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The C-terminal “cell-binding domain” (CBD) of throm-
bospondin-1 (TS1) is a binding site for many cell types.
Cell-binding peptides based on the sequence RFYVVM
from the CBD of TS1 affinity label a 52-kDa cell surface
glycoprotein, which we show is integrin-associated pro-
tein (IAP or CDA47). IAP associates with «, 8; and thereby
modulates the activity of several integrins. Cells that
express IAP bind strongly to TS1, the CBD, and its active
cell-binding peptides while IAP negative cells do not.
The 52-kDa protein is affinity labeled on IAP-positive
but not IAP-negative cells, and monoclonal antibodies
against IAP specifically immunoprecipitate the affinity-
labeled 52-kDa protein from lysates of IAP-positive cells.
Consistent with the association of IAP with « 5 inte-
grin, the labeled 52-kDa protein is immunoprecipitated
by an anti-e, 8; antibody. Endothelial cells exhibit che-
motaxis toward TS1 (at concentrations above 10 nm) and
RFYVVM peptides. Chemotaxis to both agents is specif-
ically inhibited by a function blocking anti-lIAP mono-
clonal antibody. These data establish IAP (CD47) as a
receptor for the CBD of TS1 and suggest a mechanism
for the well established effects of the CBD on cell
motility.

The thrombospondins (TS)! are a family of proteins impli-
cated in the regulation of the motility, proliferation, and differ-
entiation of many cell types (1, 2). For example, throm-
bospondin 1 (TS1) blocks angiogenesis by inhibiting the
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chemotaxis and proliferation of endothelial cells and promoting
their differentiation into capillaries (1, 3). These effects of TS1
on cells are mediated through the binding of a number of
domains and peptide sequences of TS to several classes of
cellular receptors including heparan sulfate proteoglycans, sul-
fatides, CD36 (platelet glycoprotein 1V or Illb), and a number
of integrins of the B3 and B1 families (1, 2, 4). Platelet throm-
bospondin (TS1) is the prototypic member of this family, which
now consists of five isogenes and encoded isoforms (2, 4). We
have mapped cell-binding sites to peptide sequences within
seven of the eight domains of TS1 (5-8), including the C-
terminal “cell-binding domain” (CBD) (6, 7), first identified as
such with monoclonal antibody (mAb) C6.7, which inhibits
secretion-dependent platelet aggregation (8, 9), the attachment
of many different cell types to TS1 (10, 11), the chemotaxis
toward TS1 of monocytes, polymorphonuclear monocytes (12),
tumor cells (13), and smooth muscle cells (14) and a Ca?™" influx
stimulated by TS1 (15).

Given the important functional role of the CBD in TS1-cell
interactions, we sought to determine the essential features of
the CBD for cell binding and the identification of the recep-
tor(s) through which the CBD exerts its effects on cells. Ex-
pression of recombinant CBD demonstrated that it contained a
unique cell-binding site(s) independent of other sequences in
TS1, including the RGD sequence, which is not contained
within the CBD (6). Using overlapping synthetic peptides (30-
mers), we identified two homologous cell-binding sequences:
RFYVVM within the fourth peptide (C4) and FIRVVM within
the seventh (C7) (7). The RFYVVM sequence is highly con-
served in all TS family members (2, 7). The C4- and C7-derived
peptides competed with one another in cell adhesion assays
suggesting that they bound a common receptor. Using deriva-
tives of these peptides we affinity-labeled a 52-kDa protein on
K562 cells (16) and many other cells and tissues. All of the
properties of this hydrophobic, cell surface glycoprotein were
consistent with those of a receptor for the CBD of TS1.

