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The semaphorin 4D (Sema4D) receptor plexin-B1 constitutively interacts with particular Rho guanine
nucleotide exchange factors (RhoGEFs) and thereby mediates Sema4D-induced RhoA activation, a process
which involves the tyrosine phosphorylation of plexin-B1 by ErbB-2. It is, however, unknown how plexin-B1
phosphorylation regulates RhoGEF activity. We show here that activation of plexin-B1 by Sema4D and its
subsequent tyrosine phosphorylation creates docking sites for the SH2 domains of phospholipase Cy (PLCy).
PLCy is thereby recruited into the plexin-B1 receptor complex and via its SH3 domain activates the Rho
guanine nucleotide exchange factor PDZ-RhoGEF. PLCvy-dependent RhoGEF activation is independent of its
lipase activity. The recruitment of PLCy has no effect on the R-Ras GTPase-activating protein activity of
plexin-B1 but is required for Sema4D-induced axonal growth cone collapse as well as for the promigratory
effects of Sema4D on cancer cells. These data demonstrate a novel nonenzymatic function of PLCy as an
important mechanism of plexin-mediated signaling which links tyrosine phosphorylation of plexin-B1 to the
regulation of a RhoGEF protein and downstream cellular processes.

Mammalian semaphorins were originally identified as axon
guidance factors but are now recognized also as important
regulators of morphogenesis and homeostasis in various organ
systems, including the immune, cardiovascular, and renal sys-
tems (3-5, 7, 19, 23, 30, 35, 40, 56, 64, 76). Most effects of
semaphorins are mediated by a group of large transmembrane
proteins called plexins, of which four families exist in the mam-
malian system: plexin-Al to -4, plexin-B1 to -3, plexin-C1, and
plexin-D1 (60, 61). The four members of the plexin-A family in
most cases require neuropilins as ligand binding partners to
respond to semaphorins, whereas the three members of the
plexin-B family are directly activated by semaphorins. While
plexin-B1 binds Sema4D, plexin-B2 can be activated by
Semad4C and Sema4D, and plexin-B3 has been shown to
respond to SemaSA (31, 35).

The activation of plexins by semaphorins initiates a variety
of signaling processes, which involve several small GTPases of
the Ras and Rho families (31, 34, 43). All plexin family
members possess an R-Ras GTPase-activating protein (GAP)
domain (36). Activated plexin-B1 and -A1l have been shown to
also interact with other small GTPases, including GTP-bound
Racl and RhoD as well as Rnd1, Rnd2, and Rnd3 (14, 37, 48,
63, 67, 68, 74). Different from other plexin families, the C
terminus of B-family plexins contains a PDZ domain-binding
motif which mediates a stable interaction with the guanine
nucleotide exchange factors PDZ-RhoGEF and LARG (1, 15,
26, 39, 57). Activation of the plexin-B1/PDZ-RhoGEF com-
plex by semaphorin 4D (Sema4D) results in RhoA activation
downstream of plexin-B1 (15, 39, 57). Members of the plexin-B
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family also interact with and are phosphorylated by the recep-
tor tyrosine kinases ErbB-2 and c-Met (12, 22, 58). ErbB-2-
mediated phosphorylation of plexin-B1 is required for plexin-
mediated RhoA activation and downstream cellular effects,
including the promigratory effects of Sema4D on cancer cells
and the induction of axonal growth cone collapse by Sema4D
(58, 59). However, the molecular mechanisms linking ErbB-2-
mediated phosphorylation of plexin-B1 to the regulation of
RhoA activity and subsequent cellular effects are unknown.
Here we report that upon activation by Sema4D,
plexin-B1 becomes phosphorylated by ErbB-2 at particular
tyrosine residues on its intracellular portion. These phos-
phorylated tyrosine residues serve as docking sites for the
SH2 domains of PLCy. PLCry is thereby recruited into the
plexin-B1 receptor complex and through its SH3 domain
mediates RhoA activation and downstream cellular effects.

