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SUMMARY

The role of 3 cytoplasmic domains in regulating3l1 integrin ~ epitopes, cell attachment and ligand binding by the
conformation and function in cell attachment is not fully = chimeras, suggests that the expression of the 9EG7 and
understood. In this study, we tested the ability of 12G10 epitopes correlates with integrin function. However,
transiently expressedB cytoplasmic domains connected to Mn?2*, which is an extracellular activator of integrin
an extracellular reporter domain to regulate ‘in trans’ the  function, increased 9EG7 expression to basal levels in the
conformation of endogenousBl integrins, and compared presence of thefl chimera, but did not rescue cell
these effects on cell attachment. We found that chimeric attachment to the same extent. Thus, although th@l
receptors containing either thepl1, B3 or B5 cytoplasmic  integrin conformation recognized by mAb 9EG7 may be
domains inhibited the expression of the conformationally required for cell attachment, it is not sufficient, suggesting
dependent 9EG7 and 12G10 epitopes on endogenddts  that the B chimeras may be inhibiting both ligand binding
integrins. In contrast, chimeric receptors containing the34  and post-ligand binding events required for cell
or a5 cytoplasmic domain, or a control receptor lacking a attachment. In addition, the inhibitory effects of the
cytoplasmic domain, had no effect. This inhibition chimeric receptors on cell attachment were not reversed by
occurred in a dose-dependent manner that required high the addition of the pharmacological agents that inhibit
levels of expression of the chimeric receptor. These results intracellular signals previously shown to inhibit integrin
suggest thatB1 integrin conformation can be regulated by  function. This finding, together with the requirement for
conserved cytosolic interactions involvingB cytoplasmic  high levels of the chimeric receptors and the fact that
domains. This is further supported by our findings that mutations in the same conserved motifs in heterodimeric
mutations within amino acid motifs conserved among these 1 integrins have been reported to regulatég3l integrin

B cytoplasmic domains, specifically the NXXY, NPXY and conformation and function in cell attachment, suggest that
TST-like motifs, reduced the ability of these chimeric [ cytoplasmic domains regulate these processes by
receptors to regulate PB1 integrin conformation. interacting with cytosolic factors and that the regulatory
Interestingly, the chimeric receptors inhibited cell effect of the chimeras may be due to their ability to titrate
attachment in a similar dose-dependent manner and proteins from endogenous integrins.

required intact NXXY, NPXY, and TST-like motifs. The 31

chimera also inhibited the binding of soluble fibronectin to

endogenoud31 integrins. Thus, the concomitant inhibition  Key words: cytoplasmic domain, Cell attachment, Integrin

in the expression of conformation-dependent integrin conformation

INTRODUCTION as focal adhesion kinase (FAK), and serine/threonine kinases,
including mitogen-activated protein kinases (Clark and
The integrin family of heterodimeric transmembrane receptorBrugge, 1995; Yamada and Miyamoto, 1995; Burridge and
regulates many cellular processes, including cell survivalChrzanowska-Wodnicka, 1996; King et al., 1997). However,
proliferation and differentiation (Clark and Brugge, 1995;central to integrin function is their ability to mediate cell
Yamada and Miyamoto, 1995; Burridge and Chrzanowskaattachment. This requires integrins to be in a conformation
Wodnicka, 1996). Integrins function in these processes bthat allows them to bind their ECM ligand, as well as to
linking the extracellular matrix (ECM) to the cell's signal interact with the cytoskeleton to stabilize the attachment
transduction and cytoskeletal networks. The interaction oévent. Experiments from several laboratories have
integrins with their ECM ligands activates small GTP-bindingdemonstrated that integrhsubunit cytoplasmic domains are
proteins, phosphatidylinositol 3-kinase, tyrosine kinases, suatequired for the adhesion process, including cell attachment,
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cell spreading and the formation of focal adhesions (Sastifjbronectin is also inhibited by the chimera containingfihe
and Horwitz, 1993). cytoplasmic domain. Although extracellular activators of
The largest family of integrins is th@&l integrins, which integrin function, such as Mh can rescue 9EG7 expression
mediate cell adhesion to a variety of extracellular matrixo basal levels, they cannot similarly rescue cell attachment,
ligands (Hynes, 1992). The identification of monoclonalsuggesting that the chimeras are inhibiting both ligand binding
antibodies (mAb) that bind conformation-dependent epitopeand post-ligand binding events required for cell attachment. We
on the extracellular domain of tH&l subunit (Humphries, further demonstrate that the chimeric receptors do not inhibit
1996), suggests that the conformatior3tofintegrins may be cell attachment by activating inhibitory signaling pathways, as
dynamically regulated in a similar way to the platelet receptomvas previously shown for the inhibition of5p1-mediated
allbpB3 (Hughes and Plaff, 1998). Recent studies utilizingphagocytosis (Blystone et al., 1994, 1995), or by constitutively
exogenously expressed heterodimeric integrins havactivating the Ras/Map kinase pathway previously shown to
demonstrated that the expression of several of these epitogahibit the binding of mAb PAC-1 tallbB3 (Hughes et al.,
(15/7, 9EG7 and 12G10) depends on the amino acid sequent@97).
of the 3 cytoplasmic domain (Puzon-McLaughlin et al., 1996;
Belkin et al., 1997; Sakai et al., 1998; Wennerberg et al., 1998).
In many instances, the expression of these epitopes correlai@aTERIALS AND METHODS
with the ability of particularfl integrins to mediate cell
attachment (Belkin et al., 1997; Bazzoni et al., 1998; Sakai &lell culture and DNA transfection
al., 1998; Wennerberg et al., 1998). The mechanism by whicthe human osteosarcoma cell line, MG-63, was grown in Dulbecco’s
B cytoplasmic domains regulad integrin conformation and modified Eagle medium (DMEM) containing 5% fetal bovine serum,
function in cell attachment is not fully understood. Particularl mM L-glutamine, 50 i.u./ml penicillin and 5@/ml streptomycin.
amino acid sequences @f cytoplasmic domains or mutant Normal human fibroblasts (Vec Technologies, NY) were grown in the
cytoplasmic domains may alter the structure of heterodimeriggame medium as MG-63 cells with 10% fetal bovine serum. Sub-
integrins and thereby influence their ability to interact withconfluent monolayers of cells were transiently transfected by

Xtr llular ligan r other cellular f r h li lectroporation as previously described (LaFI_amme_et aI.,19_92). Cells
aniatfgngniem%?agz or other cellular factors, both cytoso cgvere harvested 15-48 hours after transfection using trypsin/EDTA.