Integrin-associated protein (IAP) was first identified by
Brown and co-workers (17, 18) due to its association with o, 5
integrin purified from placenta. AP is expressed on many
mammalian cells, has an M, of ~50 kDa, and consists of an
N-terminal (extracellular) IgG variable type domain followed
by five potentially membrane-spanning, hydrophobic helices
(18, 19). IAP was recently shown to be identical to the 1D8
antigen and CDA47, which is reduced on Rh,,, erythrocytes
(29). IAP appears to be involved in signal transduction by «,,
and perhaps other integrins since mAbs directed to IAP block
integrin-stimulated phagocytosis (20), an entactin-stimulated
oxidative bust in neutrophils and monocytes (21), the inward
calcium current in endothelial cells (22, 23), and fibroblasts
(15) adhering to vitronectin or fibronectin. The wide expression
of 1AP suggests that it may have a general role in integrin-
mediated signal transduction (17, 21, 24, 25); however, studies
of the IAP mechanism and its physiological role have been
hampered by the fact that its natural ligand is unknown. The
biochemical properties of IAP precisely mirror those found for
the 52-kDa protein affinity-labeled by the CBD peptides. We
report here that IAP is a receptor for the TS1 CBD and its
VVM-containing peptides and that a function-blocking anti-
IAP mAb inhibits the chemotactic response to TS1 and its CBD
peptides in endothelial cells.
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EXPERIMENTAL PROCEDURES

Monoclonal antibodies LM609 (anti-«, ;) and P1F6 (anti-a,85) were
the generous gifts of Dr. D. Cheresh, Scripps Research Institute. B6H12
and 2D3, anti-human IAP mAbs, have been previously described (17—
21). OV10 cells are a subclone of OVM1 human ovarian carcinoma
(kindly provided by Dr. W. H. Stimson, Strathclyde University, Glas-
gow), which fail to express IAP. They were transfected with plAP45
(18), an IAP expression construct, and |AP-positive clones were selected
by fluorescence-activated cell sorting. K562 cells expressing «,3; are
described in Blystone et al. (24). Human platelet TS1 was purified as
described (8); the rCBD was expressed as a His®-tagged protein in
Escherichia coli using pQE30 (Qiagen) and purified by nickel-nitrilo-
acetate chromatography. Peptides were synthesized, purified, and char-
acterized by the Washington University Protein and Nucleic Acid
Chemistry Laboratory as described (7, 16).

Cell adhesion assays were performed and quantified with endoge-
nous cellular phosphatase activity as described in Prater et al. (5).
Affinity labeling of cells and detergent lysates with *2°I-4N1K peptide
(KRFYVVMWKK) was performed as described in Gao and Frazier (16).
Immunoprecipitations employed the indicated primary mouse mAb and
anti-mouse 1gG-agarose (Sigma) and were done as described in Brown
et al. (17). lodinated samples were dissolved in boiling SDS sample
buffer with reduction and electrophoresed on 10% SDS gels, which were
dried and autoradiographed (16). Chemotaxis assays were performed in
modified Boyden chambers (Neuroprobe, Cabin John, MD) using
8.0-um pore size gelatin-coated polycarbonate filters as described by
Tolsma et al. (26). Antibodies (purified 1gG) were added to the cells at
the indicated concentrations before placing the cells into the wells of the
chamber.

RESULTS

To test whether IAP was necessary for the binding of cells to
the CBD, we first had to find a cell line deficient in IAP
expression to serve as a negative control. Previous studies with
anti-1AP mAbs (17-21, 28) indicated that IAP has an extremely
broad cell and tissue distribution. The ovarian carcinoma cell
line OVM1 was found to have low levels of IAP expression, and
a subclone designated OV10 expressed essentially no AP by
flow cytometric and Western blotting criteria.2 Suspensions of
OV10 (IAP negative) and OV10™ (IAP transfected) cells were
incubated in plastic 96-well plates coated with intact TS1,
rCBD, and three versions of the C4 peptide. Fibronectin-coated
wells served as a positive control (OV10 cells express agf3;) and
bovine serum albumin-coated wells as the negative control. Fig.
1 shows that both OV10 and OV10™ cells adhered equally well
to fibronectin-coated wells, but twice as many OV10™" cells
expressing IAP adhered to TS1 as IAP-deficient OV10. Adhe-
sion to the rCBD and all three C4 peptides showed an even
greater preference for the IAP-expressing cells. Like most cells,
OV 10s probably express receptors for several domains of intact
TS1 (1, 2, 4). Both cell lines adhered poorly to peptides from the
calcium-binding domain of TS1 (Calll and CaVll), although,
interestingly, the OV10™* cells adhered better to CaVll, which
contains the RGD sequence of TS1. This may be due to an effect
of IAP expression on the function of the low levels of o, 5
expressed by OV10 cells (not shown). Peptide Mal Il is a cell-
binding peptide from the type 1 repeats of TS1 (5), and both cell
types adhered to it to the same extent. Thus, expression of IAP
confers on the OV10™ cells the ability to adhere to the VVM
peptide site(s) within the CBD of TS1.

