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Axon extension during development is guided by many factors, but the signaling mechanisms responsible for its
regulation remain largely unknown. We have now investigated the role of the transmembrane protein CD47 in this
process in N1E-115 neuroblastoma cells. Forced expression of CD47 induced the formation of neurites and filopodia.
Furthermore, an Fc fusion protein containing the extracellular region of the CD47 ligand SHPS-1 induced filopodium
formation, and this effect was enhanced by CD47 overexpression. SHPS-1-Fc also promoted neurite and filopodium
formation triggered by serum deprivation. Inhibition of Rac or Cdc42 preferentially blocked CD47-induced formation of
neurites and filopodia, respectively. Overexpression of CD47 resulted in the activation of both Rac and Cdc42. The
extracellular region of CD47 was sufficient for the induction of neurite formation by forced expression, but the entire
structure of CD47 was required for enhancement of filopodium formation by SHPS-1-Fc. Neurite formation induced by
CD47 was also inhibited by a mAD to the integrin 83 subunit. These results indicate that the interaction of SHPS-1 with
CD47 promotes neurite and filopodium formation through the activation of Rac and Cdc42, and that integrins containing

the B3 subunit participate in the effect of CD47 on neurite formation.

INTRODUCTION

The extension of axons from neurons to their target cells
during development of the nervous system is guided by a
variety of environmental cues, which include diffusible che-
moattractants and chemorepellents, extracellular matrix
proteins, and cell adhesion molecules (Tessier-Lavigne and
Goodman, 1996; Dickson, 2002). In response to these guid-
ance cues, the growth cone of the axon produces and retracts
filopodia and lamellipodia, processes that require the tem-
poral and spatial regulation of the actin cytoskeleton. Mem-
bers of the Rho family of small G proteins, including Rho,
Rac, and Cdc42, are implicated as key mediators that link
guidance signals to rearrangement of the actin cytoskeleton
(Ridley et al., 1992; Nobes and Hall, 1995; Kozma et al., 1997;
Luo et al., 1997; Hirose et al., 1998; Takai et al., 2001; Arakawa
et al., 2003). Although Rac and Cdc42 promote neurite ex-
tension, Rho inhibits it or induces growth cone collapse.
These proteins are also implicated in dendritic development
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(Threadgill et al., 1997). Although certain guidance factors,
including slit, semaphorin, and ephrin, have been shown to
regulate Rho family proteins (Wahl et al., 2000; Whitford and
Ghosh, 2001; Wong et al., 2001), it remains unclear how other
extracellular cues control neurite extension through these
small G proteins.

CD47, also known as integrin-associated protein (IAP),
was originally identified in association with the integrin
avB3 (Brown et al., 1990). It is a member of the immuno-
globulin (Ig) superfamily, possessing an Ig-V-like extracel-
lular region, five putative transmembrane domains, and a
short cytoplasmic tail (Brown and Frazier, 2001). CD47 is
implicated in the regulation of multiple cellular processes
including neutrophil migration (Cooper et al., 1995; Parkos et
al., 1996), T-cell activation (Reinhold et al., 1997; Waclavicek
et al., 1997), T- and B-cell apoptosis (Mateo et al., 1999;
Pettersen et al., 1999), and platelet activation (Chung et al.,
1997, 1999). The extracellular region of CD47 is responsible
for its association with the integrin 3 subunit (Lindberg et
al., 1996b). Although most CD47-mediated cellular re-
sponses likely involve the activation of integrins, in partic-
ular that of avB3 or allbB3 (Brown and Frazier, 2001), the
molecular mechanism of such activation is not fully under-
stood. The extracellular region of CD47 also binds the puta-
tive ligands thrombospondin-1 (TSP1; Gao et al., 1996;
Chung ef al., 1997; Brown and Frazier, 2001) and SHP sub-
strate-1 (SHPS-1; Jiang et al., 1999; Seiffert et al., 1999).

SHPS-1, also known as BIT or SIRPq, is a receptor-like
transmembrane protein that contains three Ig-like domains
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in its extracellular region as well as putative tyrosine phos-
phorylation sites and binding sites for the SH2 domains of
the protein tyrosine phosphatases, SHP-2 and SHP-1, in its
cytoplasmic region (Fujioka et al., 1996; Ohnishi et al., 1996;
Kharitonenkov ef al., 1997). Through its formation of a com-
plex with SHP-2, SHPS-1 promotes cell migration by regu-
lating reorganization of the actin cytoskeleton (Inagaki et al.,
2000). We and others have recently shown that CD47 and
SHPS-1 constitute a cell-cell communication system (the
CD47-SHPS-1 system) that plays an important role in a
variety of cell functions. The engagement of SHPS-1 by
CD47 inhibits formation of the SHPS-1-SHP-2 complex and
thus contributes to inhibition of cell migration by cell-cell
contact (Motegi ef al., 2003). The binding of CD47 on red
blood cells to SHPS-1 on macrophages also inhibits the
phagocytosis of red blood cells by macrophages, a process
that requires the interaction of SHP-1 with SHPS-1 (Olden-
borg et al., 2000, 2001). Monoclonal antibodies to CD47 in-
hibit neutrophil transmigration (Liu et al., 2001), suggesting
that the CD47-SHPS-1 system might mediate bidirectional
inhibitory regulation of cell migration. The signaling path-
way activated by the binding of SHPS-1 to CD47 remains
largely unknown, however. In contrast, certain cellular re-
sponses triggered by the binding of TSP1 to CD47 appear to
be mediated by the pertussis toxin (PTX)-sensitive heterotri-
meric G protein G; (Frazier et al., 1999; Brown and Frazier,
2001).

In the CNS, both CD47 and SHPS-1 are localized in syn-
apse-rich regions such as the hippocampus and cerebellum
(Jiang et al., 1999; H. Ohnishi and T. Matozaki, unpublished
observation). In the retina, both molecules are localized at
presynaptic or postsynaptic sites (or both); however, SHPS-1
fails to associate with synaptic sites in CD47 knockout mice,
suggesting that the interaction of SHPS-1 with CD47 is nec-
essary for its synaptic localization (Mi et al., 2000). In addi-
tion, the abundance of CD47 in the hippocampus has been
associated with memory retention in rats (Huang et al.,
1998), and long-term potentiation (LTP) is impaired in CD47
knockout mice (Chang et al., 1999), suggesting a role for
CD47 in synaptic plasticity and memory formation in the
hippocampus. Together, these observations suggest that,
through its interaction with SHPS-1, CD47 might mediate
neuronal cell-cell communication in a bidirectional manner
and thereby modulate synaptic transmission. Four alterna-
tively spliced isoforms of mouse CD47 mRNA have been
identified, one of which, designated form 4, is most abun-
dant in the brain (Reinhold et al., 1995).

