorage-dependent manner. J. 
Biol. Chem. 274: 16349-16354. 

Gailit, J., Xu, J., Bueller, H. & Clark, R. A. 1996. Platelet-derived growth factor 
and inflammatory cytokines have differential effects on the expression of 
integrins alpha 1 beta 1 and alpha 5 beta 1 by human dermal fibroblasts in 
vitro. J. Cell Physiol. 169: 281-289. 

Gardner, H., Broberg, A., Pozzi, A., Laato, M. & Heino, J. 1999. Absence of 
integrin alphalbetal in the mouse causes loss of feedback regulation of 
collagen synthesis in normal and wounded dermis. J. Cell Sci. 112: 263-272. 

Garrington, T. P. & Johnson, G. L. 1999. Organization and regulation of mitogen
activated protein kinase signaling pathways. Curr. Opin. Cell Biol. 11: 211-
218. 

Garton, A. J., Burnham, M. R., Bouton, A. H. & Tonks, N. K. 1997. Association of 
PTP-PEST with the SH3 domain of p130cas; a novel mechanism of protein 
tyrosine phosphatase substrate recognition. Oncogene 15: 877-885. 

Georges-Labouesse, E., Messaddeq, N., Yehia, G., Cadalbert, L., Dierich, A. & 
Le Meur, M. 1996. Absence of integrin alpha 6 leads to epidermolysis 
bullosa and neonatal death in mice. Nat. Genet. 13: 370-373. 

Giltay, J. C., Brinkman, H. J., Modderman, P. W., von dem Borne, A. E. & van 
Mourik, J. A. 1989. Human vascular endothelial cells express a membrane 
protein complex immunochemically indistinguishable from the platelet 
VLA-2 (glycoprotein la-Ila) complex. Blood 73: 1235-1241. 

Goldberg, G. I., Wilhelm, S. M., Kronberger, A., Bauer, E. A., Grant, G. A. & 
Eisen, A. Z. 1986. Human fibroblast collagenase. Complete primary 
structure and homology to an oncogene transformation-induced rat 
protein. J. Biol. Chem. 261: 6600-6605. 

Goldberg, J., Huang, H. B., Kwon, Y. G., Greengard, r., Nairn, A. C. & Kuriyan, 
J. 1995. Three-dimensional structure of the catalytic subunit of protein
serine/threonine phosphatase-1. Nature 376: 745-753.

Graham, F. & van der Erb, A. 1973. A new teclmique for the assay of infectivity 
of human adenovirus 5 DNA. Virology 52: 456-457. 

Guadagno, T. M., Ohtsubo, M., Roberts, J. M. & Assoian, R. K. 1993. A link 
between cyclin A expression and adhesion-dependent cell cycle 
progression. Science 262: 1572-1575. 

Hagen, G., Muller, S., Beato, M. & Suske. G. 1994. Spl-mediated transcriptional 
activation is repressed by Sp3. EMBO J. 13: 3843-3851. 

Hall, A. 1998. Rho GTPases and the actin cytoskeleton. Science 279: 509-514. 
Hannigan, G. E., Leung-Hagesteijn, C., Fitz-Gibbon, L., Coppolino, M. G., 

Radeva, G., Filmus, J., Bell, J. C. & Dedhar, S. 1996. Regulation of cell 
adhesion and anchorage-dependent growth by a new beta 1-integrin
linked protein kinase. Nature 379: 91-96. 

Haystead, T. A., Sim, A. T., Carling, D., Hmmor, R. C., Tsukitani, Y., Cohen, P. & 
Hardie, D. G. 1989. Effects of the tumour promoter okadaic acid on 
intracellular protein phosphorylation and metabolism. Nature 337: 78-81. 



57 

Heidenreich, R., Eisman, R., Surrey, S., Delgrosso, K., Bennett, J. S., Schwartz, E. 
& Poncz, M. 1990. Organization of the gene for platelet glycoprotein lib. 
Biochemistry 29: 1232-1244. 

Heino, J. 2000. The collagen receptor integrins have distinct ligand recognition 
and signaling functions. Matrix Biol. 19: 319-323. 

Heino, J. & Massague, J. 1989. Transforming growth factor-beta switches the 
pattern of integrins expressed in MG-63 human osteosarcoma cells and 
causes a selective loss of cell adhesion to laminin. J. Biol. Chem. 264: 21806-
21811. 

Heino, J., Ignotz, R. A., Hemler, M. E., Crouse, C. & Massague, J. 1989. 
Regulation of cell adhesion receptors by transforming growth factor-beta. 
Concomitant regulation of integrins that share a common beta 1 subunit. J. 
Biol. Chem. 264: 380-388. 

Henriet, P., Zhong, Z. D., Brooks, P. C., Weinberg, K. I. & DeClerck, Y. A. 2000. 
Contact with fibrillar collagen inhibits melanoma cell proliferation by up
regulating p27KIP1. Proc. Natl. Acad. Sci. US A 97: 10026-10031. 

Herouy, Y., May, A. E., Pornschleget G., Stetter, C., Grenz, H., Preissner, K. T., 
Schop( E., Norgauer, J. & Vanscheidt, W. 1998. Lipodermatosclerosis is 
characterized by elevated expression and activation of matrix 
metalloproteinases: implications for venous ulcer formation. J. Invest. 
Dermatol. 111: 822-827. 

Hickstein, D. D., Baker, D. M., Gollahon, K. A. & Back, A. L. 1992. Identification 
of the promoter of the myelomonocytic leukocyte integrin CDllb. Proc. 
Natl. Acad. Sci. US A 89: 2105-2109. 

Hirsch, E., Balzac, F., Pastore, C., Tarone, G., Silengo, L. & Altruda, F. 1993. The 
beta 1 integrin distal promoter is developmentally regulated in transgenic 
mice. Cell Adhes. Commun. 1: 203-212. 

Hoit, B. D., Gilpin, E. A., Henning, H., Maiset A. A., Dittrich, H., Carlisle, J. & 
Ross, L Jr. 1986. Myocardial infarction in young patients: an analysis by 
age subsets. Circulation 74:712-721. 

Hopkin, K. 1998. A surprising function for the PTEN tumor suppressor. Science 
282: 1027)029-1030. 

Hormia, M., Falk-Marzillier, L Flopper, G., Tamura, R. N., Jones, J. C. & 
Quaranta, V. 1995. Rapid spreading and mature hemidesmosome 
formation in HaCaT keratinocytes induced by incubation with soluble 
laminin-5r. J. Invest. Dermatol. 105: 557-561. 

Hunter, T. 1995. Protein kinases and phosphatases: the yin and yang of protein 
phosphorylation and signaling. Cell 80: 225-236. 