To determine if IAP was acting directly as the CBD receptor,
we affinity-labeled cells with peptide 4N1K, a derivative of the
C4 peptide, with the sequence KRFYVVMWKK. This peptide
has been shown to specifically label a 52-kDa plasma mem-
brane protein on intact cells and in detergent lysates (16).
When OV10 cells were affinity-labeled with 4N1K, no labeled
proteins were found (Fig. 2, lanes 3 and 4). In contrast, labeling
of OV10™ cells revealed a 52-kDa protein along with the pre-
viously characterized 37-kDa proteolysis product (lane 1). Af-

Absorbance at 410 nm
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Fic. 1. Adhesion of OV10 cells to TS1, CBD, and its peptides.
IAP-negative, vector-transfected OV10 cells and plAP45-transfected
OV10* IAP positive cells were allowed to adhere for 90 min to plastic
wells coated with the indicated proteins and peptides. The wells were
washed and adhesion-quantified by endogenous phosphatase activity
with p-nitrophenyl phosphate as a substrate (5). [, vector-transfected
0OV10 cells; B, IAP-transfected OV10 cells. Peptides are: C4, RFYVVM-
WKQVTQSYWDTNPTRAQGYSGLSV; 4N1, RFYVVMWKQVTQSY-
WDTN; 4NK, KRFYVVMWKQVTQSKKY; CaVIll, KDNCRLVPNP-
DQKDSDGDGRGDACK; Calll, NCPYNHNPDQADTDNNGEGDAC;
Mal Il, SPWSSASVTAGDGVITRIR. FN, fibronectin; TSP,
thrombospondin.
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Fic. 2. Affinity labeling of IAP with CBD peptide. Peptide *?°1-
KRFYVVMWKK (4N1K) was used to affinity label intact OV10™* cells
expressing IAP (lanes 1 and 2), parental OV10 cells (OV10~) (lanes 3
and 4), and K562 cells (lanes 5 and 6) as described by Gao and Frazier
(16). Unlabeled 4N1K peptide was present in reactions for lanes 2, 4,
and 6. Detergent lysates of OV10~ (lanes 7 and 8) or OV10™" (lanes
9-12) cells were affinity-labeled and then precipitated with the follow-
ing mADbs: anti-IAP B6H12 (lane 9); anti-IAP 2D3 (lane 10); anti-HLA
W6/32 (lane 11); anti-TNF receptor (lane 12). Detergent lysates of K562
cells expressing o, 35 (B3-K562) were labeled and precipitated with the
following mAbs: B6H12 (lane 13); 2D3 (lane 14); W6/32 (lane 15);
anti-TNF receptor (lane 16); anti-o,8s P1F6 (lane 17); and anti-o, B,
LM609 (lane 18).

finity labeling of both bands could be inhibited completely by
excess cold peptide, demonstrating the specificity of labeling
(lane 2). These bands are identical to those labeled on K562
cells (lanes 5 and 6). Immunoprecipitation of labeled OV10 cell
lysates with two anti-lIAP mAbs revealed no 52-kDa protein
(lanes 7 and 8) while the labeled protein was abundant in
anti-1AP precipitates of OV10™ cells (lanes 9 and 10) but not in
control anti-HLA (lane 11) or anti-TNF receptor (lane 12) pre-
cipitates. Thus in IAP-negative OV10 cells, transfection of AP
confers binding to the CBD, and IAP is specifically labeled by
the CBD peptide. These data demonstrate a direct interaction
of AP with the CBD. The direct binding of the CBD peptides to
IAP is confirmed by the observation that the extracellular IgGv
domain of IAP, when expressed as an Fc fusion protein,® binds
specifically to the cell binding VVM containing C4 and C7
peptides but not to six other 30-mers representing the rest of
the CBD sequence (data not shown) (27).