. L . . The trypsin was inactivated with soybean trypsin inhibitor (Sigma,
To 'SOlE.ite the _role . of . CytOS.O“C |r]teract|ons wif MO). Cells were then incubated in serum-free DMEM for 15 minutes
cytoplasmic domains in integrin-mediated processs, 4t 37°C and analyzed for expression of varipliepitopes and their
cytoplasmic domains have been expressed as chimergiiity to attach to fibronectin, as described below.

receptors connected to heterologous extracellular domains,

such as the interleukin-2 (IL-2) receptor tac subunitChimeric receptors

(LaFlamme et al., 1992), N-cadherin (Geiger et al., 1992), ofhe generation of chimeric receptors containing the wild-f/pad
CD4 (Lukashev et al., 1994). Using this approagh, 05 cytoplasmic domains and mutatf8 cytoplasmic domains has
cytoplasmic domains have been shown to interact witlgeen previously described _(LaFIamme et al., 1992, 1994_; Tahiliani et
cytosolic components to direct focal adhesion localizatiot:: 1997). The construction of the chimera containing [4e

. ; . tracellular domain (amino acids 854-1752) is described elsewhere
(LaFlamme et al., 1992; Geiger et al., 1992), to induce FA Homan et al., 1998). To construct {B&-756-758(*/A) mutant, two

phosphorylatlon (Akiyama et al., 1994; Lukashev et al., 1994}3CR products were generated using the plasmid encodinf5the
and to inhibit cell attachment (Lukashev et al., 1994; Smileno¥pimera as template DNA and the following primers: primer #1,
et al., 1994), cell spreading, cell migration, matrix assembly.CCATGGAGACGTCCA, and primer #2, '"‘BAAGTCCAC-
(LaFlamme et al., 1994),a531-mediated phagocytosis AGTGTGCGCGGCGGCAGGCTTTCTGTATAATGG, for product 1
(Blystone et al., 1995) aradlb33 high-affinity ligand binding and primer #3, SCCATTATACAGAAAGCCTGCCGCCGCGCAC-
(Chen et al.,, 1994). It has been suggested that chimerfCTGTGGACTTC, and primer #4, §8TACCTTAGAGCTTTA-
receptors may inhibit integrin function by titrating cytoplasmicAATC, for product 2. These products were then used in a final reaction
factors required for endogenous integrin function (LaFlamm&Sing primer #1 and primer #4 to generate a fragment encoding the
et al., 1994), or by activating signaling pathways that havgri“tam cytoplasmic domain, which was digested vihd and

S . . . ndlll and then inserted into the appropriate vector immediately
'{]ghél%';ory effects on integrin function (Blystone et al., 1994’downstream of the transmembrane domain of the IL-2 receptor.

. . Similarly, to construct thep5-752(Y/A) mutant, two PCR
In this study, we demonstrate that high levels of IL-2oqucts were generated using primer #1 and primer #5, 5

receptor chimeras containing tifid, B3 or B5 cytoplasmic  GGAGATAGGCTTTCTGGCTAATGGATTTGAAGC, for product 1
domain inhibit the expression of the conformation-dependerind primer #6, 5GCTTCAAATCCATTAGCCAGAAAGCCTATC-
epitopes 9EG7 (Lenter et al., 1993) and 12G10 (Mould et alT,CC, and primer #4 for product 2. These products were then used in
1995) on endogenoy&. integrins, suggesting th@l integrin  a reaction with primers #3 and #4 to generate a fragment that was
conformation can be regulated by interactions betweeffs the digested and cloned as described abov§%er56-758(*/A).
cytoplasmic domain and cytosolic factors. In addition,
mutagenesis studies indicate that the conserved NPXY, NXX

_ar;]db_IST-llllfe 1m.oi'fs are In:!o'veq[. n r_ﬁ?matm%. this trarl]s'saline (PBS) containing 0.01% sodium azide. Specific mAbs or
inhibition of B1 integrin conformation. €se chimeras asoisotype controls were then added at approximately gegll. After

inhibit B1 integrin-mediated cell attachment in a similar dosey 30 minute incubation at 4°C in the dark, the cells were washed twice
dependent manner and the conserved NPXY, NXXY and TSTsith cold PBS containing 0.01% sodium azide and then fixed with

like motifs are strictly required for this inhibition. Furthermore, 1% formaldehyde in PBS. The samples were analyzed with a
the ability of endogenoufdl integrins to bind soluble FACScan flow cytometer (Becton Dickinson, CA). Non-specific

low cytometry
ells (5¢<1P) were suspended in 50 of cold phosphate-buffered
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antibody binding was determined using PE-conjugated or FITCserum-free DMEM and plated onto 100 mm tissue culture dishes that
conjugated mouse IgG (Becton Dickinson). For indirect flowhad been coated with human fibronectin |{@@ml), which was a gift
cytometry, non-specific antibody binding was determined using th&om Dr Paula J. McKeown-Longo (Albany Medical College). The

fluorescence of the secondary antibody only. cells were then incubated for 10 or 30 minutes at 37°C in 5% CO

. B o ) In order to recover the unattached cells, the dishes were rotated on an
Expression of specific 1 subunit epitopes on transiently orbital shaker for 30 seconds at 150 rpm and the medium containing
transfected cells the unattached cells was removed. The attached cells were removed