Despite these various observations, however, the physio-
logical functions of CD47 in neuronal cells and the mode of
action of this protein remain mostly unknown. We have now
examined the role of CD47 in the regulation of neurite
remodeling in N1E-115 neuroblastoma cells.

MATERIALS AND METHODS
Primary Antibodies and Reagents

A rat mAb to mouse CD47 (miap 301) and a hamster mAb to mouse integrin
B1 subunit were obtained from PharMingen (San Diego, CA). A hamster mAb
to mouse integrin B3 subunit and a mouse mAb to human CD8 were from
eBioscience (San Diego, CA). Mouse mAbs to Cdc42 and to Rac were from
Santa Cruz Biotechnology (Santa Cruz, CA). A TSP1-derived synthetic pep-
tide, 4N1K (KRFYVVMWKK), and its control peptides (KVFRWKYVMK or
KRFYGGMWKK) were synthesized by BioSynthesis (Lewisville, TX) (Fuji-
moto et al., 2003) and Peptide Institute (Osaka, Japan). PTX was kindly
provided by F. Okajima (Gunma University, Gunma, Japan). Wortmannin
and echistatin were from Sigma (St. Louis, MO), and rhodamine-conjugated
phalloidin was from Molecular Probes (Eugene, OR). A cDNA encoding the
CRIB domain of rat p21PAKa was kindly provided by E. Manser (Institute of
Molecular and Cell Biology, Singapore, Singapore).

Vol. 15, August 2004

Promotion of Neurite Formation by CD47

Plasmids

Mouse CD47 form 2 cDNA was kindly provided by F. P. Lindberg (Wash-
ington University, St. Louis, MO). Mouse CD47 form 4 cDNA was obtained
by PCR with mouse brain cDNA as template. Both CD47 cDNAs were
subcloned in the pCAGGS vector (Niwa et al., 1991), which was kindly
provided by J. Miyazaki (Osaka University, Osaka, Japan). Plasmids en-
coding green fluorescent protein (GFP)-N17Racl and GFP-NWASP-CRIB
were kindly provided by S. Narumiya (Kyoto University, Kyoto, Japan)
and Y. Takai (Osaka University, Osaka, Japan), respectively. Plasmid
encoding GFP-actin was kindly provided by M. Takahashi (Kitasato Uni-
versity, Kanagawa, Japan), The GFP expression vector pGFP-N3 was from
Clontech (Palo Alto, CA).

To construct a cDNA for the chimeric protein CD8-CD47MMS, we first
performed PCR with the sense primer 5'-CCGAATTCGTCTTCATCGGTGT-
GGGCGTG-3', the antisense primer 5-TAGAAGGCACAGTCGAGGCT-
GATC-3', and the full-length mouse CD47 form 2 cDNA as template in order
to obtain a cDNA encoding the multiple membrane-spanning segments and
short cytoplasmic tail of CD47 (amino acids 161-324). The PCR product was
digested with EcoRI and NotI and then subcloned into the corresponding sites
of pTracer-CMV (Invitrogen, Carlsbad, CA). The extracellular domain of
human CD8 (amino acids 1-194) was amplified from the corresponding
full-length cDNA by PCR with the sense primer 5'-CCGGTACCGCCCTTC-
CAAGCTTATGGCC-3' and the antisense primer 5'-CCGAATTCCCCA-
CAAGTCCCGGCCAAGGG-3'. Both the PCR product and the plasmid con-
taining CD47-MMS cDNA were then digested with EcoRI and Kpnl, and the
resulting fragments were ligated.

To construct a cDNA for the chimeric protein CD47EX-TM, we first per-
formed PCR with the sense primer 5-GGGAATTCGTCTTCATCGGTGT-
GGGCGTG-3', the antisense primer 5-TAGAAGGCACAGTCGAGGCT-
GATC-3', and a ¢cDNA encoding mouse SHPS-1ACyto (Sato ef al., 2003) as
template in order to obtain a cDNA encoding the transmembrane domain and
a short portion of the cytoplasmic domain of SHPS-1 (amino acids 374—404).
The PCR product was digested with EcoRI and NotI and then subcloned into
the corresponding sites of pTracer-CMV. A ¢cDNA for the extracellular do-
main of CD47 (amino acids 1-140) was also amplified from full-length mouse
CD47 form 4 cDNA by PCR with the sense primer 5'-CCGGTACCTGATC-
CAGACACCTGCGGCG-3" and the antisense primer 5-CCGAATTCCTTT-
TCATTTGGAGAAAACCA-3'. Both the PCR product and the plasmid con-
taining SHPS-1-TM ¢cDNA were then digested with EcoRI and Kpnl and the
resulting fragments were ligated.

To generate a cDNA for the CD47 deletion mutant CD47ACterm (lacking
amino acids 290-321), we performed PCR with mouse CD47 form 4 cDNA as
template, the sense primer 5'-TGGGCAACGTGCTGGTTGTTGTGC-3’, and
the antisense primer 5'-CCGAATTCTCACAGGTCCTCCTCGGAGATCAGC-
TTCTGTTCCTTCATATAAACTAA-3'. The PCR product was then digested
with EcoRI and subcloned into the corresponding site of pCAGGS.

Cell Culture and Transfection

All cells were maintained at 37°C under a humidified atmosphere of 5%
CO, in air. Mouse N1E-115 neuroblastoma cells (kindly provided by S.
Narumiya) and COS-7 cells were cultured in DMEM (Invitrogen, Rock-
ville, MD) supplemented with 10% fetal bovine serum (FBS; Invitrogen).
H-Ras-transformed CHO (CHO-Ras) cells overexpressing mouse CD47
(kindly provided by N. Honma, Kirin Brewery Co. Ltd., Gunma, Japan)
were cultured in «MEM (Sigma) supplemented with 2 mM r-glutamine, 10
mM HEPES-NaOH (pH 7.4), 10% FBS, and geneticin (500 ug/ml; Invitro-
gen). Mouse hippocampal neurons were isolated from mouse embryos at
gestational day 17-18 as described previously (Hayashi et al., 2002). The
cells were plated on culture dishes at a density of 4 X 10* cells/cm?. The
hippocampal neurons were maintained in serum-free medium (Neuro-
basal A medium [Invitrogen] supplemented with 0.5 mM glutamine and
B27 supplement [Invitrogen]) at 37°C in a humidified 10% CO, atmo-
sphere. Cells were transfected with expression plasmids by the use of
Lipofect AMINE2000 (Invitrogen).