2 F. P. Lindberg and E. J. Brown, unpublished data.

2 F. P. Lindberg and E. J. Brown, manuscript in preparation.
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Fic. 3. Effect of anti-IAP mAbs on endothelial chemotaxis.
Endothelial (HUVEC) chemotaxis was stimulated by TS1 or the CBD
peptide 4N1K in the presence of the indicated antibodies. Chemotaxis
was performed as described by Tolsma et al. (26). After staining, cells
were counted in 5 high power fields (hpf) in each of the triplicate wells
for each concentration of mAb. The number of cells migrating randomly
in the absence of chemoattractant has been subtracted from all data
points.

Because IAP associates with o, 35 integrin (17), we examined
4N1K labeling of IAP in «,B;-transfected K562 cells (20). This
cell line was used since OV10 cells express little «,B; (not
shown). When a detergent lysate was first labeled with 4N1K
and then immunoprecipitated with anti-IAP mAbs B6H12
(lane 13) or 2D3 (lane 14) the labeled 52-kDa IAP band was
recovered in the precipitate as with the OV10™ cells. No labeled
band was recovered in precipitates of anti-HLA or anti-TNF
receptor (another ~55-kDa protein) or anti-«, 85 MAbs (lanes
15-17). Interestingly, immunoprecipitation of labeled cell ly-
sates with «, 85 antibody (lane 18) coprecipitated labeled IAP,
suggesting that IAP can interact simultaneously with «,3; and
the CBD peptide.

The CBD of TS1 stimulates cell motility via haptotaxis,
chemotaxis, and chemokinesis as judged by inhibition of these
processes in several cell types by mAb C6.7 (2, 10, 12-14). We
have previously reported that intact TS1 at concentrations
above 10 nm could stimulate the chemotaxis of endothelial cells
(26). We recently found that the CBD VVM-containing peptides
act as attachment factors for several types of endothelial cells
including HUVEC and that the C4 peptides affinity label a
52-kDa membrane protein on these cells with properties iden-
tical to those reported (16) for the protein from K562 cells.
HUVECSs express high levels of IAP as determined by flow
cytometry (not shown). Furthermore, the CBD peptides are
able to stimulate chemotaxis and chemokinesis of endothelial
cells.* Thus the effects of anti-IAP mAbs on chemotaxis to TS1
and the CBD peptide 4N1K were determined using HUVEC as
the test cell (Fig. 3). The anti-IAP mAb B6H12, previously
characterized as a function-blocking mAb (17, 20, 23, 28), in-
hibited, in a concentration-dependent way, chemotaxis of en-
dothelial cells toward both TS1 and the 4N1K peptide while
2D3, in other assays a nonblocking anti-IAP mAb (17, 23, 28),
had no effect. These data indicate that IAP is the CBD receptor
responsible for the stimulation of cell migration.

4 A-G. Gao, S. S. Tolsma, M. B. Finn, P. J. Polverini, N. Bouck, and W.
A. Frazier, submitted for publication.

DISCUSSION

The data presented here identify AP as a novel receptor for
the CBD of TS1 and probably other TS isoforms as well since
the RFYVVM sequence in peptide C4 of the CBD is highly
conserved (2, 7). This conclusion is based on: (i) the marked
enhancement of OV10 cell adhesion to TS1, the rCBD, and the
CBD-derived peptides by transfection of OV10 cells with IAP;
(i) affinity labeling of IAP with the 4N1K peptide; and (iii)
inhibition of TS1- and 4N1K-stimulated endothelial cell che-
motaxis by a function-blocking but not by a non-inhibitory
anti-IAP mAb. Interestingly, it seems that AP, which is known
to physically associate with B; integrins (17), can maintain its
integrin association even when bound to the CBD peptide,
since anti-o,B; will immunoprecipitate affinity-labeled 1AP.
This observation, along with the proximity of the RGD se-
quence of TS1 to the CBD (1, 2, 6), raises the intriguing possi-
bility that TS1 can simultaneously engage both IAP and its
associated B; integrin. This could occur in an ordered fashion,
thus providing a physiological mechanism for the exposure of
the normally cryptic RGD sequence of TS1 (29) and an expla-
nation for the reports that «,8; and platelet «,,,8; can act as
TS1 receptors (30, 31).