Flow cytometry was used to determine the surface expression aking trypsin/EDTA, followed by trypsin inhibitor and two washes
severaPl subunit-specific epitopes on cells transiently expressing theith PBS. A PE-conjugated antibody specific for the human IL-2
chimeras. mAb 13 (Akiyama et al., 1989), which was generouslyeceptor (Becton Dickinson) was used in conjunction with flow
provided by Dr Kenneth M. Yamada (National Institutes of Health),cytometry to determine the chimeric receptor expression on the
and the 9EG7 mAb (Lenter et al., 1993) (Pharmingen, CA) wer@nattached cells, the attached cells, and a sample of the starting
conjugated with fluorescein using a labeling kit (Boehringerpopulation of cells. In order to quantitatively recover and analyze
Mannheim Biochemica, IN). Fluorescein-conjugated mAb K20Ounattached cells on the flow cytometex16 untransfected MG-63
(Amiot et al., 1986) was obtained commercially (Immunotech, MA).cells were added to each sample containing the unattached cells.
The mAb 9EG?7, 13 or K20 and a phycoerythrin (PE)-conjugated mAb In certain experiments, cells transfected with chimeric receptors
specific for the human IL-2 receptor (Becton Dickinson) werewere incubated with MnGlor the monoclonal antibody to thl
simultaneously added to cells expressing chimeric receptors so thaibunit, TS2/16 for 20 minutes at 37°C prior to the attachment assay.
the expression of the 9EG7, 13 or K20 epitope could be analyzed wiffor the experiments analyzing the effects of PD 098059 on the ability
respect to chimeric receptor expression. In order to determine ttaf the1 chimera to inhibit cell attachment, normal human fibroblasts
effects of the chimeras on the 12G10 (Mould et al., 1995) or TS2/1@&ere incubated with this MEK inhibitor after electroporation with the
(Hemler et al., 1984) epitopes, mAb 7G7B6 (hybridoma supernatant}DNA encoding the chimera. The cells then remained in the presence
which recognizes the human IL-2 receptor, was added to celisf PD 098059 until they were harvested at the end of the attachment
simultaneously with the 12G10 or TS2/16 mAb. PE-conjugated raassay (approximately 16 hours). For the experiments analyzing the
anti-mouse 1gG1 (Becton Dickinson) and FITC-conjugated goat antieffects of calphostin C on the ability of tB& chimera to inhibit cell
mouse IgG2a (Pharmingen) were then used to detect the 12G10 aitachment, normal human fibroblasts were harvested approximately
TS2/16 and 7G7B6 mAb, respectively. 15 hours after transfection and treated with |g\b calphostin C in
In some experiments, the effects of the chimeras on ti#é-Mnd ~ serum-free DMEM for 15 minutes at 37°C under 5% 2CDhe
RGD peptide-induced expression of the 9EG7 epitope were alssamples were then exposed to white light at room temperature for 15
examined. For this analysis, MG-63 cells were transiently transfectadinutes and then examined for their ability to attach to fibronectin-
with the indicated chimera and then harvested 15-48 hours aftepated dishes as described above.
transfection. The cells were then incubated with either 1 mM RGD or ) R
RGE peptides (Life Technologies, Inc., MD) for 30 minutes at roomSoluble fibronectin binding
temperature in PBS containing 1 mM Mg@ind 1 mM CaCl For MG-63 cells transiently expressing the control chimera, fithe
the MnCb experiments, the cells were incubated for 30 minutes athimera or mock-transfected cells were suspendedl€f 4ells/m|
room temperature in Tris-buffered saline (TBS; 10 mM Tris-HCI, pHin TBS containing 1 mM MnGl Each sample was incubated with
7.4, 150 mM NaCl, 1 mg/ml glucose) without Mg@hd CaCl. The  100ug/ml human fibronectin at room temperature for 30 minutes and
cells were then stained with mAb 9EG7 and an antibody against thieen washed twice. Antibodies specific for the IL-2 receptor (Becton
IL-2 receptor in the presence of MRCRGD or RGE peptides, and Dickinson, CA) and human fibronectin (Collaborative Biomedical
then analyzed by two-color flow cytometry for chimeric receptorProducts, MA) were used to analyze the effects of chimeric receptor
expression and the expression of the 9EG7 epitope. expression on fibronectin binding by flow cytometry. To determine the
The effect of PD 098059 on the ability of fB& chimera to inhibit  extent of ligand binding, the fluorescence signal representing the cell-
9EG7 expression was also examined. PD 098059, which is associated fibronectin (fibronectin still associated with the cells after
inhibitor of mitogen-activated/extracellular-signal regulated proteinharvesting) was subtracted from the fluorescence signal obtained after
kinase kinase (MEK), was added at a final concentration @f\20 the addition of soluble fibronectin. The binding of soluble fibronectin
after electroporation of normal human fibroblasts with the controlvas inhibited by the monoclonal antibody P4C10, which is specific
chimera or the81 chimera. The cells then remained in the presencéor 1 integrins. In our assay, specific binding of soluble fibronectin
of PD 098059 until approximately 15 hours after transfection. Eacko suspended cells was not detectable without the addition of2MnClI
dish of cells was then washed with PBS and replenished with 10 ml
of serum-free DMEM. PD 098059 was added again to each sample
at 20puM. After a 30 minute incubation at 37°C under 5%2>Cthe RESULTS
cells were washed twice with cold PBS and processed for the analysis
giltognlf((e;tr?y, expression and chimeric receptor expression by ﬂov&hime_ric receptor_s Contair_1ing_ in'gegrin BL, 53 and B5
The effect of calphostin C on the ability of & chimera to inhibit ~ Subunit cytoplasmic domains inhibit the expression
9EG7 expression was also examined. Approximately 15 hours aftéf conformation-dependent epitopes on 1 integrins
transfection with the control chimera or f& chimera, each dish of In the present study, we examined whether the extracellular
normal human fibroblasts was washed with PBS and then replenishednformation of endogenouy8l subunits can be regulated
of egch ;?mpllg at a CO”C%’;E%“O” dOf gf'g@'&e hsamples Wgre cytosolic factors. We analyzed the expression of a number of
Incubated for 15 minutes at under 5%@0d then exposed to 1gljesubunit-speciﬁc epitopes on fibroblast-like MG-63 cells in

white light for an additional 15 minutes at room temperature. The cel topl ic d ins ioined t "
were then harvested and examined for the expression of the 9EGE Presence o cytoplasmic domains joined to a reporter

epitope and the chimeric receptor as described above. domain consisting of the extracellular and transmembrane
domains of the tac subunit of the interleukin-2 receptor (Fig.
Cell attachment assay 1). The expression of the conformation-dependent 9EG7

2x10° cells from each transfection were resuspended in 10 ml ofLenter et al., 1993) and 12G10 (Mould et al., 1995) epitopes,
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Fig. 1.Chimeric receptors containing integfin Extracellular Intracellular
cytoplasmic domains. The amino acid sequences of [ IL -2 Receptor [T™

wild-type and mutarfd cytoplasmic domains

connected to the extracellular and transmembrane

(TM) domains of the IL-2 receptor are shown. ]
Mutations were made in the regions that are BL Wid-type  KLLM | HDRREFAKFEKEKMNAKWDT GENPL YKSAVTTVWINPKYEGK

conserved among tifi, 33 andB5 cytoplasmic B3 Wid-type  KLLI TI HDRKEFAKFEEERARAKWDTANNPLYKEATSTFTN TYRGT

domains. For deletion mutants, the positions of the p5 Wi d-type KLLVTI HDRREFAKFQBSERSRARYENASNPLYRKPI STHTVDFTFNKFNKSYNGTVD
amino acids deleted are indicated using the

numbering of the cytoplasmic domain of the full-

lengthp subunit. For substitution mutants, the B3-d728-762  KLLITI HDRKEF

position and identity of the amino acid residues ams- 723, 726(*/ A) KLLI TI HARKAFAKFEEERARAKWOTANNPL YKEATSTFTNI TYRGT

indicated and shown in bold in the amino acid
sequence provided. Not shown are the control
receptor, which contains the transmembrane and B3-756( N A) KLLI Tl HDORKEFAKFEEERARAKWDOTANNPL YKEATSTFTAI TYRGT
extracellular domains of the IL-2 receptor and a p3- 751- 753(*/ A) KLLI Tl HDRKEFAKFEEERARAKWOTANNPL YKEAAAA FTNI TYRGT
single intracellular lysine residue, and the chimeric

receptor containing tH&4 cytoplasmic domain, s .
which has little sequence homology with the other[3 o-786- 58(*/ A KLLVTI HORREFAKFQBERSRARYE TRAPAMA FRKERKSY!

B Cyt0p|asmic domains’ a|though it contains NPXY B5-752(YI A KLLVTI HDRREFAKFQBERSRARYENASNPLARKPI STHTVDFTFNKFNKSYNGTVD
motifs.