MATERIALS AND METHODS

Antibodies and reagents. The following antibodies were used: mouse mono-
clonal anti-Myc (9E10), rabbit polyclonal anti-R-Ras, rabbit polyclonal anti-
PLC~2, and goat polyclonal anti-plexin-B2 (Santa Cruz Biotechnology); mouse
monoclonal anti-G protein of vesicular stomatitis virus (VSV), mouse monoclo-
nal anti-a-tubulin, mouse monoclonal and rabbit polyclonal anti-FLAG, and
rabbit polyclonal anti-glutathione S-transferase (anti-GST; all from Sigma-Al-
drich); and rabbit polyclonal anti-ErbB-2[pY1248], anti-PLCy1, anti-Grb2, and
anti-RhoA (Cell Signaling Technology); mouse monoclonal antiphosphotyrosine
(4G10; Upstate Biotechnology); mouse monoclonal anti-Rac (23A8) and anti-
ErbB-2 (Biosource Invitrogen); goat polyclonal anti-plexin-B1 (R&D Systems);
and rabbit polyclonal anti-PDZ-RhoGEF (Imgenex). Human recombinant
Sema3A was purchased from R&D Systems.

Plasmids. Eukaryotic expression plasmids carrying the ¢cDNAs of PDZ-
RhoGEF, Sema4D, Myc-RhoA, GST-RhoA, c-Met, and Rnd1, were described
previously (29, 57, 58). VSV-plexin-B1 was kindly provided by L. Tamagnone
(University of Torino, Turin, Italy). R-Ras was provided by Monique Dail (The
Burnham Institute, La Jolla, CA). GST-RacL61 was provided by Dominique T.
Brandt. Myc-PLCy1 was a kind gift from Peter Gierschik (Institute of Pharma-
cology and Toxicology, University of Ulm, Ulm, Germany). Specific mutations
introduced in VSV-plexin-B1, Myc-PLCvy1, and FLAG-PDZ-RhoGEF were car-
ried out using the QuikChange site-directed mutagenesis procedure (Stratagene,
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La Jolla, CA) employing Pfu Turbo as a proofreading DNA polymerase. Correct
mutagenesis was confirmed by DNA sequencing. Myc-PLCy1 lacking amino
acids 1 to 142 (APHI), 152 to 187 (AEF), 320 to 464 (AXbox), 550 to 657
(ASH2.N), 668 to 756 (ASH2.C), 550 to 756 (ASH2), 791 to 851 (ASH3), 489 to
523 and 895 to 931 (APH2), 953 to 1070 (AYbox), or 1075 to 1177 (AC2) was
generated using standard molecular biology methods. Bacterial expression con-
structs containing FLAG- and hemagglutinin-tagged C-terminal portions of
PDZ-RhoGEF (amino acids 1080 to 1522), FLAG-tagged C-terminal portion of
LARG (amino acids 1132 to 1544), and the SH3 domains of PLCyl and Grb2
(amino acids 788 to 854 and 153 to 217, respectively) were generated using
standard methods.

Cell culture, immunoprecipitation studies, and transfection. HEK 293,
MCEF-7, and MDA-MB-468 cells were cultured, and immunoprecipitations were
performed as described previously (59). Primary hippocampal neurons were
prepared and cultured as described previously (57). HEK 293 cells were trans-
fected using the calcium phosphate method, primary cells were transfected using
FuGENE HD (Roche), and cells were transfected with small interfering RNAs
(siRNAs) using HiPerFect reagent according to the manufacturer’s instructions
(Qiagen). Cell migration was assayed using polystyrene Transwell inserts
(Greiner) with pore sizes of 0.8 um (59).

Determination of activated RhoA and R-Ras. The amounts of activated cel-
lular Rho and R-Ras were determined by precipitation with a fusion protein
consisting of GST and the Rho-binding domain of Rhotekin (GST-RBD) or the
Ras-binding domain of Rafl (GST-Rafl) as described previously (45, 65). In
vitro determination of RhoA activation was performed as described before (29).

siRNAs. The target sequences for siRNAs specific to ErbB-2 and c-Met
used in this study were published before (16, 33). The sequence of the siRNA
used to suppress plexin-B1 expression was GAAUCCGGGUGACCGUGG,
and siRNAs for PLCyl (AAGAAGUCGCAGCGACCCGAG), PLCy2 (CT
CCGTGTTCATCCTAGGAAA), and Grb2 (TACAAATGTGTTACACAT
AAA) were purchased from Qiagen. A control siRNA, CGCGUAGAAGA
UGAAGUUG, was purchased from IBA.