Based on the inhibitory action of mAb C6.7, the CBD of TS1
has been thought to stimulate the motility of a number of cell
types (11-14). The C4 CBD-derived peptides are chemotactic
for endothelial cells (this paper).* Blockade by an anti-IAP mAb
establishes this chemotactic response as a direct biological
consequence of the interaction of the CBD peptide with IAP.
Two possible mechanisms for IAP involvement in chemotaxis
are suggested by other data. First, an anti-IAP mAb has been
shown to block the Ca?* influx of endothelial cells (23) adher-
ent to RGD-containing substrates. If the natural ligand, TS1,
or its peptides were to stimulate Ca" influx via IAP, this could
provide a mechanism for directed motility. That such a stimu-
lation occurs has been shown by Tsao and Mousa (15), who
found that TS1 and the C4 peptide RFYVVMWK stimulated a
transient Ca®* influx in fibroblasts, which was partially
blocked not only by mAb C6.7 (in the case of TS1) but also
B6H12, the same function blocking anti-IAP mAb used in our
studies. These data confirm that a known function of 1AP, i.e.
stimulation of Ca®" entry (23), can be activated by the C4
peptide RFYVVMWK (15).

The second possible mechanism for stimulation of cell motil-
ity by IAP derives from the association of IAP with «, 3; and the
role of this integrin in the motility of cultured endothelial cells
(32). Thus CBD binding to IAP may modulate the affinity or
avidity of a, B3, which is used for adhesion and traction on the
gelatin-coated (RGD-containing) filter (32). In this way the
CBD or its C4 peptides, all of which lack an RGD sequence,
could act on «,3; through binding to IAP. The 1AP-«,3; asso-
ciation is also interesting in light of recent data implicating
a, B35 in angiogenesis where it acts, at least in part, by protect-
ing endothelial cells from apoptosis (33, 34). TS1 plays an
important regulatory role in endothelial cells, where it pro-
motes a differentiated phenotype (1-3) and antagonizes the
initial events of angiogenesis (26). It is interesting to speculate
that TS1-1AP interaction may modulate the function of « 5
during angiogenesis. Moreover, the 1AP-«, 85 complex has been
shown to regulate the function of other integrins (19-21, 24,
25). It is possible that TS1 may exert many of its apparently
diverse biological effects (1-4, 11-15) through modulation of
this signaling complex.

Acknowledgments—We thank Muhua Li for preparation of the CBD
expression construct and Julie Dimitry for its expression and purifica-
tion of the rCBD; Dr. David Cheresh for the gift of mAbs LM609 and
P1F6; Dr. W. H. Stimson for the OVM1 carcinoma cells; and Dr.



24

IAP Is a Thrombospondin Receptor

Deborah Shure and Diane Vest for assistance with the chemotaxis
assays. The Protein and Nucleic Acid Laboratory of Washington
University synthesized and purified all peptides and oligonucleotides
used in this work.

WN -

o~

10.

11.

12.

13.

14.

15.

REFERENCES

. Frazier, W. A. (1991) Curr. Opin. Cell Biol. 3, 792-799
. Bornstein, P., and Sage, E. H. (1994) Methods Enzymol. 245, 62—85
. Sheibani, N., and Frazier, W. A. (1995) Proc. Natl. Acad. Sci. U. S. A. 92,

6788-6792

. Lawler, J. (1993) in Thrombospondin (Lahav, J., ed) pp. 7-22, CRC Press, Inc.,

Boca Raton, FL

. Prater, C. A., Plotkin, J., Jaye, D., and Frazier, W. A. (1991) J. Cell Biol. 112,

1031-1040

. Kosfeld, M. D., Pavlopoulos, T. V., and Frazier, W. A. (1991) J. Biol. Chem.