B3-747(YI A KLLI TI HDRKEFAKFEEERARAKVWOTANNPLAKEATSTFTNI TYRGT

the constitutively expressed K20 (Amiot et al., 1986) epitopegxpression of alpl integrins was equally reduced on cells

as well as the epitopes for the inhibitory mAb 13 (Akiyama eexpressing high levels of the chimeras. We would predict that
al., 1989) and the activating mAb TS2/16 (Hemler et al., 1984the expression of the 9EG7 and 12G10 epitopes would be
were examined by two-color flow cytometry using thBte reduced to the same degree as the K20 epitope if the decrease
specific mAbs together with a mAb specific for the IL-2in the 9EG7 and 12G10 epitopes was due to the reduction in
receptor. The flow cytometric data was analyzed with gates stite cell surface expression @f integrins. This is clearly not

at each log of fluorescence intensity produced by the anti-ILthe case, since the cells expressing high levels off3the

2 receptor mAb (Fig. 2A), in order to determine the effects oEhimera still had a 50% reduction in the expression of the
increasing chimeric receptor levels on the expression of tH@EG7 epitope even after their expression was calculated
variousf1 specific epitopes. relative to the expression of the K20 epitope (Fig. 3).

MG-63 cells havel integrins that express the 9EG7 andTherefore, these results indicate that the conformation of the
12G10 epitopes in the absence of added ligand or activatir@l subunit can be regulated by the interactiofp oftoplasmic
agents. This expression is dramatically inhibited on MG-63lomains with intracellular factors. Interestingly, the expression
cells expressing high levels of the chimeric receptor containingf the inhibitory epitope recognized by mAb 13 was affected
the B1 cytoplasmic domain (Fig. 2B). In contrast, cellssimilarly to the K20 epitope, whereas the expression of the
expressing high levels of the control receptor lacking ampitope recognized by the TS2/16 activating antibody was
intracellular domain had levels of the 9EG7 and 12G1Gignificantly inhibited, albeit less than the 9EG7 and 12G10
epitopes similar to untransfected MG-63 cells (Fig. 2B). Thesepitopes (Fig. 2B). This suggests that the ability of activating
results suggest that the extracellular conformation offthe antibodies to stimulatBl-dependent cell attachment can also
subunit is regulated by cytosolic interactions involving ftte  be regulated, in part, iy cytoplasmic domains.
cytoplasmic domain. Additionally, the inhibition of these ) ) _
epitopes was directly proportional to the expression level of thelements in the C-terminal region of the B
B1 chimeric receptor (Fig. 2B). Chimeric receptors containingytoplasmic domain are involved in the inhibition of
the B3 andp5 cytoplasmic domains, but not tifid or a5  the 9EG7 epitope by the chimeric receptors
cytoplasmic domains (Figs 3 and 4, and data not shown fdrhe observation that the expression of file B3 and 35
12G10), could also inhibit the expression of the 9EG7 andhimeras, but not th4 chimera o5 chimera, inhibited the
12G10 epitopes. This suggests that the ability of the chimerdmsal expression of the 9EG7 and 12G10 epitopes suggests that
to reduce the expression of these conformation-dependecgrtain amino acid sequences conserved amor@giLiifi8 and
epitopes is dependent upon amino acid sequences that @& cytoplasmic domains are involved in the ability of the
conserved within th@1, 33 andf5 cytoplasmic domains. chimeras to function as dominant inhibitors. Theref@®,

As a control, we also examined the expression of the K26himeric receptors containing deletion and substitution
epitope, which is specific for tfd subunit and is not sensitive mutations in regions conserved within the cytoplasmic
to functional changes i1 integrin conformation (Lenter et domains off3 subunits (Fig. 1) were tested for their ability to
al., 1993; Amiot et al., 1986). K20 expression was also reducedhibit the 9EG7 epitope. Chimeric receptors containing the
on cells expressing high levels of iechimera, but to a much conserved membrane proximal region of fheytoplasmic
lesser extent (Fig. 2C). The cell surface expression afidhe domain 33-d728-762), previously found to bind to FAK and
a5 anda6 subunits was reduced to the same extent as the K@xillin in vitro (Schaller et al., 1995), did not inhibit 9EG7
epitope (data not shown). The reduction in cell surfacexpression. Chimeric receptors containing amino acid
receptors appeared to be limited to integrins, since thsubstitutions within the putative FAK binding domaiB3{
expression of HLA-A was not affected by the expression of th&23,726 (*/A)) or within the NPXY 3-747 (Y/A)) and
1 chimera (data not shown). This suggests that the cell surfabXXY (f3-756 (N/A)) motifs, and at the intervening TST
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motif (B3-751-753 (*/A)), were found to have intermediate epitopes could also inhibit cell attachment. For this analysis,
effects on the inhibition of 9EG7 expression compared to wildehimeras containing th@l, 3, B4, B5 or a5 cytoplasmic

type cytoplasmic domains (Fig. 4). The mutation in the NXXYdomain were transiently expressed in MG-63 cells and then
motif was found to have the most significant effect on theexamined for their effects on cell attachment. Since the

ability of isolated f cytoplasmic domains to regulaf&l
integrin conformation (Fig. 4).

Chimeric receptors containing integrin 1, B3 and 5
subunit cytoplasmic domains inhibit cell attachment
to fibronectin

experiments were performed with transiently transfected cells,
the ability of high levels of expression of the chimeric receptors
to inhibit cell attachment was determined by comparing the
levels of expression of the chimeric receptors on the starting,
attached and unattached populations of cells by flow cytometry
using antibodies specific for the IL-2 receptor. Cells expressing

We also tested whether the chimeric receptors that inhibited thggh levels of the3l, B3 andB5 chimeras did not attach to
expression of the conformation-dependent 9EG7 and 12Githmobilized fibronectin (Fig. 5A). To further correlate the
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ability of the chimeras to inhibit cell attachment with their level
of expression, we compared the mean fluorescence intensity
(MFI) of cells that were attached or unattached with that of the
starting population. The expression levels of the chimeras on
attached cells were approximately half that of the starting
population, while the unattached cells expressed twofold
higher levels of chimeric receptors than the starting population
(Fig. 5B). Thus, thgd1, 33 andp5 chimeras act as inhibitors

of cell attachment when expressed at high levels. Similar to our
results involving the 9EG7 and 12G10 epitopes, the ability of
the chimeras to inhibit cell attachment was dependent on the
amino acid sequence of iytoplasmic domain, since té,

4, and the control chimera did not affect cell attachment to
fibronectin (Fig. 5B). Furthermore, tB&, 33 andp5 chimeras

can all inhibit 1 integrin-dependent cell attachment, since
MG-63 cell attachment to fibronectin is completely inhibited
by mAb 13 (data not shown).