Production and purification of recombinant Semad4D. Generation of
Lec3.2.8.1 CHO cells expressing the extracellular part of human Sema4D (res-
idues 1 to 657 followed by a lysine residue and a carboxy-terminal histidine tag
for purification) was described previously (32, 59).

Retroviral infections. In order to obtain siRNA-insensitive plexin-B1, silent
mutations were introduced at positions 3855 (C—T) and 3858 (G—A) of the
coding region of the cDNAs encoding wild-type and mutated (Y1708F/Y1732F)
plexin-B1. In order to obtain siRNA-insensitive PLCy1, silent mutations were
introduced at positions 123 (G—T) and 126 (G—T) of wild-type PLCy1 and its
AXbox and ASH3 mutants. The resulting sequences were subcloned into the
retroviral vector pLNCX2 (Clontech). Selection and retroviral transfection were
carried out as described before (59).

Peptide synthesis and isolation of binding partners. Peptides C-DSVGEPLY
MLFRGIK and C-SVTGKAKYTLNDNRL corresponding to residues 1701 to
1715 and 1725 to 1739 of plexin-B1, respectively, were synthesized in the Ana-
lytical Laboratory of the University Hospital in Diisseldorf (Germany). For
phosphorylated peptides, a phosphotyrosine was inserted in positions corre-
sponding to amino acid residues 1708 and 1732 of plexin-Bl. Peptides were
coupled to the SulfoLink coupling resin (Thermo Scientific), nonbound peptide
was removed by washing with radioimmunoprecipitation assay buffer, and the
resin was incubated with 50 mM cysteine to reduce unspecific binding. HEK 293
cells were lysed in radioimmunoprecipitation assay buffer as described above,
and cleared lysates were incubated with the peptide-coupled SulfoLink for 2 h at
4°C. The resin was then extensively washed and boiled in Laemmli buffer, and
proteins bound to peptides were separated using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Proteins were visualized using
Coomassie blue staining.

Mass spectrometry. Mass spectrometry analysis was performed in the Core
Facility for Mass Spectrometry and Proteomics, Centrum of Molecular Biology,
University of Heidelberg, Heidelberg, Germany. Briefly, individual spots were
excised from gels and digested with trypsin. Matrix-assisted laser desorption
ionization of quadruple time-of-flight mass spectrometry was performed using an
Ultraflex time-of-flight apparatus (Bruker Daltonik). For protein identification,
the peptide mass fingerprint was run against the NCBI-nr database using Mascot
(Matrix Science).

Reporter gene assays. For the SRE reporter gene assays, cells were grown in
six-well plates and transfected with 100 ng 3D.ALuc, a reporter plasmid express-
ing firefly luciferase under the control of the mutant SRE (SRE.L) lacking a
ternary complex factor-binding site (24), and with 100 ng of pRLTK (plasmid
expressing Renilla luciferase under the control of the thymidine kinase promoter)
together with the experiment-specific plasmids (as described in the figure leg-
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ends). At 36 h after transfection, cells were starved for 12 h, and the activities of
firefly and Renilla luciferases were measured using the Stop and Glow kit (Promega)
according to the manufacturer’s instructions. Relative luciferase activity was deter-
mined by normalizing firefly luciferase activity against Renilla luciferase activity.

Protein purification. Proteins were produced and purified in Escherichia coli
strain DE3 or in HEK cells [(FLAG)-PDZ-RhoGEF]. GST fusion proteins were
eluted from glutathione disulfide beads (Amersham), and FLAG-tagged proteins
were purified using anti-FLAG antibody-coated Sepharose and eluted with the
FLAG peptide (Sigma), followed by gel filtration chromatography, and were
then concentrated by using Amicon Ultra centrifugal filter devices (Millipore).