266, 2425724259

. Kosfeld, M. D., and Frazier, W. A. (1993) J. Biol. Chem. 268, 8808—-8814
. Galvin, N. J., Dixit, V. M., O'Rourke, K. M., Santoro, S. A., Grant, G. A, and

Frazier, W. A. (1985) J. Cell Biol. 101, 1434-1441

. Dixit, V. M., Haverstick, D. M., O'Rourke, K. M., Hennessy, S. W., Grant, G. A.,

Santoro, S. A., and Frazier, W. A. (1985) Proc. Natl. Acad. Sci. U. S. A. 82,
3472-3476

Roberts, D. D., Sherwood, J. A., and Ginsburg, V. (1987) J. Cell Biol. 104,
131-139

Varani, J., Dixit, V. M., Fligiel, S. E., McKeever, P. E., and Carey, T. E. (1986)
Exp. Cell Res. 167, 376-390

Suchard, S. J. (1993) in Thrombospondin (Lahav, J., ed) pp. 177-198, CRC
Press, Inc., Boca Raton, FL

Yabkowitz, R., Mansfield, P. J., Dixit, V. M., and Suchard, S. J. (1993)
Cancer Res. 53, 378-387

Yabkowitz, R., Mansfield, P. J., Ryan, U. S., and Suchard, P. J. (1993) J. Cell.
Physiol. 157, 24-32

Tsao, P. W., and Mousa, S. A. (1995) J. Biol. Chem. 270, 23747-23753

16.
17.

18.
19.
20.
21.
22.
23.
24,
25.
26.

27.
28.

29.
30.

31.

32.

33.

Gao, A. G., and Frazier, W. A. (1994) J. Biol. Chem. 269, 29650-29657

Brown, E., Hooper, L., Ho, T., and Gresham, H. (1990) J. Cell Biol. 111,
2785-2794

Lindberg, F. P., Gresham, H. D., Schwarz, E., and Brown, E. J. (1993) J. Cell
Biol. 123, 485-496

Lindberg, F. P., Lublin, D. M., Telen, M. J., Veile, R. A., Miller, Y. E., Donis-
Keller, H., and Brown, E. J. (1994) J. Biol. Chem. 269, 1567-1570

Blystone, S. D., Graham, I. L., Lindberg, F. P., and Brown, E. J. (1994) J. Cell
Biol. 127, 1129-1137

Zhou, M., and Brown, E. J. (1993) J. Exp. Med. 178, 1165-1174

Schwartz, M. A. (1993) J. Cell Biol. 120, 1003-1010

Schwartz, M. A,, Brown, E. J., and Fazeli, B. (1993) J. Biol. Chem. 268,
19931-19934

Blystone, S. D., Lindberg, F. P., LaFlamme, S. E., and Brown, E. J. (1995)
J. Cell Biol. 130, 745-754

Rosales, C., Gresham, H. D., and Brown, E. J. (1992) J. Immunol. 149,
2759-2764

Tolsma, S. S., Volpert, O. V., Good, D. J., Frazier, W. A, Polverini, P. J., and
Bouck, N. (1993) J. Cell Biol. 122, 497-511

Kosfeld, M. D., and Frazier, W. A. (1992) J. Biol. Chem. 267, 16230-16236

Cooper, D., Lindberg, F. P., Gamble, G. R., Brown, E. J., and Vadas, M. A.
(1995) Proc. Natl. Acad. Sci. U. S. A. 92, 3978-3982

Sun, X., Skorstengaard, K., and Mosher, D. F. (1992) J. Cell Biol. 118, 693-701

Lawler, J. (1993) in Thrombospondin (Lahav, J., ed) pp. 275-282, CRC Press,
Inc., Boca Raton, FL

Tuszynski, G. P., Karczewski, J., Smith, L., Murphy, A., Rothman, V. L., and
Knudsen, K. A. (1989) Exp. Cell Res. 182, 473-481

Felding-Habermann, B., and Cheresh, D. A. (1993) Curr. Opin. Cell Biol. 5,
864-868

Brooks, P. C., Clark, R. A. F., and Cheresh, D. A. (1994) Science 264, 569-571

34. Brooks, P. C., Montgomery, A. M. P., Rosenfeld, M., Reisfeld, R. A., Hu, T.,

Klier, G., and Cheresh, D. A. (1994) Cell 79, 1157-1164