Elements in the C-terminal region of the 3
cytoplasmic domain are required for the inhibition of
cell attachment by the chimeric receptors

Cells expressing high levels of tig4, B3 andf35 chimeras
were inhibited in both their expression of the 9EG7 and
12G10 epitopes (Fig. 2B) and their ability to attach to
immobilized fibronectin (Fig. 5). This correlation led us to
examine whether the regions within the cytoplasmic
domain that were observed to be involved in regulating
integrin conformation were also involved in regulating cell
attachment. For this analysis, cells expressing f3e

Fig. 2. Chimeric receptors containing the integih cytoplasmic

domain inhibit the expression of the 9EG7, 12G10 and TS2/16
epitopes. (A) A representative flow cytometric histogram indicating
the levels of chimeric receptor expression on transiently transfected
MG-63 cells. Gates (R1, R2, R3, and R4) were placed around each
fluorescence log in order to determine the effect of increasing levels
of chimera expression on the expression of the 9EG7 epitope. MG-
63 cells were transiently transfected with eitherfthehimera or

control chimera, and the expression of the chimeric receptor and
variousf1-specific epitopes were analyzed simultaneously on
individual cells from transfected and mock-transfected samples using
two-color flow cytometry. The cell surface expression of the 9EG?7,
12G10 and TS2/16 epitopes (B) or the K20 and 13 epitopes (C) as a
function of increasing chimeric receptor expression is shown. In B
and C, the samples C- afitl- refer to cells transiently expressing

the control or th@1 chimera, respectively. The expression of each
epitope on cells expressing chimeric receptors was compared to
untransfected cells and is shown as the percentage of untransfected
cells. The data represent the mean from three separate experiments +
s.e.m. MFI, mean fluorescence intensity.
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cytoplasmic domains inhibit the expression of the 9EG7 epitope. . . . .
MG-63 cells were transiently transfected with either@heB3, 34, Fig. 4. The effects o3 cytoplasmic domain mutant chimeras on the

B5 or control chimera (C). Chimeric receptor and 9EG7 expressionsf)(prefss"tor;j Of.metthG7 teplltor?_e- MG-63 cetlls; V\é:ercexéraﬂisrlnenrtly
were analyzed simultaneously on individual cells from transfected ranstected wi e control chimeric receptor (C),dbechimera,

and mock-transfected samples using two-color flow cytometry. The theBllchlme.rﬁ., orhthe foIIovvllng c.hlr(?eras. conéalgglg ggeglflc
gates shown in Fig. 2A were again used to determine the effect of mutatlons*wn. in thé3 Cyto'? asmic omal.n33- 728-7620 e
increasing levels of chimeric receptor on the expression of the 9EG‘%23’726 (*/A);B3-747 (Y/A); B3-756 (N/A); andB3-751-753 (*/A).
epitope. The expression of 9EG7 is presented as a percentage of total® effects of expressing these chimeras on the cell surface
B1integrin expression determined using monoclonal antibody K20. €XPression of the 9EG?7 epitope were analyzed. Shown are the levels

The asterisk refers to the expression of the 9EG7 epitope relative toOf the 9EG7 epitope on cells expressing high levels of the chimeras

total 1 expression on mock-transfected cells. The data represent th@og'lo“ quorgscence ”n'.ts)' The expression of the 9EG7 epitope on
mean from three separate experiments + s.e.m. MFl, mean cells expressing each chlmerlc receptor was compared to
fluorescence intensity. ’ untransfected cells and is shown as the percenage of untransfected

cells. The data represent the mean from three separate experiments +
s.e.m. MFI, mean fluorescence intensity.
chimeric receptor containing mutations in regions conserved
within the cytoplasmic domain @ subunits (Fig. 1) were
examined for their ability to attach to fibronectin. TheChimeric receptors containing the integrin 1
conserved membrane proximal amino acii8-¢728-762) subunit cytoplasmic domain inhibit soluble
were not sufficient for the dominant negative effect on celfibronectin binding
attachment, and chimeric receptors containing mutation$he results demonstrating that tB#& chimera inhibited cell
within the putative FAK binding domai8-723,726 (*/A)]  attachment and the basal expression of the 9EG7 and 12G10
still retained the ability to inhibit cell attachment (Fig. 6A). epitopes led us to investigate whether the expression @flthe
This suggests that the putative FAK binding region is nothimera also affects the ability of endogenftisintegrins to
required for the ability of the chimeras to inhibit cell bind fibronectin. This was examined by two-color flow
attachment. However, mutations within the highly conservedytometry using antibodies specific for fibronectin and the IL-
NPXY [B3-747 (Y/A)], NXXY [B3-756 (N/A)] and TST 2 receptor, which allowed us to correlate the expression of the
[B3-751-753 (*/A)] motifs abolished the ability of tfg8 1 chimera with soluble fibronectin binding in a population of
chimera to inhibit cell attachment (Fig. 6A). These datecells expressing various levels of the chimera. As shown in Fig.
suggest that the ability of the chimeras to inhibit cell7, the binding of soluble fibronectin to MG-63 cells expressing
attachment requires that these conserved regions eithkigh levels of thgd1 chimera was reduced approximately 40%
participate in or regulate interactions between cytoplasmicompared to mock-transfected cells and cells expressing the
proteins and3 cytoplasmic domains. control chimera. This suggests that fecytoplasmic domain

To confirm that amino acid motifs conserved among tlese plays a role in maintaining the ability . integrins to bind
cytoplasmic domains were involved in regulating thissoluble ligand, and that the inhibition in cell attachment by the
inhibitory effect, 5 chimeric receptors containing alanine B1 chimera may be, at least in part, due to a reduction in the
substitutions within the NPXYPB-752 (Y/A)] and TST 5-  ability of endogenougl integrins to bind fibronectin.
756-758 (*/A)] motifs were constructed and tested for their
ability to inhibit cell attachment (Fig. 1). These mutations werd=xtracellular activators of integrin function partially
also found to reverse the ability of tB& chimera to inhibit reverse the inhibition of cell attachment and 9EG7
attachment (Fig. 6B). Thus, the dominant negative phenotypepitope expression induced by the 1 chimeric
mediated by the differerfd chimeric receptors involves the receptor
same regions within their cytoplasmic domains, suggesting th&ince M#* and the activating antibody TS2/16 can stimulate
the inhibitory effect is due to similar interactions with cytosolicB1 integrin-mediated cell attachment in other systems
factors. (Masumoto and Hemler, 1993), we tested whether these agents



Conserved motifs in integrin trans-regulation 223

A
10 Min 10 Min 10M|n 30M|n 10 Min 10 Min
C p1 B4 B5
STARTING ll ‘ | ‘
POPULATION . |
f
—
ATTACHED l l .
CELLS I c
l . <
%
X
UNATTACHED l ‘ l I
CHIMERIC RECEPTOR EXPRESSION
(LOG FLUORESCENCE INTENSITY)
B
300 Fig. 5. Chimeric receptors containing integfircytoplasmic
[l ATTACHED domains inhibit cell attachment to fibronectin. MG-63 cells were
2504 [ UNATTACHED transiently transfected with either the control receptor (C) or with
chimeric receptors containing either {iig B3, 34 or 5 cytoplasmic
domain. 15 hours later, the transfected cells were plated on
200 ;' %- fibronectin-coated tissue culture dishes and allowed to attach for 10
or 30 minutes. Cells that were attached and cells that remained

unattached at this time were collected separately. The levels of
chimeric receptor expression on attached cells, unattached cells and
the starting population of cells (cells prior to attachment) were

determined by flow cytometry. (A) Representative flow cytometric

histograms depicting the levels of chimeric receptor expression on

the starting population, the attached cells and unattached cells.