Assay for Neurite Formation and Immunocytofluorescence
Analysis

For determination of neurite and filopodium formation, N1E-115 cells or
primary cultured neurons were cultured on cover glasses or in culture dishes
coated with SHPS-1-Fc; the latter were prepared by incubating 35-mm dishes
overnight at 4°C with SHPS-1-Fc (25 ug/ml) in PBS and then washing twice
with PBS. For cultured neurons, culture dishes were subsequently coated with
poly-p-lysine (25 ug/ml). Cells were transfected with the indicated plasmids,
fixed for 20-30 min at room temperature with PBS containing 4% parafor-
maldehyde and 0.1% glutaraldehyde, and then permeabilized for 60 min at
room temperature with PBS containing 0.1% Triton X-100 and 5% goat serum.
They were incubated for 1 h at room temperature or overnight at 4°C with
primary antibodies diluted in the permeabilization solution, washed with
PBS, and then incubated for 1 h at room temperature with Cy3- or Alexa488-
conjugated secondary antibodies (Molecular Probes). For costaining of
F-actin, cells were incubated with rhodamine-conjugated phalloidin together
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with the secondary antibodies. The cells were finally washed with PBS and
mounted. Fluorescence signals were acquired with an Olympus AX-70 mi-
croscope (Tokyo, Japan). Digital images were obtained with a cooled CCD
camera, PXL (Photometrics, Tucson, AZ) and IPLab Image analysis software
(Scanalytics, Billerica, MA), or confocal laser scanning microscope, LSM 5
Pascal (Zeiss, Oberkochen, Germany). For quantitation of neurite formation,
>100 cells were identified in randomly chosen fields of view; a neurite was
defined as a process whose length was at least equal to that of the cell body,
and the percentage of cells with neurites was calculated.

Preparation of SHPS-1-Fc Fusion Proteins

Mouse and human SHPS-1-Fc fusion proteins were prepared as described
previously (Motegi et al., 2003). In brief, cDNAs encoding the extracellular
domain of mouse SHPS-1 (amino acids 1-371) or that of human SHPS-1
(amino acids 1-368) were amplified by PCR from the corresponding full-
length cDNAs, digested with EcoRI and Spel, and ligated into the correspond-
ing sites of pEFneoFc76, an Fc fusion protein expression vector encoding a
cDNA of the Fc portion of human IgGl. The resulting constructs were
digested with PstI and Notl, and the released fragments were subcloned into
the corresponding sites of pTracer-CMV. CHO-Ras cells were transfected
with the resulting plasmids and subjected to selection with Zeocin (Invitro-
gen). Several cell lines producing each SHPS-1-Fc protein were identified by
immunoblot analysis of culture supernatants with polyclonal antibodies to
human IgG. The SHPS-1-Fc fusion proteins were then purified from such
culture supernatants by column chromatography on protein A-Sepharose 4FF
(Amersham Pharmacia Biotech, Piscataway, NJ).

Immunoblot Analysis

N1E-115 cells (~1 X 10°) were washed with ice-cold PBS and then lysed on ice
in 1 ml of lysis buffer (20 mM Tris-HCI, pH 7.6, 140 mM NaCl, 1 mM EDTA,
1% NP-40) containing 1 mM PMSF, aprotinin (10 ug/ml), and 1 mM sodium
vanadate. The lysates were centrifuged at 21,000 X g for 15 min at 4°C, and the
resulting supernatants were subjected to immunoblot analysis as described
previously (Motegi et al., 2003). For immunoblot analysis with the mAb to
CD47, however, cells were solubilized in SDS sample buffer under nonreduc-
ing conditions.

Assay of Activated Rac and Cdc42

Activated Rac and Cdc42 were assayed as described previously (Inagaki ef al.,
2000; Kawakatsu et al., 2002). In brief, COS-7 cells in 60-mm dishes were
transfected with 2 ug of pPCAGGS containing full-length mouse CD47 form 4
cDNA and, after 24 h, lysed in a solution containing either 50 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 1% NP-40, 10 mM NaF, 1 mM EDTA, and 1 mM
EGTA for the Rac assay or 50 mM Tris-HCI (pH 7.4), 100 mM NaCl, 1% Triton
X-100, 10 mM MgCl,, 0.2% sodium deoxycholate, and 1 mM DTT for the
Cdc42 assay; both solutions also contained 1 mM PMSF, leupeptin (10 ug/
ml), and aprotinin (10 pg/ml). The cell lysates were then incubated for 45 min
at 4°C with a glutathione S-transferase (GST) fusion protein that contained the
CRIB domain (amino acids 70-106) of rat p21PAKa and was bound to
glutathione-Sepharose beads (Amersham Pharmacia Biotech). Lysate proteins
that bound to the beads were subjected to immunoblot analysis with mAbs to
Rac or to Cdc42. The total abundance of each small G protein was also
determined by immunoblot analysis of cell lysates.

RESULTS

Effects of Forced Expression of CD47 on the Formation of
Neurites and Filopodia in N1E-115 Cells

We first examined the endogenous expression of CD47 in
mouse N1E-115 neuroblastoma cells. Immunoblot analysis
of N1E-115 cell lysates with a mAb to mouse CD47 revealed
an immunoreactive protein of ~50 kDa, similar to that ap-
parent in CHO-Ras cells overexpressing CD47 form 2 (Fig-
ure 1A). Of the four alternatively spliced isoforms (forms
1-4) of CD47 mRNA identified, form 2 is present ubiqui-
tously whereas form 4 is the predominant isoform in the
brain (Reinhold et al., 1995). Compared with the protein
encoded by the form 2 mRNA, that encoded by the form 4
mRNA lacks 21 amino acids in the extracellular juxtamem-
brane region and contains an additional 18 amino acids in
the COOH-terminal tail (Reinhold et al., 1995; Jiang et al.,
1999). We prepared expression plasmids containing either
form 2 or form 4 mouse CD47 cDNA. Transient transfection
of N1E-115 cells with either of these plasmids resulted in the
production of an ~50-kDa protein immunoreactive with the
mAb to CD47 (Figure 1B).
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In the absence of serum, most (~80%) N1E-115 cells be-
came flattened and extended neurites with prominent
growth cones (Figure 1C), consistent with previous obser-
vations (Hirose et al., 1998). A neurite was defined as a
process with a length at least equal to that of the cell body.
We also confirmed the previous observation (Suidan et al.,
1992; Jalink et al., 1993; Hirose et al., 1998) that the addition
of 10% FBS to these cells induced growth cone collapse and
neurite retraction (Figure 1C). Thus, only ~20% of cells
possessed neurites in the presence of serum. Immunostain-
ing of N1E-115 cells with the mAb to CD47 revealed a low
level of CD47 expression in the absence or presence of FBS
(Figure 1C), consistent with the results of immunoblot anal-
ysis (Figure 1A).