Hutter, H., Voget B. E., Plenefisch, J. D., Norris, C.R., Proenca, R. B., Spieth, J., 
Guo, C., Mastwat S., Zhu, X., Scheet J. & Hedgecock, E. M. 2000. 
Conservation and novelty in the evolution of cell adhesion and 
extracellular matrix genes. Science 287: 989-994. 

Hynes, R. 0. 1992. Integrins: versatility, modulation, and signaling in cell 
adhesion. Cell 69:11-25. 

Hynes, R. 0. 1999. Cell adhesion: old and new questions. Trends Cell Biol. 9: 
M33-37. 

Hynes, R. 0. & Zhao, Q. 2000. The evolution of cell adhesion. J. Cell Biol. 150: 
F89-96. 

Ignatius, M. J. & Reichardt, L. F. 1988. Identification of a neuronal laminin 
receptor: an Mr 200K/120K integrin heterodimer that binds laminin in a 
divalent cation-dependent manner. Neuron. 1: 713-725. 



58 

Inagaki, K., Noguchi, T., Matozaki, T., Horikawa, T., Fukunaga, K., Tsuda, M., 
Ichihashi, M. & Kasuga, M. 2000. Roles for the protein tyrosine 
phosphatase SHP-2 in cytoskeletal organization, cell adhesion and cell 
migration revealed by overexpression of a dominant negative mutant. 
Oncogene 19: 75-84. 

Ivaska, J., Reunanen, H., Westermarck, J., Koivisto, L., Kahari, V.-M. & Heino, J. 
1999. Integrin alpha2betal mediates isoform-specific activation of p38 and 
upregulation of collagen gene transcription by a mechanism involving the 
alpha2 cytoplasmic tail. J. Cell Biol. 147: 401-416. 

Jackson, R. J. 1993. Cytoplasmic regulation of mRNA function: the importance of 
the 3' untranslated region. Cell 74: 9-14. 

Janssens, V. & Goris, J. 2001. Protein phosphatase 2A: a highly regulated family 
of serine/threonine phosphatases implicated in cell growth and signalling. 
Biochem. J. 353: 417-439. 

Jin, Y., Wilhide, C. C., Dang, C., Li, L., Li, S. X., Villa-Garcia, M. & Bray, P. F. 
1998. Human integrin beta3 gene expression: evidence for a 
megakaryocytic cell-specific cis-acting element. Blood 92: 2777-2790. 

Kalb, R., Santoso, S., Unkelbach, K., Kiefel, V. & Muller-Eckhardt, C. 1994. 
Localization of the Br polymorphism on a 144 bp exon of the GPia gene 
and its application in platelet DNA typing. Thromb. Haemost. 71: 651-654. 

Kantor, R. R., Mattes, M. J., Lloyd, K. 0., Old, L. J. & Albino, A. P. 1987. 
Biochemical analysis of two cell surface glycoprotein complexes, very 
common antigen 1 and very common antigen 2. Relationship to very late 
activation T cell antigens. J. Biol. Chem. 262: 15158-15165. 

Karin, M. 1995. The regulation of AP-1 activity by mitogen-activated protein 
kinases. J. Biol. Chem. 270: 16483-16486. 

Karin, M., Liu, Z. & Zandi, E. 1997. AP-1 function and regulation. Curr. Opin. 
Cell Biol. 9: 240-246. 

Kawamura, C., Kizaki, M., Yamato, K., Uchida, H., Fukuchi, Y., Hattori, Y., 
Koseki, T., Nishihara, T. & Ikeda, Y. 2000. Bone morphogenetic protein-2 
induces apoptosis in human myeloma cells with modulation of STAT3. 
Blood 96: 2005-2011. 

Kern, A., Eble, J., Golbik, R. & Kuhn, K. 1993. Interaction of type IV collagen 
with the isolated integrins alpha 1 beta 1 and alpha 2 beta 1. Eur. J. 
Biochem. 215: 151-159. 

Kiely, D. K., Wolf, P. A., Cupples, L. A., Beiser, A. S. & Myers, R. H. 1993. 
Familial aggregation of stroke. The Framingham Study. Stroke 24: 1366-
1371. 

Kim, L. T., Wu, J. & Turnage, R. H. 1998. Integrin alpha v promoter activity in 
keratinocytes. J. Surg. Res. 76: 185-191. 

Kimura, N., Matsuo, R., Shibuya, H., Nakashima, K. & Taga, T. 2000. BMP2-
induced apoptosis is mediated by activation of the T AK1-p38 kinase 
pathway that is negatively regulated by Smad6. J. Biol. Chem. 275: 17647-
17652. 

Klein, C. E., Dressel, D., Steinmayer, T., Mauch, C., Eckes, B., Krieg, T., Bankert, 
R. B. & Weber, L. 1991. Integrin alpha 2 beta 1 is upregulated in fibroblasts 
and highly aggressive melanoma cells in three-dimensional collagen 
lattices and mediates the reorganization of collagen I fibrils. J. Cell. Biol. 
115: 1427-1436. 



59 

Korhonen, M., Ylanne, J., Laitinen, L. & Virtanen, I. 1990. The alpha 1-alpha 6 
subunits of integrins are characteristically expressed in distinct segments 
of developing and adult human nephron. J. Cell Biol. 111: 1245-1254. 

Koyama, H., Raines, E. W., Bornfeldt, K. E., Roberts, J. M. & Ross, R. 1996. 
Fibrillar collagen inhibits arterial smooth muscle proliferation through 
regulation of Cdk2 inhibitors. Cell 87:1069-1078. 

Kreidberg, J. A., Donovan, M. J., Goldstein, S. L., Rennke, H., Shepherd, K., 
Jones, R. C. & Jaenisch, R. 1996. Alpha 3 beta 1 integrin has a crucial role in 
kidney and lung organogenesis. Development 122: 3537-3547. 

Kritzik, M., Savage, B., Nugent, D. J., Santoso, S., Ruggeri, Z. M. & Kunicki, T. J. 
1998. Nucleotide polymorphisms in the alpha2 gene define multiple alleles 
that are associated with differences in platelet alpha2 betal density. Blood 
92: 2382-2388. 

Kumar, C. C. 1998. Signaling by integrin receptors. Oncogene 17: 1365-1373. 
Kunicki, T. J., Orchekowski, R., Annis, D. & Honda, Y. 1993. Variability of 

integrin alpha 2 beta 1 activity on human platelets. Blood 82: 2693-2703. 
Kunicki, T. J., Kritzik, M., Annis, D.S. & Nugent, D. J. 1997. Hereditary variation 

in platelet integrin alpha 2 beta 1 density is associated with two silent 
polymorphisms in the alpha 2 gene coding sequence. Blood 89: 1939-1943. 