(B) The mean fluorescence intensities of attached and unattached

cells were compared to the starting population and are expressed as
o5 B1 B3 B4 B5 - the percentage of the starting population. Only cells expressing

chimeric receptors were analyzed (1@-flQorescence units). The
CHIMERIC RECEPTOR data represent the mean from three separate experiments + s.e.m.
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could rescue cell attachment inhibited by the chimericthe pharmacological agents calphostin C and PD
receptors. As shown in Fig. 8, the expression level (MFI) 0f98059 do not reverse the dominant negative effect
the B1 chimera on the attached population of cells wa®f the chimeric receptors
increased in the Mii-treated and TS2/16-treated samplesLigation of avB3 or the expression of chimeric receptors
compared to untreated samples. However, the majority of higtontaining thg33 cytoplasmic domain were previously shown
expressors still remained unattached. to inhibit a531-mediated phagocytosis (Blystone et al., 1994,
Mn2+ and RGD peptides are known to increase the numbelr995). The pharmacological agents H7 and calphostin C,
of B1 integrins that express the 9EG7 and 12G10 epitopeshich inhibit protein kinase C (PKC), reversed this inhibition,
(Lenter et al., 1993; Mould et al., 1998). On cells expressinguggesting that the chimeric receptors were inhibitibg1-
high levels of theBl chimera, RGD peptides and kftn mediated phagocytosis by activating PKC (Blystone et al.,
increased the expression of the 9EG7 epitope to basal level895). For this reason, we tested the ability of calphostin C to
found on untransfected cells, but did not increase the epitopescue the expression of the 9EG7 epitope and cell attachment
to levels induced by RGD or Mhon untransfected cells (Fig. inhibited by the chimeric receptors. Additionally, since
9). Interestingly, although M#i increased 9EG7 expression to constitutive activation of the Ras/Map kinase pathway was
levels found on untransfected cells, Mwas unable to restore recently demonstrated to inhibit the high affinity ligand
cell attachment to levels observed for cells expressing thanding of allb33 (Hughes et al., 1997), we also examined
control chimera (Fig. 8). Therefore, changing the extracellulawhether the chimeric receptors were regulafgigintegrin
conformation off31 integrins using extracellular activators is conformation and function in cell attachment by constitutively
not sufficient to restore integrin function in cell attachment inactivating this pathway.
the presence of intracellular inhibitors such as the chimeric Interestingly, calphostin C neither inhibited the expression
receptors. Taken together, these results suggest that thethe 9EG7 epitope on untransfected cells nor rescued the
chimeric receptors may be inhibiting cell attachment byexpression of the 9EG7 epitope on cells expressing high levels
negatively regulatingf1 integrin conformation and by of thef31 chimera (Table 1). Furthermore the treatment of cells
inhibiting post-ligand binding events that are also required fowith the pharmacological agent PD 098059, which is a specific
cell attachment. MEK inhibitor (Dudley et al., 1995), also failed to rescue the
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expression of 9EG7 inhibited by the chimeric receptors (Tableells expressing high levels of tB& chimera would attach to

1), although PD 098059 inhibited the activation of Map kinasdibronectin, increasing the MFI of the attached population and

triggered by growth factors (data not shown). decreasing the MFI of the unattached population. PD 098059
We would predict that if calphostin C or PD 098059 reversethad no effect on the ability of tH&l chimera to inhibit cell

the inhibition of cell attachment by tf§d chimera, then more attachment (Table 2). However, as previously shown (Vuori
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Fig. 7. Chimeric receptors containing the integih cytoplasmic

domain inhibit the binding of soluble fibronectin. (A) Soluble human
fibronectin was added to MG-63 cells suspended in TBS containing 1
mM MnCl; in the absence or presence of P4C10, which is a blocking
antibody specific fop1 integrins. After 30 minutes at room

CHIMERIC RECEPTOR EXPRESSION
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B B
752 (YIA)  756-758 (*/A) temperature, fibronectin binding was analyzed by flow cytometry

using an antibody specific for fibronectin. A representative flow

cytometric histogram from one experiment is shown, which

CHIMERIC RECEPTOR

Fig. 6. The effects o3 andp5 cytoplasmic domain mutant demonstrates that the binding of soluble fibronectin is inhibited by a
chimeras on cell attachment. (A) MG-63 cells were transiently blocking antibody t@1 integrins. The antibody control is labeled as
transfected with the control chimeric receptor (C),ghehimera, or ~ shown. The thin solid line represents cell-associated fibronectin

the following chimeras containing specific mutations within3Be (fibronectin associated with the cells after harvesting). The thick
cytoplasmic domainB3-d728-76233-723,726 (*/A);33-747 (Y/A); solid line represents soluble fibronectin binding in the presence of
B3-756 (N/A); and33-751-753 (*/A). (B) MG-63 cells were MnCl; and the thin dashed line represents soluble fibronectin binding

transiently transfected with the control chimeric receptor (C)3%he  in the presence of both Mn£ind the blocking antibody &
chimera, or the following chimeras containing specific mutations  integins, P4C10. (B) MG-63 cells were transiently transfected with
within the5 cytoplasmic domair5-752 (Y/A) and35-756-758 either the control or th@1 chimera. The cells were incubated with
(*/A). To determine the effects of expressing these chimeras on cell soluble fibronectin in the presence of Mp@$ described in
attachment to fibronectin, the levels of chimeric receptor expressionMaterials and methods. The ability of the cells to bind soluble

on attached cells, unattached cells and the starting population of cefibronectin was anlayzed by two-color flow cytometry using

(cells prior to attachment) were determined by flow cytometry. The antibodies specific for human fibronectin and the IL-2 receptor.
mean fluorescence intensities of attached and unattached cells wer&oluble fibronectin binding on cells expressing high levels of the

compared to the starting population and are expressed as the chimeric receptors was determined as described in the Materials and
percentage of the starting population. Only cells expressing chimericnethods and is expressed as mean fluorescence intensity. UT,
receptors were analyzed (104Fiorescence units). The data untransfected (mock) cells. The mean + s.e.m. from triplicate

represent the mean from three separate experiments + s.e.m. samples of one representative experiment is shown.
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the TS2/16-treated samples represent the mean from three separat

experiments.

and Ruoslahti, 1993), calphostin C inhibited cell attachment t

fibronectin. As a result of this overall inhibition of cell

attachment, very few attached cells were available for analysi

However, the expression levels of tB& chimera on the

unattached and starting populations were very similar (Tabl .