We then examined the effect of forced expression of CD47
on the morphology of N1E-115 cells, as revealed by staining
of F-actin with rhodamine-conjugated phalloidin. The ex-
pression of CD47 was detected by immunostaining of cells
with the mAb to CD47. Even in the presence of 10% FBS,
forced expression of CD47 form 2 or form 4, but not that of
GFP (control), induced marked neurite formation and the
adoption of a flattened cell morphology within 24 h after
transfection (Figure 2A). Quantitative analysis revealed that
~40% of cells transfected with CD47 form 2 or form 4 cDNA
exhibited neurite formation; this effect of CD47 overexpres-
sion was therefore smaller than that of serum deprivation
(Figure 2B). Serum deprivation induced the formation of
prominent filopodia at growth cone-like structures apparent
at the distal end of neurites (Figure 2C). Forced expression of
CD47 form 4, but not that of GFP, promoted the formation of
filopodia at growth cones as well as at the periphery of the
cell body (Figure 2C). Forced expression of CD47 form 2 also
promoted formation of filopodia at growth cones (our un-
published results). Given that expression of each form of
CD47 yielded similar phenotypes, we examined the effects
only of CD47 form 4 in subsequent experiments.

Effects of an SHPS-1-Fc Fusion Protein and Forced
Expression of CD47 on Formation of Filopodia in N1E-115
Cells

SHPS-1 (Jiang et al., 1999; Seiffert et al., 1999) and TSP1 (Gao
et al., 1996, Chung et al., 1997) are ligands for CD47. It is also
shown that plating of postnatal mouse cerebellar neurons on
recombinant SHPS-1 induces neurite formation in vitro
(Jiang et al., 1999). We therefore next examined the effect of
a recombinant fusion protein containing the extracellular
region of mouse SHPS-1 and the Fc portion of human Ig on
the morphology of N1E-115 cells in the presence of 10% FBS.
Plating of the cells on a dish coated with the SHPS-1-Fc
protein induced the formation of filopodia at the cell periph-
ery (Figure 3A). It also induced the generation of small
spike-like neurites, but the length of these processes did not
exceed that of the cell body. These effects were not observed
with cells plated on dishes coated with either control human
IgG or a human SHPS-1-Fc fusion protein (Figure 3A). Con-
sistent with these observations, mouse SHPS-1-Fc binds to
mouse CD47 expressed on the surface of CHO-Ras cells
(Sato et al., 2003), whereas human SHPS-1-Fc does not (our
unpublished results). Mouse SHPS-1-Fc also enhanced
filopodium formation at growth cones as well as at the
trunks of neurites and the periphery of the cell body in cells
overexpressing CD47 (Figure 3A). The number of filopo-
dium (per 10 um-length of neurite) in CD47-overexpressing
cells plated on SHPS-1-Fc (13.0 = 0.9, n = 5 cells) was
significantly larger than that of CD47-overexpressing cells
plated on human IgG (2.9 = 0.3, n = 5 cells, p < 0.0001).
Moreover, these effects were not observed in cells plated on
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Figure 1. Expression of CD47 and effects of
serum deprivation on neurite formation in N1E-
115 cells. (A) Lysates of N1E-115 cells, of CHO-
Ras cells, or of CHO-Ras cells stably expressing
mouse CD47 form 2 (CHO-Ras-CD47) were
subjected to immunoblot analysis with a mAb
to CD47 (aCD47). (B) N1E-115 cells transfected
with a vector for GFP (Mock) or with a vector
containing mouse CD47 form 2 or form 4 cDNA
were lysed 24 h after transfection and subjected
to immunoblot analysis with a mAb to CD47.
(C) N1E-115 cells were cultured in the absence
(Serum (—); a and c) or presence (Serum (+); b
and d) of 10% FBS for 24 h, fixed, and stained
with a mAb to CD47 (c and d); phase-contrast
images of the same cells are also shown (Phase;
a and b). Scale bar, 50 um. All results shown are
representative of three separate experiments.

Phase

aCD47

human SHPS-1-Fc. Mouse SHPS-1-Fc did not affect the neu-
rite elongation or the number of neurite per cell in cells
overexpressing CD47 (our unpublished results).

A synthetic peptide (4N1K) based on the COOH-terminal
region of TSP1 and containing the RFYVVM sequence is able
to substitute for the intact protein in stimulation of integrin-
dependent platelet activation, an effect mediated by the
binding of the 4N1K peptide or intact TSP1 to CD47 (Chung
et al., 1997; Dorahy et al., 1997). We have recently shown that
the interaction of the 4N1K peptide with CD47 alters the
binding affinity of integrin aIIbg3 (Fujimoto et al., 2003). We
thus examined the effect of the 4N1K peptide on filopodium
formation in N1E-115 cells. However, plating of cells on
dishes coated with the 4N1K peptide or a control peptide
failed to induce filopodium formation in N1E-115 cells trans-
fected with a vector for either GFP or CD47 (Figure 3B).

Role of CD47 in the Formation of Neurites and Filopodia
in Response to Serum Deprivation

To evaluate the contribution of endogenous CD47 to the
neurite and filopodium formation elicited by serum de-
privation, we examined the effects of mouse SHPS-1-Fc on
these processes. One hour after serum deprivation, ~35%
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Serum (-)

Serum (+)

of N1E-115 cells plated on control human IgG exhibited
neurite formation (Figure 4, A and C). In contrast, ~55%
of cells plated on SHPS-1-Fc manifested neurite formation
1 h after serum deprivation. Furthermore, the percentage
of cells with long processes (those whose length was more
than twice that of the cell body) was markedly greater for
those plated on SHPS-1-Fc than for those plated on hu-
man IgG (Figure 4C). In addition, filopodium formation
was more extensive in cells plated on SHPS-1-Fc than in
those grown on human IgG (Figure 4, A and B). The
number of cells extending neurites and the extent of filop-
odium formation were greater for cells plated on SHPS-
1-Fc than for those plated on human IgG even at 3 or 15h
after serum deprivation (Figure 4, A and C), although the
effects of SHPS-1-Fc were smaller than that observed at
1 h after serum deprivation (Figure 4C). These results
suggest that the binding of SHPS-1 to endogenous CD47
expressed on N1E-115 cells potentially promotes the ini-
tiation of neurite and filopodium formation by serum
deprivation. In contrast, SHPS-1-Fc did not affect the
number of neurite per cell in serum-deprived cells (our
unpublished results).
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Figure 2. Neurite and filopodium formation induced in N1E-115 cells by overexpression of CD47. (A) N1E-115 cells were transfected with
expression vectors for CD47 form 2 (a and d), CD47 form 4 (b and e), or GFP (c and f). After incubation for 24 h in the presence of 10% FBS,
the cells were stained with rhodamine-conjugated phalloidin (Phalloidin; a-c) or a mAb to CD47 (d and e); GFP fluorescence (GFP) is shown
in f. Arrows indicate cells expressing recombinant CD47 or GFP. Scale bar, 50 um. (B) N1E-115 cells were cotransfected with vectors for GFP
and CD47 form 2 or 4 (or the corresponding empty vector [Vector]). After incubation for 24 h in the presence of 10% FBS, the cells were stained
with a mAb to CD47. The percentage of cells expressing both CD47 and GFP that exhibited neurites at least as long as the cell body was
determined. The effect of serum deprivation on neurite formation was also quantified for N1E-115 cells transfected with the GFP vector alone
(Serum (—)). Data are means = SE of values from three separate experiments. (C) N1E-115 cells were transfected with an expression vector
for GFP (a and c) or for CD47 form 4 (b). After culture for 24 h in the presence (a and b) or absence (c) of 10% FBS, the cells were stained
with rhodamine-conjugated phalloidin (red). Expression of GFP or CD47 was detected by GFP fluorescence and immunostaining with a mAb
to CDA47, respectively (green). Scale bar, 10 um. Results in A and C are representative of three separate experiments.