Lai, C. F., Feng, X., Nishimura, R., Teitelbaum, S. L., Avioli, L. V., Ross, F. P. & 
Cheng, S. L. 2000. TGF-beta upregulates the beta5 integrin subunit 
expression via Spl and Smad signaling. J. Biol. Chem. 275: 36400-36406. 

Landis, R. C., McDowall, A., Holness, C. L., Littler, A. J., Simmons, D. L. & 
Hogg, N. 1994. Involvement of the "I" domain of LFA-1 in selective binding 
to ligands ICAM-1 and ICAM-3. J. Cell Biol. 126: 529-537. 

Langholz, 0., Rocke!, D., Mauch, C., Kozlowska, E., Bank, I., Krieg, T. & Eckes, 
B. 1995. Collagen and collagenase gene expression in three-dimensional
collagen lattices are differentially regulated by alpha 1 beta 1 and alpha 2
beta 1 integrins. J. Cell Biol. 131: 1903-1915.

Larjava, H., Salo, T., Haapasalmi, K., Kramer, R. H. & Heino, J. 1993. Expression 
of integrins and basement membrane components by wound 
keratinocytes. J. Clin. Invest. 92: 1425-1435. 

Larson, R. S. & Springer, T. A. 1990. Structure and function of leukocyte 
integrins. Immunol. Rev. 114: 181-217. 

Lee, J. 0., Rieu, P., Arnaout, M. A. & Liddington, R. 1995. Crystal structure of 
the A domain from the alpha subunit of integrin CR3 (CD11b/CD18). Cell 
80: 631-638. 

Lee, T. H., Solomon, M. J., Mumby, M. C. & Kirschner, M. W. 1991. INH, a 
negative regulator of MPF, is a form of protein phosphatase 2A. Cell 64: 
415-423.

Lehnert, K., Ni, J., Leung, E., Gough, S., Morris, C. M., Liu, D., Wang, S. X., 
Langley, R. and Krissansen, G. W. 1999a. The integrin alphalO subunit: 
expression pattern, partial gene structure, and chromosomal localization. 
Cytogenet. Cell Genet. 87: 238-244. 

Lelmert, K., Ni, J., Leung, E., Gough, S. M., Weaver, A., Yao, W. P., Liu, D., 
Wang, S. X., Morris, C. M. & Krissansen, G. W. 19996. Cloning, sequence 
analysis, and chromosomal localization of the novel human integrin 
alphall subunit (ITGAll). Genomics 60: 179-187. 

Lemarchandel, V., Ghysdael, J., Mignotte, V., Rahuel, C. & Romeo, P. H. 1993. 
GA TA and Ets cis-acting sequences mediate megakaryocyte-specific 
expression. Mo!. Cell Biol. 13: 668-676. 



60 

Leung, E., Mead, P. E., Yuan, Q., Jiang, W. M., Watson, J. D. & Krissansen, G. W. 
1993. The mouse beta 7 integrin gene promoter: transcriptional regulation 
of the leukocyte integrins LPAM-1 and M290. Int. Immunol. 5: 551-558. 

Lin, C. S., Chen, Y., Huynh T. & Kramer, R. 1997. Identification of the human 
alpha6 integrin gene promoter. DNA Cell Biol. 16: 929-937. 

Liu, F., Sells, M. A. & Chernoff, J. 1998. Protein tyrosine phosphatase 1B 
negatively regulates integrin signaling. Curr. Biol. 8: 173-176. 

Loeser, R. F., Sadiev, S., Tan, L. & Goldring, M. B. 2000. Integrin expression by 
primary and immortalized human chondrocytes: evidence of a differential 
role for alphalbetal and alpha2betal integrins in mediating chondrocyte 
adhesion to types II and VI collagen. Osteoarthritis Cartilage 8: 96-105. 

Longhurst, C. M. & Jennings, L. K. 1998. h1tegrin-mediated signal transduction. 
Cell Mol. Life Sci. 54: 514-526. 

Lopez-Cabrera, M., Nueda, A., Vara, A., Garcia-Aguilar, J., Tugores, A. & Corbi, 
A. L. 1993. Characterization of the p150,95 leukocyte integrin alpha subunit
(CDllc) gene promoter. Identification of cis-acting elements. J. Biol. Chem.
268: 1187-1193.

Lopez-Rodriguez, C. & Corbi, A. L. 1997. PU.1 negatively regulates the CDllc 
integrin gene promoter through recognition of the major transcriptional 
start site. Eur. J. Immunol. 27: 1843-1847. 

Lopez-Rodriguez, C., Chen, H. M., Tenen, D. G. & Corbi, A. L. 1995. 
Identification of Spl-binding sites in the CDllc (p150,95 alpha) and CDlla 
(LFA-1 alpha) integrin subunit promoters and their involvement in the 
tissue-specific expression of CDllc. Eur. J. Imrnunol. 25: 3496-3503. 

Lopez-Rodriguez, C., Kluin-Nelemans, H. C. & Corbi, A. L. 1996. AP-1 regulates 
the basal and developmentally induced transcription of the CDl lc 
leukocyte integrin gene. J. Immunol. 156: 3780-3787. 

Lopez-Rodriguez, C., Botella, L. & Corbi, A. L. 1997. CCAAT-enhancer-binding 
proteins (C/EBP) regulate the tissue specific activity of the CDllc integrin 
gene promoter through functional interactions with Spl proteins. J. Biol. 
Chem. 272: 29120-29126. 

Lopez-Rodriguez, C., Delgado, M. D., Puig-Kroger, A., Nueda, A., Munoz, E., 
Leon, J., I3ernabeu, C. & Corbi, A. L. 2000. c-Myc inhibits CDlla and CDllc 
leukocyte integrin promoters. Eur. J. lmmunol. 30: 2465-2471. 

Mainiero, F., Murgia, C., Wary, K. K., Curatola, A. M., Pepe, A., Blumemberg, 
M., Westwick, J. K., Der, C. J. & Giancotti, F. G. 1997. The coupling of 
alpha6beta4 integrin to Ras-MAP kinase pathways mediated by She 
controls keratinocyte proliferation. EMBO J. 16: 2365-2375. 

Marcinkiewicz, C., Taooka, Y., Yokosaki, Y., Calvete, J. J., Marcinkiewicz, M. M., 
Lobb, R. R., Niewiarowski, S. & Sheppard, D. 2000. h1hibitory effects of 
MLDG-containing heterodimeric disintegrins reveal distinct structural 
requirements for interaction of the integrin alpha 9beta 1 with VCAM-1, 
tenascin-C, and osteopontin. J. Biol. Chem. 275: 31930-31937. 

Martin, F., Prandini, M. H., Thevenon, D., Marguerie, G. & Uzan, G. 1993. The 
transcription factor GATA-1 regulates the promoter activity of the platelet 
glycoprotein Ilb gene. J. Biol. Chem. 268: 21606-21612. 