Statistical analysis. Statistical significance was evaluated by Student’s ¢ test.
Levels of significance were 0.05, 0.01, and 0.001.

RESULTS

Phosphorylation of specific tyrosine residues of plexin-B1 is
required for Sema4D-induced RhoA activation. We have pre-
viously shown that tyrosine phosphorylation of plexin-B1 by
ErbB-2 is required for plexin-Bl-mediated RhoA activation
(58). In order to identify the tyrosine residues of plexin-B1l
phosphorylated by ErbB-2, we generated tyrosine-to-pheny-
lalanine (Y/F) mutants of all 26 tyrosine residues of the cyto-
plasmic portion of plexin-B1 and tested whether they were still
phosphorylated by ErbB-2 in response to Sema4D (Fig. 1A).
The analysis of three independently performed experiments
revealed that only the mutation of tyrosine residue 1708
or 1732 led to a significant decrease in Sema4D-induced
phosphorylation of plexin-B1. The mutation of both tyrosine
residues [plexin-B1(Y1708F/Y1732F)] completely abrogated
Sema4D-induced phosphorylation of plexin-B1 by ErbB-2
(Fig. 2A), whereas c-Met-mediated phosphorylation remained
unaffected (Fig. 1B). Consistent with the established role of
plexin-B1 tyrosine phosphorylation in Sema4D-induced RhoA
activation, plexin-B1(Y1708F/Y1732F) was not able to medi-
ate Sema4D-induced activation of RhoA (Fig. 2A). In contrast,
we found no difference in Sema4D-regulated R-Ras GAP ac-
tivity or Racl association in cells expressing any of the tyrosine
mutants of plexin-B1 (data not shown) or the Y1708F/Y1732F
double mutant of plexin-B1 (Fig. 2B and C, respectively). This
indicates that the Y1708F/Y1732F double mutant of plexin-B1
had not lost its ability to become activated by Sema4D and that
the tyrosine phosphorylation of both residues is required for
RhoA activation but not for the regulation of other plexin-B1
signaling pathways.

Sema4D-induced phosphorylation of plexin-B1 generates
docking sites for PLCy. Phosphorylated tyrosine residues can
provide docking sites for SH2 or PTB domain-containing pro-
teins (49). In order to test whether the phosphorylated tyrosine
residues 1708 and 1732 of plexin-B1 serve as docking sites for
other proteins, we synthesized peptides corresponding to
15-amino-acid-long sequences of the plexin-B1 cytoplasmic
portion containing tyrosine residues 1708 or 1732 in a non-
phosphorylated or a phosphorylated version. Peptides were
then immobilized on agarose beads and incubated with lysates
of HEK 293 cells. After washing of beads, bound proteins were
eluted and separated using SDS-PAGE. Whereas no addi-
tional bands were obtained with the peptide containing phos-
phorylated Y1732 compared to the nonphosphorylated version
(data not shown), several proteins specifically interacted with
the peptide containing phosphorylated tyrosine residue 1708
(Fig. 3A). Bands detected by Coomassie blue staining were
excised and analyzed by matrix-assisted laser desorption ion-
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FIG. 1. Characterization of ErbB-2-mediated phosphorylation of plexin-B1. (A) HEK 293 cells were transfected with wild-type plexin-B1 or the
indicated tyrosine to phenylalanine (Y/F) mutants and PDZ-RhoGEF (PRG). Cells were then incubated without (—) or with (+) 150 nM Sema4D
and lysed, and plexin-B1 was immunoprecipitated (IP). Immunoprecipitates were subjected to SDS-PAGE and were then immunoblotted (IB)
using anti-VSV and antiphosphotyrosine antibodies (anti-P-Tyr). (B) HEK 293 cells were transfected with wild-type plexin-B1 or the indicated Y/F
mutants together with PDZ-RhoGEF (PRG) and c-Met (Met). Cells were preincubated with 1 uM of the ErbB-2 inhibitor AG1478 and were then

incubated without or with 150 nM Sema4D. Samples were processed as described above. Shown are representative autoluminograms.