Roles of Rac and Cdc42 in CD47-induced Neurite and
Filopodium Formation

Activation of Rac and Cdc42 mediates neurite formation in
response to serum deprivation (Kozma et al., 1997). We thus
examined whether Rac or Cdc42 contributes to CD47-depen-
dent neurite formation. Expression of a dominant negative
mutant of Racl (N17Racl) fused to GFP, but not of GFP
alone, prevented the induction of neurite formation in N1E-
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115 cells by overexpression of CD47 (Figure 5, A and B).
NWASP-CRIB specifically binds the GTP-bound (active)
form of Cdc42 and thereby inhibits its activity (Takenawa
and Miki, 2001). Expression of NWASP-CRIB fused to GFP,
however, only partially inhibited neurite formation in re-
sponse to forced expression of CD47 (Figure 5, A and B).
Expression of GFP-N17Racl, but not that of GFP, partly
inhibited filopodium formation in N1E-115 cells overex-
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On human
SHPS-1-Fc
B
Figure 3. Effects of an SHPS-1-Fc fusion pro-
tein and forced expression of CD47 on filopo-
dium formation. (A) N1E-115 cells plated on
dishes coated with mouse SHPS-1-Fc (a and b), On 4N1K

control human IgG (c and d), or human SHPS-

1-Fc (e and f) were transfected with a vector for

either GFP (a, ¢, and e) or CD47 form 4 (b, d, and

f). After culture for 24 h in the presence of 10%

FBS, the cells were stained with rhodamine-

conjugated phalloidin (red); those transfected

with the CD47 vector were also immunostained

with a mAb to CD47 (green), whereas those

transfected with the GFP vector were detected

by GFP fluorescence (green). (B) N1E-115 cells

plated on dishes coated with the 4N1K peptide On .
(a and b) or a control peptide (c and d) were control peptide
transfected with a vector for either GFP (a and ¢)

or CD47 form 4 (b and d). After culture for 24 h

in the presence of 10% FBS, the cells were

stained as in A. Scale bar, 50 um. All results are

representative of three separate experiments.

pressing CD47 and plated on mouse SHPS-1-Fc (Figure 5C).
In contrast, expression of GFP-NWASP-CRIB markedly in-
hibited filopodium formation under these conditions.

We next examined whether forced expression of CD47
indeed results in the activation of Rac or Cdc42. The
activity of these small G proteins was monitored directly
by precipitation of the GTP-bound form of each protein
with a GST fusion protein containing the Cdc42/Rac bind-
ing domain of the effector protein p21PAKa (Glaven et al.,
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1999). Expression of CD47 induced a marked increase in
the proportion of activated Rac (Figure 6A) and a smaller
increase in that of activated Cdc42 (Figure 6B) in COS-7
cells. These results suggest that the promotion of neurite
formation by CD47 is mediated by the activation of Rac
and, to a lesser extent, by that of Cdc42, whereas the
CD47-dependent formation of filopodia in cells plated
on SHPS-1-Fc appears to be mediated predominantly
through the activation of Cdc42.
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Determination of the Regions of CD47 Required for
Induction of Neurite and Filopodium Formation

CD47 possesses an Ig-V-like extracellular region, five puta-
tive transmembrane segments, and a short cytoplasmic tail
(Brown and Frazier, 2001). We next determined which re-
gions of CDA47 are required for the induction of neurite and
filopodium formation. For this purpose, we generated two
c¢DNAs encoding chimeric proteins (Figure 7A): one contain-
ing the extracellular Ig region of mouse CD47 fused to the
transmembrane region and proximal portion of the cytoplas-
mic tail of mouse SHPS-1 (CD47EX-TM), and the other com-
prising the extracellular Ig region of human CD8 fused to
the multiple membrane-spanning domains and short cyto-
plasmic tail of mouse CD47 (CD8-CD47MMS). In addition,
we generated a cDNA that encodes a mouse CD47 mutant
lacking the short cytoplasmic tail at the COOH-terminus
(CD47ACterm; Figure 7A). Expression of either CD47EX-TM
or CD47ACterm in N1E-115 cells induced neurite formation
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resentative of three separate experiments.

to an extent similar to that observed with wild-type CD47
(Figure 7, B and C). In contrast, expression of CD8-
CD47MMS failed to induce neurite formation (Figure 7, B
and C), although it did promote filopodium formation at the
cell periphery (Figure 7B).

Expression of CD47EX-TM in NI1E-115 cells plated on
mouse SHPS-1-Fc promoted filopodium formation but to a
markedly reduced extent compared with the effect of the
wild-type CD47 (Figure 7D). However, the extent of SHPS-
1-Fc binding to cell surface CD47EX-TM was markedly de-
creased, compared with that apparent with wild-type CD47
(our unpublished results), suggesting that the decreased
ligand affinity of CD47EX-TM was attributable to the de-
creased filopodium formation by CD47EX-TM on SHPS-1-
Fc. In addition, the expression of CD8-CD47MMS failed to
enhance the filopodium formation, which was promoted by
SHPS-1-Fc (Figure 7D). Expression of CD47ACterm also
enhanced the filopodium formation, but the effect was