Massari, M. E. & Murre, C. 2000. Helix-loop-helix proteins: regulators of 
transcription in eucaryotic organisms. Mol. Cell Biol. 20: 429-440. 

Matsubara, Y., Murata, M., Maruyama, T., Handa, M., Yamagata, N., Watanabe, 
G., Saruta, T. & Ikeda, Y. 2000. Association between diabetic retinopathy 



61 

and genetic variations in alpha2 betal integrin, a platelet receptor for 
collagen. Blood 95: 1560-1564. 

Mayer, U., Saher, G., Fassler, R., Bornemann, A., Echtermeyer, F., von der Mark, 
H., Miosge, N., Poschl, E. & von der Mark, K. 1997. Absence of integrin 
alpha 7 causes a novel form of muscular dystrophy. Nat. Genet. 17: 318-
323. 

Meier, R., Thelen, M. & Hemmings, B. A. 1998. Inactivation and 
dephosphorylation of protein kinase Balpha (PKBalpha) promoted by 
hyperosmotic stress. EMBO J. 17: 7294-7303. 

Meredith, J. E., Jr., Fazeli, B. & Schwartz, M. A. 1993. The extracellular matrix as 
a cell survival factor. Mol. Biol. Cell 4: 953-961. 

Millward, T. A., Zoh1ierowicz, S. & Hemmings, B. A. 1999. Regulation of protein 
kinase cascades by protein phosphatase 2A. Trends Biochem. Sci. 24: 186-
191. 

Muller, U., Wang, D., Denda, S., Meneses, J. J., Pedersen, R. A. & Reichardt, L. F. 
1997. Integrin alpha8betal is critically important for epithelial
mesenchymal interactions during kidney morphogenesis. Cell 88: 603-613. 

Nikkari, L., Aho, H., Yli-Jama, T., Larjava, H., Jalkanen, M. & Heino, J. 1993. 
Expression of integrin family of cell adhesion receptors in rheumatoid 
synovium. Alpha 6 integrin subunit in normal and hyperplastic synovial 
lining cell layer. Am. J. Pathol. 142: 1019-1027. 

Nishida, K., Kitazawa, R., Mizuno, K., Maeda, S. & Kitazawa, S. 1997. 
Identification of regulatory elements of human alpha 6 integrin subunit 
gene. Biochem. Biophys. Res. Commun. 241: 258-263. 

Noti, J. D. 1997. Sp3 mediates transcriptional activation of the leukocyte integrin 
genes CD11C and CD11B and cooperates with c-Jun to activate CD11C. J. 
Biol. Chem. 272: 24038-24045. 

Noti, J. D., Reinemann, B. C. & Petrus, M. N. 1996a. Spl binds two sites in the 
CDllc promoter in vivo specifically in myeloid cells and cooperates with 
APl to activate transcription. Mol. Cell Biol. 16: 2940-2950. 

Noti, J. D., Reinemann, C. & Petrus, M. N. 1996b. Regulation of the leukocyte 
integrin gene CDllc is mediated by APl and Ets transcription factors. Mol. 
Immunol. 33: 115-127. 

Noti, J. D., Johnson, A. K. & Dillon, J. D. 2000. Structural and functional 
characterization of the leukocyte integrin gene CD11d. Essential role of Spl 
and Sp3. J. Biol. Chem. 275: 8959-8969. 

Nueda, A., Lopez-Cabrera, M., Vara, A. & Corbi, A. L. 1993. Characterization of 
the CDlla (alpha L, LFA-1 alpha) integrin gene promoter. J. Biol. Chem. 
268: 19305-19311. 

Nykvist, P., Tu, H., Ivaska, J., Kapyla, J., Pihlajaniemi, T. & Heino, J. 2000. 
Distinct recognition of collagen subtypes by alpha(l)beta(l) and 
alpha(2)beta(l) integrins. Alpha(l)beta(l) mediates cell adhesion to type 
XIII collagen. J. Biol. Chem. 275: 8255-8261. 

Obata, H., Hayashi, K., Nishida, W., Momiyama, T., Uchida, A., Ochi, T. & 
Sobue, K. 1997. Smooth muscle cell phenotype-dependent transcriptional 
regulation of the alphal integrin gene. J. Biol. Chem. 272: 26643-26651. 

Oh, E. S., Gu, H., Saxton, T. M., Timms, J. F., Hausdorff, S., Frevert, E. U., Kahn, 
B. B., Pawson, T., Neel, B. G. & Thomas, S. M. 1999. Regulation of early
events in integrin signaling by protein tyrosine phosphatase SHP-2. Mol.
Cell Biol. 19: 3205-3215.



62 

Pabo, C. 0. & Sauer, R. T. 1992. Transcription factors: structural families and 
principles of DNA recognition. Annu. Rev. Biochem. 61: 1053-1095. 

Pahl, H. L., Rosmarin, A. G. & Tenen, D. G. 1992. Characterization of the 
myeloid-specific CDllb promoter. Blood 79: 865-870. 

Pahl, H. L., Scheibe, R. J., Zhang, D. E., Chen, H. M., Galson, D. L., Maki, R. A. & 
Tenen, D. G. 1993. The proto-oncogene PU.1 regulates expression of the 
myeloid-specific CDllb promoter. J. Biol. Chem. 268: 5014-5020. 

Pardali, K., Kurisaki, A., Moren, A., ten Dijke, P., Kardassis, D. & Moustakas, A. 
2000. Role of smad proteins and transcription factor Spl in p21Wafl/Cipl 
regulation by transforming growth factor-beta. J. Biol. Chem. 275: 29244-
29256. 

Penas, P. F., Garcia-Diez, A., Sanchez-Madrid, F. & Yanez-Mo, M. 2000. 
Tetraspanins are localized at motility-related structures and involved in 
normal human keratinocyte wound healing migration. J. Invest. Dermatol. 
114: 1126-1135. 

Phillips, D. R., Charo, I. F. & Scarborough, R. M. 1991. GPIIb-Illa: the responsive 
integrin. Cell 65: 359-362. 

Pischel, K. D., Hemler, M. E., Huang, C., Bluestein, H. G. & Woods, V. L., Jr. 
1987. Use of the monoclonal antibody 12Fl to characterize the 
differentiation antigen VLA-2. J. Imrnunol. 138: 226-233. 

Polyak, K., Lee, M. H., Erdjument-Brornage, H., Koff, A., Roberts, J. M., Tempst, 
P. & Massague, J. 1994. Cloning of p27Kipl, a cyclin-dependent kinase
inhibitor and a potential mediator of extracellular antirnitogenic signals.
Cell 78: 59-66.

Postigo, A. A. & Dean, D. C. 1997. ZEB, a vertebrate homolog of Drosophila Zfh-
1, is a negative regulator of muscle differentiation. EMBO J. 16: 3935-3943. 