2). Therefore, calphostin C did not cause cells expressing hig 0~ c @

levels of thePl chimera to attach to fibronectin. Thus, the

inhibition of 9EG7 expression and cell attachment byRhe CHIMERIC RECEPTOR

chimera occurs by a mechanism which is distinct from thatig. 9. Mn2+ and RGD peptide partially reverse the inhibition of

reported for the inhibition GﬁSBl-mediated phagocytosis and 9EG?7 epitope expression by tﬁ]g chimera. MG-63 cells were

does not appear to involve the constitutive activation of Majransiently transfected with the indicated chimera. Chimeric receptor

kinase. expression and the expression of the 9EG7 epitope after incubation
of the cells with 1 mM RGD (A) or 1 mM Mri (B) were analyzed
simultaneously on individual cells from transfected and mock-
transfected (MT) samples using two-color flow cytometry. The levels

DISCUSSION of 9EG7 on (cellg exprgssing high levels of the cﬁ,itmeraél(ﬂrb

We have five major conclusions from our studies: (1) ¢ tosolifluorescence units) are shown. The total surface expressionfif the
: : Yy Subunit was determined using mAb K20 in order to ascertain the

interactions involvingP cytoplasmic domains can regulaté percentage of 9EG7 expression relative to @lagxpression. The

endogenousfl integrin conformation, ligand binding and gata represent the mean from three separate experiments + s.e.m.
function in cell attachment; (2) isolat@aytoplasmic domains MFI, mean fluorescence intensity.

regulate B1 integrin conformation and function in cell

attachment in a similar dose-dependent @ndytoplasmic

domain-specific manner; (3) mutations in the conservethtegrins in conformations recognized by mAb 9EG7 is not
NPXY, NXXY and TST-like motifs inhibit the ability of sufficient for cell attachment to fibronectin, but may be
isolated B cytoplasmic domains to regulate ‘in trans’ required.

endogenousl integrin conformation and function in cell  Although experiments from other laboratories have provided
attachment; (4) the chimeric receptors are not inhibitingevidence that cytoplasmic domains are involved in the
integrin conformation and cell attachment by constitutivelyregulation off31 integrin conformation (Puzon-McLaughlin et
activating signaling pathways which have previously beeml., 1996; Belkin et al., 1997; Sakai et al., 1998; Wennerberg
shown to inhibit integrin function; and (5) the presence okt al., 1998), our results are the first to indicate that this can

9EG7 EPITOPE EXPRESSION
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Table 1. The effects of calphostin C and PD 098059 on the conclude that the conformationf&f integrins can be regulated
inhibition of 9EG7 expression by thel1 chimeric receptor by both extracellular mechanisms and cytosolic interactions
involving the1 cytoplasmic domain.

9EG7 epitope expression

(% of untransfected cells) The ability of the chimeric receptors to inhibit both the
Sample Exp 1 Exp 2 expression of these epitopes and cell attachment in a similar
Control chimera 80.0* 70.7 dose-dependent anfl cytoplasmic domain-specific manner
Control chimera+PD098059 70.0 74.9 correlates the expression of the 9EG7 and 12G10 epitopes with
Control chimera+calphostin C 75.8 92.4 B1 integrin function in cell attachment. In addition, previous
Ei gn:m:gwmgsosg zgé?., p 333,'21_7 studies have demonstrated th&B1-mediated cell adhesion can
B1 chimera+calphostin C 26.8 369 be enhanced by Mnh (Bazzoni et al., 1995), which stabilizes the

B1 integrin conformation recognized by the 9EG7 and 12G10
*The mean fluorescence intensity produced with antibody 9EG7 for each mAbs (Lenter et al., 1993; Mould et al., 1998)_ This also

sample of cells expressing high levels of chimeric receptor (last decade of suggests that integrins which can bind 9EG7 and 12G10 are in
Iwgf,zsgfeﬂﬁt?;nns'i%gscceﬂ?parEd to untransfected cells and is expressed ag conformation that favors cell attachment. Interestingly, the

9EG7 epitope is expressed highest on @381 and a4p1

integrins, where its expression correlates with integrin function
occur by the interaction of integificytoplasmic domains with  of these particular integrin heterodimers (Bazzoni et al., 1998).
intracellular factors. The expression of 9EG7 was initiallyHowever, it should be noted that merely having integrins in this
examined on T lymphocytes and the K562 myeloid cell lineconformation is not sufficient for cell attachment. This is
where its expression was not detected without prior incubatiosupported by our observation that #nrestored 9EG7
with Mn2* or soluble ligands such as RGD peptides (Lenter eéxpression to basal levels on cells expressingitehimera, but
al., 1993; Bazzoni et al., 1995). For this reason, the 9EGHT did not restore the attachment of these cells to control levels.
epitope is referred to as aton- igand-nfluenced mding Ste This indicates that increasing the expression of the 9EG7 epitope
or CLIBS (Bazzoni et al., 1995). In our studies, we show thais not sufficient to rescue the inhibition of cell attachment by
the 9EG7 epitope is expressed on MG-63 cells at a basal levetracellular inhibitors, such as the chimeras. This is also
and that 9EG7 expression is enhanced in response4bdvin  supported by the previous observation that cytochalasin B did
RGD peptides. Chimeric receptors containingBbeB3or 5  not affect the expression of the 15/7 epitope, which also
cytoplasmic domain inhibited the basal expression of 9EG#epresents a CLIBS on tRé subunit (Yednock et al., 1995), but
However, the addition of RGD peptides or ¥Mrto cells  did inhibit cell attachment (Bohnsack et al., 1995).
expressing the chimeric receptors increased 9EG7 expressionThe interaction betweefdl integrins and cytosolic factors
to basal levels found on control cells, but not to levels founthat influence cell attachment appear to occur mainly via the
on RGD or M@*treated control cells. Therefore, 9EG7 B1 cytoplasmic domain, since a chimeric receptor containing
expression may, to some extent, be influenced by cations atite cytoplasmic domain of the5 subunit did not affect cell
soluble ligands via mechanisms that are independent afttachment. Previous studies have shown that chimeric
cytosolic interactions. Since the chimeric receptors similarlyeceptors containing thl or B3 cytoplasmic domain also
inhibit the expression of the 9EG7 and 12G10 epitopes, winction as trans-dominant inhibitors of cell spreading,

Table 2. The effects of calphostin C and PD 098059 on the inhibition of cell attachment by fiechimeric receptor

Calphostin C
Control Control chimera 1 chimera
chimera calphostin C B1 chimera calphostin C
Experiment no. 1 Starting 144.1* 115.7 337.1 306.0
Attached 102.2 86.2 88.3 115.1
Unattached 134.1 1034 374.0 242.6
Experiment no. 2 Starting 136.0 119.4 119.8 165.0
Attached 116.0 73.0 70.0 45.0
Unattached 127.5 106.0 240.3 162.2

MEK inhibitor (PD 098059)

Control Control chimera B1 chimera
chimera PD 098059 B1 chimera PD 098059
Experiment no. 1 Starting 226.0 283.0 354.0 279.0
Attached 213.0 272.0 121.0 94.0
Unattached 249.0 294.0 611.0 467.0
Experiment no. 2 Starting 136.0 119.0 199.8 165.4
Attached 116.0 94.0 70.0 53.4
Unattached 127.5 114.0 240.3 209.5