Molecular Biology of the Cell



GFP

aCD47

Figure 5. Effects of a dominant negative mu-
tant of Rac and of NWASP-CRIB on CD47-
dependent neurite and filopodium formation.
(A) NI1E-115 cells were cotransfected with a
vector for CD47 form 4 and a vector for either
GFP (GFP + CD47; a and d), GFP-N17Racl
(GFP-RacDN; GFP-RacDN + CD47; b and e),
or GFP-NWASP-CRIB (GFP-NWASP-CRIB +
CDA47; ¢ and f). After culture for 24 h in the
presence of 10% FBS, the cells were immuno- C
stained with a mAb to CD47 (d-f) or moni-
tored for GFP fluorescence (a-c). Scale bar, 50
pm. (B) N1E-115 cells were cotransfected with
a vector for CD47 form 4 (closed column; or
the corresponding empty vector; open col-
umn) and a vector for either GFP (GFP +
vector, GFP + CD47), GFP-N17Racl (RacDN
+ vector, RacDN + CD47), or GFP-NWASP-
CRIB (NWASP-CRIB + vector, NWASP-CRIB
+ CD47). After culture for 24 h in the presence
of 10% FBS, the cells were analyzed as in A
and neurite formation was quantitated as de-
scribed in Figure 2B. Data are means * SE of
values from three separate experiments. (C)
N1E-115 cells were plated on dishes coated
with mouse SHPS-1-Fc and were transfected,
cultured, and analyzed as in A. Scale bar, 50
pm. Results in A and C are representative of
three separate experiments.

aCD47

slightly smaller than that of wild-type CD47 (our unpub-
lished results). These results indicate that the extracellular
region of CD47 is sufficient for promotion of neurite forma-
tion in N1E-115 cells, with the multiple transmembrane
domains and short cytoplasmic tail being dispensable for
this effect. The entire structure of CD47 appears to be re-
quired, however, for maximal enhancement of filopodium
formation in cells plated on SHPS-1-Fc.
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Participation of Integrins, But Not of PTX-sensitive G; or
Phosphoinositide 3-kinase, in CD47-mediated Neurite and
Filopodium Formation

CD47 interacts with integrins such as av3, allbf3, and
a2B1 through its extracellular region and participates in
integrin-mediated biological responses including cell migra-
tion and platelet activation (Brown and Frazier, 2001). Lami-
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A
Mock CD47

Active Rac

o
B Mock CD47
Active Cdc42 —-—

Total Cdc42

Figure 6. Activation of Rac and Cdc42 by forced expression of
CD47. COS-7 cells were transfected with a vector for CD47 form 4
(CDA47) or the corresponding empty vector (Mock). The cells were
lysed 24 h after transfection, and the GTP-bound (active) forms of
Rac (A) or Cdc42 (B) were precipitated with a GST fusion protein
containing the Rac/Cdc42 binding domain of p21PAKa. The result-
ing precipitates were subjected to immunoblot analysis with mAbs
to Rac or to Cdc42 (top panels). Whole cell lysates were also directly
subjected to immunoblot analysis with the same mAbs to determine
the total amounts of Rac or Cdc42 (bottom panels). Results are
representative of three separate experiments.

nin has been shown to promote neurite formation by bind-
ing to the integrin B1 subunit in serum-deprived N1E-115
cells (Sarner et al., 2000). In fact, we confirmed the surface
expression of either integrin B1 or 3 subunit in N1E-115
cells by using FACS analysis and immunocytochemistry
(our unpublished results). We therefore examined the effect
on CD47-dependent neurite formation of the disintegrin
echistatin, an RGD-containing peptide from viper venom
that specifically inhibits the function of integrins containing
Bl or B3 subunits (Pfaff et al., 1994). Echistatin markedly
inhibited neurite formation induced by forced expression of
CD47 in N1E-115 cells (Figure 8A). In contrast, this peptide
inhibited only slightly the formation of filopodia promoted
by CD47 expression in cells plated on mouse SHPS-1-Fc
(Figure 8B); it also failed to affect filopodium formation in

3958

nontransfected cells plated on SHPS-1-Fc (our unpublished
results). We also tested the effects of inhibitory mAbs to
integrin Bl or B3 subunits (Pasterkamp et al., 2003). The
mADb to 83, but not that to 81, exhibited a significant inhib-
itory effect on neurite formation induced by forced expres-
sion of CD47 (Figure 8A). Neither the mAb to 83 nor that to
B1 inhibited the enhancement by CD47 of filopodium for-
mation in cells plated on SHPS-1-Fc (Figure 8B). These
results suggest that the 83 subunit of integrins contributes to
CD47-dependent neurite formation but that it plays only a
minor role, if any, in the enhancement by CD47 of filopo-
dium formation in cells plated on SHPS-1-Fc. We also ex-
amined the effect of echistatin on neurite formation elicited
by serum deprivation. Echistatin markedly inhibited the
formation of neurites induced by serum deprivation in cells
plated on either control human IgG or SHPS-1-Fc (Figure
8C). Furthermore, the percentage of cells with long pro-
cesses (those whose length was more than twice that of the
cell body) was markedly decreased in the echistatin-treated
cells (Figure 8C). These results suggest that CD47, through
its interaction with the 83 subunit of integrins, participates
in the integrin-mediated neurite formation and elongation
induced by serum deprivation.

A PTX-sensitive G; is thought to mediate CD47-dependent
cellular responses such as cell spreading and platelet activa-
tion (Gao et al., 1996; Frazier et al., 1999; Brown and Frazier,
2001). However, PTX failed to inhibit the promotion of neu-
rite formation by forced expression of CD47 in N1E-115 cells
(Figure 8D). Phosphoinositide (PI) 3-kinase is also impli-
cated in neurite formation induced by serum deprivation
(Sarner et al., 2000). In addition, the spreading of platelets
induced by TSP1-CD47 interaction and the polarization of B
cells induced by SHPS-1-CD47 interaction are sensitive to
the PI 3-kinase inhibitor wortmannin (Gao et al., 1996; Yo-
shida et al., 2002). However, treatment of N1E-115 cells with
wortmannin failed to inhibit neurite formation induced by
CD47 (Figure 8D). PTX or wortmannin also had no effect on
the enhancement by CD47 of filopodium formation in N1E-
115 cells plated on mouse SHPS-1-Fc (Figure 8E). These
results indicate that neither G; nor PI 3-kinase participates in
the promotion of neurite formation by CD47 or in the en-
hancement by CD47 of filopodium formation in cells plated
on SHPS-1-Fc.

Effects of an SHPS-1-Fc Fusion Protein and Forced
Expression of CD47 on Formation of Filopodia in
Cultured Hippocampal Neurons

To investigate the physiological importance of CD47 func-
tion, we examined the effect of SHPS-1-Fc on the cell morph-
ology using primary cultured neurons. Mouse hippocampal
neurons were plated on a dish coated with the SHPS-1-Fc
protein and then cotransfected with vectors for GFP-actin
and CD47. Plating of cells overexpressing CD47 on mouse
SHPS-1-Fc markedly promoted filopodium formation, com-
pared with the effect of plating of cells overexpressing CD47
on control human IgG (Figure 9).