Postigo, A. A., Sheppard, A. M., Mucenski, M. L. & Dean, D. C. 1997. c-Myb and 
Ets proteins synergize to overcome transcriptional repression by ZEB. 
EMBO J. 16: 3924-3934. 

Pozzi, A., Wary, K. K., Giancotti, F. G. & Gardner, H. A. 1998. Integrin 
alphalbetal mediates a unique collagen-dependent proliferation pathway 
in vivo. J. Cell Biol. 142: 587-594. 

Prandini, M. I I., Denarier, E., Frachel, P., Uzan, G. & Marguerie, G. 1988. 
Isolation of the human platelet giycoprotein lib gene and characterization 
of the 5' flanking region. Biochem. Biophys. Res. Commun. 156: 595-601. 

Prandini, M. H., Martin, F., Thevenon, D. & Uzan, G. 1996. The tissue-specific 
transcriptional regulation of the megakaryocytic glycoprotein lib gene is 
controlled by interactions between a repressor and positive cis-acting 
elements. Blood 88: 2062-2070. 

Prieto, J., Eklund, A. & Patarroyo, M. 1994. Regulated expression of integrins 
and other adhesion molecules during differentiation of monocytes into 
macrophages. Cell Irnmunol. 156: 191-211. 

Prockop, D. J. & Kivirikko, K. I. 1995. Collagens: molecular biology, diseases, 
and potentials for therapy. Amrn. Rev. Biochem. 64: 403-434. 

Radeva, G., Petrocelli, T., Behrend, E., Leung-Hagesteijn, C., Filmus, J., 
Slingerland, J. & Dedhar, S. 1997. Overexpression of the integrin-linked 
kinase promotes anchorage- independent cell cycle progression. J. Biol. 
Chem. 272: 13937-13944. 

Ravanti, L., Hakkinen, L., Larjava, H., Saarialho-Kere, U., Foschi, M., Han, J. & 
Kahari, V.-M. 1999a. Transforming growth factor-beta induces collagenase-



63 

3 expression by human gingival fibroblasts via p38 mitogen-activated 
protein kinase. J. Biol. Chem. 274: 37292-37300. 

Ravanti, L., Heino, J., Lopez-Otin, C. & Kahari, V.-M. 1999b. Induction of 
collagenase-3 (MMP-13) expression in human skin fibroblasts by three
dimensional collagen is mediated by p38 mitogen- activated protein 
kinase. J. Biol. Chem. 274: 2446-2455. 

Riikonen, T., Koivisto, L., Vihinen, P. & Heino, J. 1995a. Transforming growth 
factor-beta regulates collagen gel contraction by increasing alpha 2 beta 1 
integrin expression in osteogenic cells. J. Biol. Chem. 270: 376-382. 

Riikonen, T., Westermarck, J., Koivisto, L., Broberg, A., Kahari, V.-M., & Heino, 
J. 1995b. Integrin alpha 2 beta 1 is a positive regulator of collagenase
(MMP-1) and collagen alpha 1(1) gene expression. J. Biol. Chem. 270: 13548-
13552.

Roovers, K., Davey, G., Zhu, X., Bottazzi, M. E. & Assoian, R. K. 1999. 
Alpha5betal integrin controls cyclin 01 expression by sustaining mitogen
activated protein kinase activity in growth factor-treated cells. Mol. Biol. 
Cell 10: 3197-3204. 

Rosen, G. D., Birkenmeier, T. M. & Dean, D. C. 1991. Characterization of the 
alpha 4 integrin gene promoter. Proc. Natl. Acad. Sci. US A 88: 4094-4098. 

Rosen, G. D., Sanes, J. R., LaChance, R., Cunningham, J. M., Roman, J. & Dean, 
D. C. 1992. Roles for the integrin VLA-4 and its counter receptor VCAM-1
in myogenesis. Cell 69: 1107-1119.

Rosen, G. D., Barks, J. L., Iademarco, M. F., Fisher, R. J. & Dean, D. C. 1994. An 
intricate arrangement of binding sites for the Ets family of transcription 
factors regulates activity of the alpha 4 integrin gene promoter. J. Biol. 
Chem. 269: 15652-15660. 

Rosmarin, A. G., Levy, R. & Tenen, D. G. 1992. Cloning and analysis of the CD18 
promoter. Blood 79: 2598-2604. 

Rosmarin, A. G., Caprio, D., Levy, R. & Simkevich, C. 1995a. CD18 (beta 2 
leukocyte integrin) promoter requires PU.1 transcription factor for myeloid 
activity. Proc. Natl. Acad. Sci. US A 92: 801-805. 

Rosmarin, A. G., Caprio, D. G., Kirsch, D. G., Handa, H. & Simkevich, C. P. 
1995b. GABP and PU.l compete for binding, yet cooperate to increase 
CD18 (beta 2 leukocyte integrin) transcription. J. Biol. Chem. 270: 23627-
23633. 

Rosmarin, A. G., Luo, M., Caprio, D. G., Shang, J. & Simkevich, C. P. 1998. Spl 
cooperates with the ets transcription factor, GABP, to activate the CD18 
(beta2 leukocyte integrin) promoter. J. Biol. Chem. 273: 13097-13103. 

Ruggiero, F., Comte, J., Cabanas, C. & Garrone, R. 1996. Structural requirements 
for alpha 1 beta 1 and alpha 2 beta 1 integrin mediated cell adhesion to 
collagen V. J. Cell Sci. 109: 1865-1874. 

Ruoslahti, E. 1991. Integrins. J. Clin. Invest. 87: 1-5. 
Saelman, E. U., Nieuwenhuis, H. K., Hese, K. M., de Groot, P. G., Heijnen, H. F., 

Sage, E. H., Williams, S., McKeown, L., Gralnick, H. R. & Sixma, J. J. 1994. 
Platelet adhesion to collagen types I through VIII under conditions of stasis 
and flow is mediated by GPia/Ila (alpha 2 beta 1-integrin). Blood 83: 1244-
1250. 

Salter, D. M., Godolphin, J. L. & Gourlay, M. S. 1995. Chondrocyte 
heterogeneity: immunohistologically defined variation of integrin 
expression at different sites in human fetal knees. J. Histochem. Cytochem. 
43: 447-457. 



64 

Sambrook, J., Fritsch, E. F. & Maniatis, T. 1989. Molecular cloning: A Laboratory 
Manual, Gold Spring Harbor Laboratory Press, Gold Spring Harbor, NY. 

Santala, P. & Heino, J. 1991. Regulation of integrin-type cell adhesion receptors 
by cytokines. J. Biol. Chem. 266: 23505-23509. 