ization mass spectrometry. In two independent experiments,
1-phosphatidylinositol-4,5-bisphosphate phosphodiesterase y1
(PLCy1) and growth factor receptor-bound protein 2 (Grb2)
were identified as SH2 domain-containing proteins interacting
with phosphorylated tyrosine 1708 (Fig. 3A, right panel). To
test whether PLCyl and Grb2 indeed bound only to the
peptide containing phosphorylated tyrosine 1708, the material
isolated with the different peptides was subjected to an immu-
noblot analysis using antibodies against PLCvy1, its homologue
PLCvy2, and Grb2. All three proteins were identified in the
material isolated with the phosphorylated peptide 1708 but not
with the unphosphorylated peptide (Fig. 3B).

To test whether PLCy and Grb2 can interact with plexin-B1
in a cellular context, we expressed VSV-tagged plexin-B1 in
HEK 293 cells. Endogenous PLCy1 and Grb2 coimmunopre-

cipitated with wild-type plexin-B1 in a Sema4D-dependent
manner (Fig. 3C). Mutation of the tyrosine residue 1708 or
1732 resulted in a decreased interaction, and the Y1708F/
Y1732F plexin-B1 double mutant completely lost the ability to
bind PLCy1 and Grb2 in response to Sema4D. Thus, Sema4D-
dependent phosphorylation of tyrosine residues 1708 and 1732
induced interaction of plexin-B1 with PLCy1 and Grb2.
Endogenous plexin-B1 and plexin-B2 interact with PLCy
upon activation by semaphorins. In order to further evaluate
the Sema4D-dependent interaction of plexin-B1 with PLCyl
and Grb2 we studied the human breast cancer cell line MCF-7.
MCEF-7 cells express both plexin-B1 and ErbB-2, and stimula-
tion with Sema4D results in an ErbB-2-dependent phosphory-
lation of plexin-B1 (59). Upon stimulation of cells with
Sema4D, endogenous plexin-B1 could be coimmunoprecipi-
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FIG. 2. Effects of the plexin-B1(Y1708F/Y1732F) mutant on
plexin-B1 signaling. HEK 293 cells were transfected with cDNAs en-
coding wild-type (WT) VSV-tagged plexin-B1 [(VSV)-plxB1] or its
mutant (Y1708/1732F) together with either Myc-tagged RhoA [(Myc)-
RhoA] and wild-type PDZ-RhoGEF (PRG) (A), R-Ras, Rnd1, and
PRG (B), or the constitutively active GST-tagged Racl mutant
[Rac(Q61L)] and wild-type PRG (C). After 48 h cells were kept in
0.5% FBS (A) or 10% FBS (B and C) for 12 h followed by incubation
without (—) or with (+) 150 nM Sema4D for 20 min. Thereafter, cells
were lysed, and plexin-B1 was immunoprecipitated (IP) using anti-
VSV-Sepharose (A and C). (A) Precipitated proteins were analyzed by
immunoblotting using antiphosphotyrosine antibodies. In a parallel
experiment active RhoA was precipitated from cell lysates as described
in Materials and Methods. (B) Activated R-Ras was precipitated from
the cell lysates with a GST-fused Ras-binding domain of Rafl. Shown
are autoluminograms of immunoblots (IB) of lysed (lysate) or precip-
itated samples (IP/GST-RBD or GST-Rafl pulldown) and the indi-
cated antibodies.