DISCUSSION

We have shown that forced expression of CD47 promoted
the formation of neurites and filopodia in N1E-115 neuro-
blastoma cells even in the presence of serum. The formation
of both neurites and filopodia requires rearrangement of the
actin cytoskeleton. CD47 is also implicated in the regulation
of platelet spreading (Chung et al., 1997), of migration and
phagocytosis in neutrophils (Gresham et al., 1989; Parkos et
al., 1996; Lindberg et al., 1996a), and of the promotion of
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Figure 7. Identification of the regions of CD47 responsible for the promotion of neurite and filopodium formation. (A) Schematic
representation of the CD47 mutants studied. CD47WT, wild-type CD47 form 4. (B) N1E-115 cells were transfected with a vector for CD47WT
(a), CD47EX-TM (b), or CD8-CD47MMS (c), incubated for 24 h in the presence of 10% FBS, and stained with rhodamine-phalloidin (red; a-c)
as well as with mAbs to either CD47 (green; a and b) or CD8 (green; c). Scale bar, 50 um. (C) N1E-115 cells were cotransfected with a vector
for GFP and the vectors for indicated mutants (or the corresponding empty vector [Vector]), incubated for 24 h in the presence of 10% FBS,
and then stained with a mAb to CD47. Quantitative analysis of neurite formation was performed as in Figure 2B. Data are means * SE of
values from three separate experiments. (D) N1E-115 cells plated on dishes coated with mouse SHPS-1-Fc were transfected, incubated, and
stained as in A. Scale bar, 50 um. Results in B and D are representative of three separate experiments.
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Figure 8. Effects of echistatin, inhibitory mAbs to integrin subunits, PTX, or wortmannin on CD47-induced neurite and filopodium
formation. (A) N1E-115 cells were cotransfected with a vector for CD47 (closed column; or the corresponding empty vector; open column)
and a vector for GFP and were then cultured for 24 h with 10% FBS in the absence (Control) or presence of echistatin (0.05 ug/ml).
Alternatively, the transfected cells were cultured for 24 h, detached from the dish, incubated for 5 min with normal mouse IgG (5 pug/ml;
Mouse IgG) or with mAbs to the integrin 3 (5 wg/ml; B3-antibody) or B1 (5 ug/ml; Bl-antibody) subunits, and then replated and cultured
for 24 h. All cells were then visualized either by CD47 immunofluorescence or by GFP fluorescence, and neurite formation was quantified
as in Figure 2B. Data are means = SE of values from three separate experiments. (B) N1E-115 cells plated on dishes coated with mouse
SHPS-1-Fc were transfected with a vector for CD47 and treated with echistatin or the mAbs to integrin 81 or 83 subunits as in A. They were
then stained with rhodamine-phalloidin (red) and a mAb to CD47 (green). Scale bar, 50 um. (C) N1E-115 cells were plated on dishes coated
with control human IgG or with mouse SHPS-1-Fc and were cultured for 4 h in the presence of 10% FBS. Cells were subjected to serum
deprivation in the absence or presence of echistatin (0.05 wg/ml). After incubation for 1 h, the percentages of cells with neurites whose length
corresponded to 1X to 2X (open column), 2X to 3X (gray column), or >3X (closed column) that of the cell body were determined. Data are
means * SE of values obtained from 15 randomly chosen fields. (D) N1E-115 cells were cotransfected with a vector for CD47 (closed column;
or the corresponding empty vector; open column) and a vector for GFP, cultured for 24 h with 10% FBS in the absence (Control) or presence
of PTX (100 ng/ml) or wortmannin (100 nM), and then stained with a mAb to CD47. Quantitative analysis of neurite formation was
performed as in Figure 2B. Data are means + SE of values from three separate experiments. (E) N1E-115 cells plated on dishes coated with
mouse SHPS-1-Fc were transfected with a vector for CD47, cultured for 24 h with 10% FBS in the absence (Control; a) or presence of PTX
(100 ng/ml; b), or wortmannin (100 nM; c), and stained with rhodamine-phalloidin (red) and a mAb to CD47 (green). Scale bar, 50 um.
Results in B, C, and E are representative of three separate experiments.

rites and filopodia through regulation of the actin cytoskel-
eton. We also found that plating of nontransfected N1E-115
cells on mouse SHPS-1-Fc induced filopodium formation in

polarity in B cells (Yoshida et al., 2000), all processes that also
require rearrangement of the actin cytoskeleton. Forced ex-
pression of CD47 may thus promote the formation of neu-
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On
human IgG
Figure 9. Effects of an SHPS-1-Fc fusion protein and
forced expression of CD47 on filopodium formation in
cultured hippocampal neurons. Mouse hippocampal
neurons were cultured on dishes coated with control
human IgG (A and B) or mouse SHPS-1-Fc (C and D) for
3 days. Neurons were then cotransfected with the vec- On
SHPS-1-Fc

tors for GFP-actin and CD47 (A-D). Four days after
transfection, neurons were immunostained with a mAb
to CD47 (red). The cell morphology was examined by
fluorescence of GFP-actin (green). Magnification: (A
and C) X630; (B and D) X1000. Scale bar for A, 20 um;
for B, 10 um. All results are representative of three
separate experiments.

the presence of serum. Human SHPS-1-Fc, which does not
bind to mouse CD47, was unable to induce this response. In
addition, the promotion of filopodium formation by forced
expression of CD47 was enhanced by mouse SHPS-1-Fc.
Together, these results suggest that the binding of SHPS-1 to
endogenous or recombinant CD47 expressed on the surface
of N1E-115 cells promotes filopodium formation. Further-
more, SHPS-1-Fc markedly enhanced both neurite and
filopodium formation induced by serum deprivation in non-
transfected N1E-115 cells.

In contrast to mouse SHPS-1-Fc, a synthetic peptide
(4N1K) based on the COOH-terminal domain of TSP1 failed
to induce filopodium formation in nontransfected N1E-115
cells and did not enhance this response in cells overexpress-
ing CD47. The binding of the 4N1K peptide or intact TSP1 to
CD47 stimulates integrin-mediated platelet activation,
spreading, and aggregation (Chung et al., 1997; Dorahy et al.,
1997; Fujimoto et al., 2003). Our present results suggest that
the binding of TSP1 to CD47 does not stimulate the forma-
tion of neurites and filopodia in N1E-115 cells. However,
TSP1 might be present in the serum and it could participate
in neurite formation induced by CD47.