Santala, P., Larjava, H., Nissinen, L., Riikonen, T., Maatta, A. & Heino, J. 1994. 
Suppressed collagen gene expression and induction of alpha 2 beta 1 
integrin-type collagen receptor in tumorigenic derivatives of human 
osteogenic sarcoma (HOS) cell line. J. Biol. Chem. 269: 1276-1283. 

Santoro, S. A. & Zutter, M. M. 1995. The alpha 2 beta 1 integrin: a collagen 
receptor on platelets and other cells. Thromb. Haemost. 74: 813-821. 

Santoso, S., Kalb, R., Walka, M., Kiefel, V., Millier-Eckhardt, C. & Newman, P. J. 
1993. The human platelet alloantigens Br(a) and Brb are associated with a 
single amino acid polymorphism on glycoprotein la (integrin subunit 
alpha 2). J. Clin. Invest. 92: 2427-2432. 

Schaller, M. D., Otey, C. A., Hildebrand, J. D. & Parsons, J. T. 1995. Focal 
adhesion kinase and paxillin bind to peptides mimicking beta integrin 
cytoplasmic domains. J. Cell Biol. 130: 1181-1187. 

Schlaepfer, D. D., Hanks, S. K., Hunter, T. & van der Geer, P. 1994. lntegrin
mediated signal transduction linked to Ras pathway by GRB2 binding to 
focal adhesion kinase. Nature 372: 786-791. 

Schlaepfer, D. D. & Hunter, T. 1997. Focal adhesion kinase overexpression 
enhances ras-dependent integrin signaling to ERK2/mitogen-activated 
protein kinase through interactions with and activation of c-Src. J. Biol. 
Chem. 272: 13189-13195. 

Schnapp, L. M., Breuss, J. M., Ramos, D. M., Sheppard, D. & Pytela, R. 1995. 
Sequence and tissue distribution of the human integrin alpha 8 subunit: a 
beta I-associated alpha subunit expressed in smooth muscle cells. J. Cell 
Sci. 108: 537-544. 

Schutte, J., Viallet, J., Nau, M., Segal, S., Fedorko, J. & Minna, J. 1989. jun-B 
inhibits and c-fos stimulates the transforming and trans- activating 
activities of c-jun. Cell 59: 987-997. 

Schwartz, M. A. & Shattil, S. J. 2000. Signaling networks linking integrins and 
rho family GTPases. Trends Biochem. Sci. 25: 388-391. 

Shelley, C. S. & Arnaout, M. A. 1991. The promoter of the CDllb gene directs 
myeloid-specific and developmentally regulated expression. Proc. Natl. 
Acad. Sci. US A 88: 10525-10529. 

Shen, Y., Schneider, G., Cloutier, J. F., Veillette, A. & Schaller, M. D. 1998. Direct 
association of protein-tyrosine phosphatase PTP-PEST with paxillin. J. Biol. 
Chem. 273: 6474-6481. 

Shou, Y., Baron, S. & Poncz, M. 1998. An Spl-binding silencer element is a 
critical negative regulator of the megakaryocyte-specific alphallb gene. J. 
Biol. Chem. 273: 5716-5726. 

Sistonen, L., Sarge, K. D., Phillips, B., Abravaya, K. & Morimoto, R. I. 1992. 
Activation of heat shock factor 2 during hemin-induced differentiation of 
human erythroleukemia cells. Mol. Cell Biol. 12: 4104-4111. 

Song, Q. & Lavin, M. F. 1993. Calyculin A, a potent inhibitor of phosphatases-1 
and -2A, prevents apoptosis. Biochem. Biophys. Res. Commun. 190: 47-55. 

Sonnenberg, A., Modderman, P. W. & Hogervorst, F. 1988. Laminin receptor on 
platelets is the integrin VLA-6. Nature 336: 487-489. 

Sonnenberg, A., Calafat, J., Janssen, H., Daams, H., van der Raaij-Helmer, L. M., 
Falcioni, R., Kennel, S. J., Aplin, J. D., Baker, J. & Loizidou, M. 1991. 



65 

Integrin alpha 6/beta 4 complex is located in hemidesmosomes, 
suggesting a major role in epidermal cell-basement membrane adhesion. J. 
Cell Biol. 113: 907-917. 

Sriramarao, P., Mendler, M. & Bourdon, M. A. 1993. Endothelial cell attachment 
and spreading on human tenascin is mediated by alpha 2 beta 1 and alpha 
v beta 3 integrins. J. Cell Sci. 105: 1001-1012. 

Staatz, W. D., Rajpara, S. M., Wayner, E. A., Carter, W. G. & Santoro, S. A. 1989. 
The membrane glycoprotein la-Ila (VLA-2) complex mediates the Mg++
dependent adhesion of platelets to collagen. J. Cell Biol. 108: 1917-1924. 

Suzuki, S., Argraves, W. S., Arai, H., Languino, L. R., Pierschbacher, M. D. & 
Ruoslahti, E. 1987. Amino acid sequence of the vitronectin receptor alpha 
subunit and comparative expression of adhesion receptor mRNAs. J. Biol. 
Chem. 262: 14080-14085. 

Takada, Y. & Hemler, M. E. 1989. The primary structure of the VLA-2/ collagen 
receptor alpha 2 subunit (platelet GPia): homology to other integrins and 
the presence of a possible collagen-binding domain. J. Cell Biol. 109: 397-
407. 

Takada, Y., Huang, C. & Hemler, M. E. 1987. Fibronectin receptor structures in 
the VLA family of heterodimers. Nature 326: 607-609. 

Takaoka, A. S., Yamada, T., Gotoh, M., Kanai, Y., Imai, K. & Hirohashi, S. 1998. 
Cloning and characterization of the human beta4-integrin gene promoter 
and enhancers. J. Biol. Chem. 273: 33848-33855. 

Tamura, M., Gu, J., Matsumoto, K., Aota, S., Parsons, R. & Yamada, K. M. 1998. 
Inhibition of cell migration, spreading, and focal adhesions by tumor 
suppressor PTEN. Science 280: 1614-1617. 

Tamura, M., Gu, J., Danen, E. H., Takino, T., Miyamoto, S. & Yamada, K. M. 
1999. PTEN interactions with focal adhesion kinase and suppression of the 
extracellular matrix-dependent phosphatidylinositol 3-kinase/ Akt cell 
survival pathway. J. Biol. Chem. 274: 20693-20703. 

Taooka, Y., Chen, J., Yednock, T. & Sheppard, D. 1999. The integrin alpha9betal 
mediates adhesion to activated endothelial cells and transendothelial 
neutrophil migration through interaction with vascular cell adhesion 
molecule-1. J. Cell Biol. 145: 413-420. 

Tiger, C.-F., Fougerousse, F., Grundstrom, G., Velling, T., & Gullberg, D. 2001. 
Alphallbetal integrin is a receptor for interstitial collagens involved in cell 
migration and collagen reorganization on mesenchymal nonmuscle cells. 
Dev. Biol. In press. 