*The mean fluorescence intensities of chimeric receptor expression for the attached, unattached and starting populatinstfavefior two separate
experiments. Approximately 3-5,000 cells expressing chimeric receptors were analysed for each sample. Calphostin Clirditaitacheat for all samples
tested. As a result, <300 cells were analysed for the attached samples that were treated with calphostin C (numbers in bold).
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fibronectin matrix assembly and cell migration (LaFlamme etalphostin C was able to rescue the inhibitory effects on
al., 1994). However, higher doses of the chimeric receptors aphagocytosis (Blystone et al., 1994, 1995). However, in our
required to inhibit cell attachment an@l integrin studies these agents did not rescue cell attachment or the
conformation compared to cell spreading, suggesting thaxpression of the 9EG7 epitope, indicating that the
different protein interactions with thg cytoplasmic domain mechanisms by which the chimeric receptors inhibit these
may be involved in these different dominant negative effectgprocesses are distinct from those involved in the inhibition of
Although most of our current studies were performed usingi5p1-mediated phagocytosis. Also, the constitutive activation
MG-63 cells, similar results were obtained with normal humarf the Ras/Map kinase pathway has previously been shown to
fibroblasts which have a very similar integrin complemeninhibit the high affinity ligand binding of the PAC-1 mAb to
compared with MG-63 cells (data not shown). an allbf3 integrin engineered to be constitutively active
The conserved NPXY, NXXY and TST motifs withfh  (Hughes et al., 1997). However, inhibiting this pathway with
cytoplasmic domains were found to affect the ability of thethe specific MEK inhibitor, PD 098059, did not affect chimeric
chimeras to inhibit the expression of the 9EG7 epitope and cetbceptor-mediated inhibition of 9EG7 binding or cell
attachment. Mutations in these motifs in fbie cytoplasmic  attachment. Therefore, the chimeric receptors do not inhibit
domain of heterodimeric integrins inhibit cell attachment andhese processes by constitutively activating Map kinase. These
the expression of the 9EG7 and 12G10 epitopes (Sakai et dlndings, together with the requirement for high expression
1998; Wennerberg et al.,, 1998). In the context of thdevels of the chimeras and the observation by other laboratories
heterodimeric receptors, these mutations may inhibit thesbat the mutation of similar motifs in the context of
processes by structural alterations in the integrin itself thdieterodimeric receptors similarly affect integrin function in
affect ligand binding without necessarily affecting cytoplasmichese processes, suggest that the regulatory effect of the
interactions. Our results extend these earlier studies bghimeras may be due to their ability to interact with and
demonstrating that these conserved motifs play a role in cedequester cytoplasmic proteins that would otherwise associate
attachment andfl integrin conformation by regulating with endogenous integrins. This sequestration of cytoplasmic
cytosolic protein interactions with thcytoplasmic domain. factors by the chimeras might result in the inability of
These conserved motifs have also been found to bendogenous integrins to cluster and/or connect to the cell's
important in regulatin@2 andB3 integrin function in a number cytoskeletal and signal transduction systems.
of processes. For example, disruption of the NPXY motif The C-terminal region of integri@ cytoplasmic domains is
inhibited33-mediated cell attachment (Filardo et al., 1995) andnvolved in regulating several integrin-mediated functions,
allbp3-mediated cell spreading and high affinity ligandincluding cell attachment, cell spreading, FAK
binding, whereas mutations in the NXXY motif had lessemphosphorylation and conformational changes offtlsebunit.
effects (O'Toole et al., 1995; Ylanne et al., 1995). AlanineThis region is known to interact with several different cytosolic
substitutions in the analogous TST-like motif in B2subunit  proteins. These motifs appear to be involved in the interaction
cytoplasmic domain inhibited32 integrin-mediated cell of several proteins witB cytoplasmic domains (LaFlamme et
attachment (Hibbs et al., 1991). Additionally, we haveal., 1997). For example, the NXXY motif is required for the
previously shown that mutations in the NPXY motif interaction between integrin cytoplasmic domain-associated
completely inhibited the ability of clusterfd8 cytoplasmic protein-1 (ICAP-1) and thB1 cytoplasmic domain (Chang et
tails to trigger FAK phosphorylation, whereas mutations in thal., 1997), and betwed$8-endonexin and th@3 cytoplasmic
NXXY and TST motifs inhibited FAK phosphorylation to a domain (Eigenthaler et al., 1997). However, interactions of
lesser extent (Tahiliani et al., 1997). In this current study, thBECAP-1 and 33-endonexin are specific for thgl and (33
inhibition of cell attachment was more sensitive to mutationgytoplasmic tails, respectively (Chang et al., 1997; Hannigan
in the NPXY, NXXY and TST motifs compared with the et al., 1996). The TST motif is located within the region of the
inhibition of 9EG7 expression. This might reflect difference31, B2and33 cytoplasmic domains that contains a binding site
in the sensitivities of the two assays. Alternatively, basal 9EGfor integrin-linked kinase (ILK) (Hannigan et al., 1996). The
expression might require protein interactions that are distindiPXY motif appears to be involved in the binding of both talin
from those required for post-ligand binding events. Thereforeanda-actinin with thef cytoplasmic domain (Pfaff et al., 1998;
the chimeric receptors could potentially be inhibiting twoOtey et al., 1993). It is not yet known whether any of these
steps: (1) the expressionfdf integrin conformations favorable protein interactions are involved in the ability of the chimeric
to ligand binding and cell attachment, and (2) post-ligandeceptors to regulafgl integrin conformation and function in
binding events necessary to maintain cell attachment. Thusell attachment. However, some of these interactions are not
distinct cytoplasmic factors may influencBl integrin likely to be candidates because of their specificity for
conformation and post-ligand binding events needed for ceihdividual 3 cytoplasmic domains. There are likely to be both
attachment. This is consistent with our observation that theytoplasmic domain-specific and promiscuous integrin binding
potent PKC inhibitor, calphostin C, inhibited cell attachmentproteins that recognize distinct and overlapping regions. Future
but did not inhibit the expression of the 9EG7 epitope. studies will be aimed at identifying specific interactions that
It has been suggested that chimeric receptors may interaetgulate specific aspects of integrin function. Our chimeric
with cytoplasmic proteins and thereby activate signalingeceptor approach will be a useful tool in these studies to
pathways that are inhibitory to endogenous integrin functiorfurther define the mechanisms by whi¢h cytoplasmic
This mechanism appears to be involved in the ability of thelomains regulate integrin function.
chimeric receptors and the ligation @¥(33 to inhibit a531-
mediated phagocytosis (Blystone et al., 1994, 1995). In this we thank Drs Randy Morse, Jane Sottile, Allison Berrier and
case, the addition of the pharmacological agents H7 arenise Hocking for helpful comments during the preparation of this
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