We also investigated the molecular mechanisms by which
forced expression of CD47 promotes the formation of neu-
rites and filopodia. In cultured fibroblasts, Rac and Cdc42
mediate the growth factor-induced formation of lamellipo-
dia and filopodia, respectively (Nobes and Hall, 1995; Takai
et al., 2001). In N1E-115 cells, dominant active mutants of Rac
and of Cdc42 also induced lamellipodium and filopodium
formation, respectively (Kozma et al., 1997); however, neu-
rite formation induced by serum deprivation was inhibited
by expression of dominant negative mutants of Rac or of
Cdc42 (Kozma et al., 1997). Thus, both Rac and Cdc42 are
required for neurite formation in N1E-115 cells, with the
former participating predominantly in lamellipodium for-
mation and the latter in filopodium formation. Expression of
a dominant negative mutant of Rac markedly inhibited neu-
rite formation induced by forced expression of CDA47,
whereas expression of NWASP-CRIB partly inhibited this
response. In contrast, expression of NWASP-CRIB markedly
inhibited SHPS-1-Fc-induced filopodium formation in
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CD47-overexpressing cells, whereas the dominant negative
mutant of Rac exhibited only a small such inhibitory effect.
Forced expression of CD47 indeed induced the activation of
both Rac and Cdc42, although its effect on Rac activity was
greater. Overexpression of CD47 may therefore promote
neurite fomation predominantly through the activation of
Rac, whereas SHPS-1-Fc-induced filopodium formation in
CD47-overexpressing cells might be mediated mostly by
Cdc42.

We also showed that the extracellular region of CD47 was
sufficient for the induction of neurite fomation by forced
expression. CD47 associates with the integrins allbp3, aV33,
and «2B1 (Brown and Frazier, 2001). Echistatin, a disintegrin
for the integrin 81 and B3 subunits, and an mAb to the 3
subunit (but not an mAb to B1) each inhibited neurite for-
mation induced by forced expression of CD47, implicating
the B3 subunit in this response. The extracellular region of
CD47 interacts with the integrin 83 subunit and is sufficient
for CD47-dependent integrin function (Lindberg et al.,
1996b), consistent with our observation that the extracellular
region of CD47 was sufficient for neurite formation induced
by overexpression of CD47. In addition, integrins mediate
the activation of Rac and Cdc42, thereby regulating cell
polarity, cell spreading, and cell adhesion (Price ef al., 1998;
Etienne-Manneville and Hall, 2001; Del Pozo ef al., 2002).
Forced expression of CD47 may thus activate Rac and Cdc42
and thereby promote neurite formation through the interac-
tion of its extracellular region with the integrin 3 subunit in
N1E-115 cells. In contrast, CD47EX-TM failed to enhance
filopodium formation induced by SHPS-1-Fc, suggesting
that the extracellular region of CD47 is insufficient for the
enhancement by CD47 of filopodium formation induced by
SHPS-1-Fc. However, we also found that the binding of
SHPS-1-Fc to CD47EX-TM expressed on N1E-115 cells was
markedly reduced, compared with that apparent with wild-
type CD47 (our unpublished results). This might be due to
the lack of a long-range disulfide bond (between the extra-
cellular region and the multiple membrane-spanning do-
mains), which is shown to be required for the maximal
affinity of CD47 for SHPS-1 (Rebres et al., 2001), in CD47EX-
TM. Thus, the reduced affinity of CD47EX-TM for SHPS-1
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may be attributable to its minimal effect on the enhancement
of filopodium formation by SHPS-1-Fc. In either case, our
present results suggest that the entire structure of CD47 is
required for the enhancement by CD47 of filopodium for-
mation induced by SHPS-1-Fc. Furthermore, neither echista-
tin nor the mAb to the integrin 83 subunit inhibited the
enhancement by CD47 of filopodium formation induced by
SHPS-1-Fc. Integrins might therefore not contribute to this
effect of CD47.

CD47 is physically coupled to a PTX-sensitive G; protein
(Frazier et al., 1999). In addition, PTX blocks platelet spread-
ing, melanoma cell spreading, and chemotaxis of smooth
muscle cells all in response to the 4N1K peptide (Gao et al.,
1996; Chung et al., 1997, Wang et al., 1999), suggesting that
the binding of TSP1 to CD47 activates downstream signaling
via a PTX-sensitive G;. However, PTX failed to inhibit neu-
rite and filopodium formation induced by forced expression
of CD47 in NI1E-115 cells. Cell spreading induced by the
4N1K peptide is also blocked by wortmannin, suggesting a
role for PI 3-kinase in this response (Gao et al., 1996). How-
ever, again, wortmannin did not inhibit neurite and filopo-
dium formation induced by the forced expression of CD47 in
NI1E-115 cells. Thus, neither G; nor PI 3-kinase appears to
contribute to the neurite and filopodium formation induced
by overexpression of CD47 in N1E-115 cells.

In summary, we propose the following model for the
mode of CD47 action in the promotion of neurite and
filopodium formation in neuronal cells. In response to its
engagement by SHPS-1, CD47 promotes neurite and filop-
odium formation induced by extracellular stimuli such as
serum deprivation. Its promotion of neurite formation is
mediated presumably through interaction of its extracel-
lular region with integrins containing the g3 subunit. In
contrast, its promotion of filopodium formation requires
an intact CD47 structure but not integrins. The promotion
of neurite formation by CD47 is also mediated predomi-
nantly through the activation of Rac, whereas that of
filopodium formation is mediated mainly through Cdc42.
However, whether CD47 induces the activation of Rac
through integrins as well as the mechanism by which it
activates Cdc42 remain unknown.

We also found that forced expression of CD47, through its
interaction with SHPS-1, promoted the formation of filopo-
dia in cultured hippocampal neurons. During development,
dendritic protrusions start out as filopodia, which search out
contacts with synaptic terminals and then mature into adult
spines (Ziv and Smith, 1996). In adults, modulation of the
number and shape of spines is associated with synaptic
plasticity (Lendvai et al., 2000). Our results suggest the pos-
sibility that, through its interaction with SHPS-1, CD47 ex-
pressed on the surface of neurons positively regulates filop-
odium formation and thereby contributes to the generation
and reconstruction of neuronal networks. Ligand-receptor
interactions involving several transmembrane proteins are
implicated in learning and the formation of long-term mem-
ory (Murase and Schuman, 1999). For example, N-cadherin
is thought to play an important role in the establishment of
neuronal networks, with N-cadherin knockout mice exhib-
iting a marked defect in LTP (Manabe et al., 2000). CD47
knockout mice also exhibit impaired memory retention and
defective LTP (Chang et al., 1999). Such phenotypes might be
due to an impairment of neurite and filopodium formation
that results from the loss of the promoting effect of CD47,
through its interaction with SHPS-1, on this process.
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