Tsuji, T., Hakomori, S. & Osawa, T. 1991. Identification of human galactoprotein 
63, an oncogenic transformation- induced membrane glycoprotein, as 
VLA-3 alpha subunit: the primary structure of human integrin alpha 3. J. 
Biochem. (Tokyo) 109: 659-665. 

Tuckwell, D. S., Reid, K. B., Barnes, M. J. & Humphries, M. J. 1996. The A
domain of integrin alpha 2 binds specifically to a range of collagens but is 
not a general receptor for the collagenous motif. Eur. J. Biochem. 241: 732-
739. 

Uzan, G., Prenant, M., Prandini, M.H., Martin, F. & Marguerie, G. 1991. Tissue
specific expression of the platelet GPilb gene. J. Biol. Chem. 266: 8932-8939. 

Yelling, T., Kusche-Gullberg, M., Sejersen, T. & Gullberg, D. 1999. cDNA cloning 
and chromosomal localization of human alpha(ll) integrin. A collagen
binding, I domain-containing, beta(l)-associated integrin alpha-chain 
present in muscle tissues. J. Biol. Chem. 274: 25735-25742. 



66 

Vihinen, P., Riikonen, T., Laine, A. & Heino, J. 1996. Integrin alpha 2 beta 1 in 
tumorigenic human osteosarcoma cell lines regulates cell adhesion, 
migration, and invasion by interaction with type I collagen. Cell Growth 
Differ. 7: 439-447. 

Villa-Garcia, M., Li, L., Riely, G. & Bray, P. F. 1994. Isolation and 
characterization of a TATA-less promoter for the human beta 3 integrin 
gene. Blood 83: 668-676. 

Vuori, K., Hirai, H., Aizawa, S. & Ruoslahti, E. 1996. Introduction of p130cas 
signaling complex formation upon integrin- mediated cell adhesion: a role 
for Src family kinases. Mo!. Cell Biol. 16: 2606-2613. 

Vuorio, E., Elima, K., Pulkkinen, J. & Viitanen, A. M. 1984. Identification of 
messenger RNA for human type II collagen. FEBS Lett. 174: 238-242. 

Wang, D., Birkenmeier, T. M., Yang, J., Venkateswarlu, S., Humphrey, L., 
Brattain, M. G. & Sun, L. 1995. Release from quiescence stimulates the 
expression of integrin alpha 5 beta 1 which regulates DNA synthesis in 
human fibrosarcoma HT1080 cells. J. Cell Physiol. 164: 499-508. 

Wary, K. K., Mainiero, F., Isakoff, S. J., Marcantonio, E. E. & Giancotti, F. G. 
1996. The adaptor protein She couples a class of integrins to the control of 
cell cycle progression. Cell 87: 733-743. 

Wary, K. K., Mariotti, A., Zurzolo, C. & Giancotti, F. G. 1998. A requirement for 
caveolin-1 and associated kinase Fyn in integrin signaling and anchorage
dependent cell growth. Cell 94: 625-634. 

Wayner, E. A., Orlando, R. A. & Cheresh, D. A. 1991. Integrins alpha v beta 3 
and alpha v beta 5 contribute to cell attachment to vitronectin but 
differentially distribute on the cell surface. J. Cell Biol. 113: 919-929. 

Werb, Z., Tremble, P. M., Behrendtsen, 0., Crowley, E. & Damsky, C. H. 1989. 
Signal transduction through the fibronectin receptor induces collagenase 
and stromelysin gene expression. J. Cell Biol. 109: 877-889. 

Whitman, M., Kaplan, D. R., Schaffhausen, B., Cantley, L. & Roberts, T. M. 1985. 
Association of phosphatidylinositol kinase activity with polyoma middle
T competent for transformation. Nature 315: 239-242. 

Wilhide, C. C., Jin, Y., Guo, Q., Li, L., Li, S. X., Rubin, E. & Bray, P. F. 1997. The 
human integrin betaJ gene is 63 kb and contains a 5'-UTR sequence 
regulating expression. Blood 90: 3951-3961. 

Wilkinson, G. W. & Akrigg, A. 1992. Constitutive and enhanced expression from 
the CMV major IE promoter in a defective adenovirus vector. Nucleic Acid 
Res. 20:2233-2239. 

Williams, D. A., Rios, M., Stephens, C. & Patel, V. P. 1991. Fibronectin and VLA-
4 in haematopoietic stem cell-microenvironment interactions. Nature 352: 
438-441.

Winnier, G., Blessing, M., Labosky, P. A. & Hogan, B. L. 1995. Bone 
morphogenetic protein-4 is required for mesoderm formation and 
patterning in the mouse. Genes Dev. 9: 2105-2116. 

Wintjens, R. & Rooman, M. 1996. Structural classification of HTH DNA-binding 
domains and protein-DNA interaction modes. J. Mo!. Biol. 262: 294-313. 

Wisdom, R. 1999. AP-1: one switch for many signals. Exp. Cell Res. 253: 180-185. 
Xu, J. & Clark, R. A. 1996. Extracellular matrix alters PDGF regulation of 

fibroblast integrins. J. Cell Biol. 132: 239-249. 
Xu, J. & Clark, R. A. 1997. A three-dimensional collagen lattice induces protein 

kinase C-zeta activity: role in alpha2 integrin and collagenase mRNA 
expression. J. Cell Biol. 136: 473-483. 



67 

Xu, J., Zutter, M. M., Santoro, S. A. & Clark, R. A. 1998. A three-dimensional 
collagen lattice activates NF-kappaB in human fibroblasts: role in integrin 
alpha2 gene expression and tissue remodeling. J. Cell Biol. 140: 709-719. 

Yang, J. T., Rayburn, H. & Hynes, R. 0. 1993. Embryonic mesodermal defects in 
alpha 5 integrin-deficient mice. Development 119: 1093-1105. 

Yang, J. T., Rayburn, H. & Hynes, R. 0. 1995. Cell adhesion events mediated by 
alpha 4 integrins are essential in placental and cardiac development. 
Development 121: 549-560. 

Yauch, R. L., Berditchevski, F., Harler, M. B., Reichner, J. & Hemler, M. E. 1998. 
Highly stoichiometric, stable, and specific association of integrin 
alpha3betal with CD151 provides a major link to phosphatidylinositol 4-
kinase, and may regulate cell migration. Mol. Biol. Cell 9: 2751-2765. 

Ye, J., Xu, R. H., Taylor-Papadimitriou, J. & Pitha, P. M. 1996. Spl binding plays 
a critical role in Erb-B2- and v-ras-mediated downregulation of alpha2-
integrin expression in human mammary epithelial cells. Mol. Cell Biol. 16: 
6178-6189. 

Zhou, L., Lee, D. H., Plescia, J., Lau, C. Y. & Altieri, D. C. 1994. Differential 
ligand binding specificities of recombinant CDllb/CD18 integrin I
domain. J. Biol. Chem. 269: 17075-17079. 

Ziober, B. L. & Kramer, R.H. 1996. Identification and characterization of the cell 
type-specific and developmentally regulated alpha7 integrin gene 
promoter. J. Biol. Chem. 271: 22915-22922. 

Zou, H. & Niswander, L. 1996. Requirement for BMP signaling in interdigital 
apoptosis and scale formation. Science 272: 738-741. 

Zutter, M. M. & Santoro, S. A. 1990. Widespread histologic distribution of the 
alpha 2 beta 1 integrin cell-surface collagen receptor. Am. J. Pathol. 137: 
113-120.

Zutter, M. M., Mazoujian, G. & Santoro, S. A. 1990. Decreased expression of 
integrin adhesive protein receptors in adenocarcinoma of the breast. Am. J. 
Pathol. 137: 863-870. 

Zutter, M. M., Fong, A. M., Krigman, H. R. & Santoro, S. A. 1992. Differential 
regulation of the alpha 2 beta 1 and alpha Ilb beta 3 integrin genes during 
megakaryocytic differentiation of pluripotential K562 cells. J. Biol. Chem. 
267:20233-20238. 

Zutter, M. M., Santoro, S. A., Painter, A. S., Tsung, Y. L. & Gafford, A. 1994. The 
human alpha 2 integrin gene promoter. Identification of positive and 
negative regulatory elements important for cell-type and developmentally 
restricted gene expression. J. Biol. Chem. 269: 463-469. 

Zutter, M. M., Painter, A. A., Staatz, W. D. & Tsung, Y. L. 1995a. Regulation of 
alpha 2 integrin gene expression in cells with megakaryocytic features: a 
common theme of three necessary elements. Blood 86: 3006-3014. 

Zutter, M. M., Santoro, S. A., Staatz, W. D. & Tsung, Y. L. 1995b. Re-expression 
of the alpha 2 beta 1 integrin abrogates the malignant phenotype of breast 
carcinoma cells. Proc. Natl. Acad. Sci. US A 92: 7411-7415. 

Zutter, M. M., Ryan, E. E. & Painter, A. D. 1997. Binding of phosphorylated Spl 
protein to tandem Spl binding sites regulates alpha2 integrin gene core 
promoter activity. Blood 90: 678-689. 

Zutter, M. M., Painter, A. D. & Yang. X. 1999. The Megakaryocyte/Platelet
specific enhancer of the alpha2betal integrin gene: two tandem APl sites 
and the mitogen-activated protein kinase signaling cascade. Blood 93: 
1600-1611. 



Original papers 

I 

Bone morphogenetic protein-2 is a regulator of cell adhesion 

by 

Liisa Nissinen, Laura Pirilii and Jyrki Heino 

Experimental Cell Research 1997, 230: 377-385 

The original publication has been reproduced with the permission of the 
copyright holder. 

https://doi.org/10.1006/excr.1996.3438

https://doi.org/10.1006/excr.1996.3438


II 

Concomitant Expression and Independent Regulation of Four 
Integrin-type Collagen Receptors in Cartilage and Bone 

by 

Liisa Nissinen, Anna-Marja Saamanen and Jyrki Heino 

Manuscript, 2001 

https://doi.org/10.1074/jbc.M409412200

https://doi.org/10.1074/jbc.M409412200


III 

Transcription of a2 integrin gene in osteosarcoma cells is enhanced by 
tumor promoters 

by 

Liisa Nissinen, Jukka Westermarck, Leeni Koivisto, Veli-Matti Kahari 
and Jyrki Heino 

Experimental Cell Research 1998, 243: 1-10 

The original publication has been reproduced with the permission of the 
copyright holder. 

https://doi.org/10.1006/excr.1998.4128

https://doi.org/10.1006/excr.1998.4128


IV 

Integrin a2�1, a collagen receptor, inhibits cell proliferation by activation 
of protein phosphatase 2A and consequential dephosphorylation of Akt 

by 

Johanna Ivaska, Liisa Nissinen, John E. Eriksson, Veli-Matti Kii.hii.ri 
and Jyrki Heino 

Revised version submitted (2001) 

https://doi.org/10.1128/MCB.22.5.1352-1359.2002

https://doi.org/10.1128/MCB.22.5.1352-1359.2002

	ABSTRACT
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1 INTRODUCTION
	2 REVIEW OF THE LITERATURE
	2.1 Transcription of eukaryotic genes
	2.2 Integrin family
	2.3 Regulation of integrin receptor expression
	2.4 Integrin-mediated signal transduction

	3 AIMS OF THE STUDY
	4 MATERIALS AND METHODS
	4.1 Cell cultures (I-IV)
	4.2 Plasmid constructs and transfections (III, IV)
	4.3 Adenoviruses (IV)
	4.4 Reagents, antibodies, and cDNAs (I-IV)
	4.5 Collagen gels (IV)
	4.6 Transcriptional nuclear run-on analyses (III)
	4.7 Northern blot hybridization (I, III, IV)
	4.8 Detection of mRNA for specific integrin subunits by reverse transcriptase-polymerase chain reaction (II)
	4.9 Immunoprecipitation (I-III)
	4.10 Immunoblot analysis (IV)
	4.11 Flow cytometry (I, III, IV)
	4.12 Cell proliferation analysis (IV)
	4.13 Cell spreading and adhesion assays (I-III)
	4.14 Kinase/phosphatase activity assays (IV)

	5 RESULTS
	5.1 Bone morphogenetic protein-2 regulates the expression of integrin subunits (I)
	5.2 Four collagen receptor integrins are differentially regulated in osteosarcoma cells (II)
	5.3 Collagen receptor integrins in cartilage and bone (II)
	5.4 Integrin α2 gene is regulated by tumor promoters (III)
	5.5 Integrin α2β1 regulates the activity of protein phosphatase 2A (IV) 

	6 DISCUSSION
	6.1 Bone morphogenetic protein-2 is a regulator of cell adhesion
	6.2 Regulation of α2 integrin gene expression
	6.3 Why does a cell need four collagen receptor integrins?

	7 SUMMARY
	ACKNOWLEDGEMENTS
	YHTEENVETO
	REFERENCES
	ORIGINAL PAPERS
	I Bone morphogenetic protein-2 is a regulator of cell adhesion
	II Concomitant Expression and Independent Regulation of Four Integrin-type Collagen Receptors in Cartilage and Bone
	III Transcription of α2 integrin gene in osteosarcoma cells is enhanced by tumor promoters
	IV Integrin α2β1, a collagen receptor, inhibits cell proliferation by activation of protein phosphatase 2A and consequential dephosphorylation of Akt