tated with endogenous PLCy1, PLCy2, and Grb2 (Fig. 4A).
Interestingly, the siRNA-mediated knockdown of PLCy1 and
PLCy2 abrogated not only the interactions between plexin-B1
and both PLCy proteins but also blocked the interaction of
plexin-B1 and Grb2, whereas knockdown of Grb2 had no effect
on the interaction between plexin-B1 and PLCy (Fig. 4A). This
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FIG. 3. Detection of proteins interacting with pY1708. (A) Pep-
tides representing amino acids 1701 to 1715 of plexin-B1 containing a
nonphosphorylated (N) or phosphorylated (P) tyrosine residue at 1708
were bound to agarose beads and incubated with lysates from HEK
293 cells for 2 h. Bound proteins were separated by SDS-PAGE and
visualized by Coomassie blue staining. Bands appearing only in sam-
ples eluted from phosphorylated peptides were cut out and analyzed by
mass spectrometry. Proteins identified in the corresponding band are
shown on the right. (B) HEK 293 cell lysates (input) were incubated
with immobilized peptide containing nonphosphorylated (N) or phos-
phorylated (P) tyrosine residue 1708 (peptide pull down). After wash-
ing and elution, proteins bound to the peptide were separated by
SDS-PAGE, and immunoblotting (IB) was performed with the indi-
cated antibodies. (C) HEK 293 cells were transfected with wild-type
(WT) plexin-B1 or the indicated mutants. Cells were starved and
incubated without (—) or with (+) Sema4D. Thereafter, WT or mu-
tated plexin-B1 was immunoprecipitated from cell lysates using anti-
VSV antibody. Immunoprecipitates were separated by SDS-PAGE
and analyzed by immunoblotting with the indicated antibodies.

strongly suggests that the interaction between plexin-B1 and
Grb2 is indirect and dependent on the presence of PLCy.

In contrast to MCF-7 cells, MDA-MB-468 cells do not
contain ErbB-2 but express plexin-B1 together with the re-
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FIG. 4. PLCy interacts with B-family plexins. MCF-7 cells or MDA-MB-468 cells were not transfected (B) or transfected (A, C, and D) with
the indicated siRNAs (PLCy represents PLCy1 plus PLCvy2). At 48 h after transfection cells were starved (0.5% FBS) and incubated in the absence
(—) or presence (+) of 150 nM Sema4D. Cells were then lysed, and the proteins interacting with plexin-B1 (A) or PLCy1 (B) were coimmuno-
precipitated (IP) using anti-plexin-B1 or anti-PLCy1 antibodies. Lysates and immunoprecipitates were analyzed using the indicated antibodies
(IB). (C and D) MCF-7 cells were transfected with siRNAs as indicated, and 48 h later cells were transferred to 0.5% FBS (C) or were kept in
10% FBS (D) and incubated in the absence or presence of 150 nM Sema4D for 20 min. Active RhoA (C) or R-Ras (D) was precipitated from
cell lysates as described in Materials and Methods. Shown are autoluminograms of immunoblots (IB) analyzed with the indicated antibodies.

ceptor tyrosine kinase c-Met (59). Although PLCyl is ex-
pressed in both cell lines, a Sema4D-dependent interaction
with plexin-B1 can only be seen in the ErbB-2-expressing
MCEF-7 cell line (Fig. 4B). This supports the notion that
ErbB-2-dependent phosphorylation of plexin-B1 is neces-

sary for this interaction. MCF-7 cells also express plexin-B2,
and stimulation of cells with the plexin-B2 ligand Sema4C
(13) induced interaction of PLCy1 with plexin-B2 (Fig. 4B
right panel). We did not find any Sema4C-dependent inter-
action of PLCy1 and plexin-B2 in MDA-MB-468 cells.
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FIG. 5. Analysis of PLCy domains required for plexin-Bl-mediated signaling. (A) Graphical representation of the analyzed PLCy1 mutants.
(B and D) HEK 293 cells were transfected with plexin-B1, PDZ-RhoGEF (PRG), wild-type PLCy1 (WT), or its mutants. Cells were incubated
without (—) or with (+) 150 nM Sema4D and lysed, and the interaction between plexin-B1 and PLCyl and its mutants was analyzed by
immunoprecipitation (B), or the amount of activated RhoA was analyzed as described in Materials and Methods (D). (C) Wild-type or Y/F
mutants of plexin were cotransfected with the Myc-tagged N- or C-terminal SH2 domain of PLCy1 (SH2.N or SH2.C, respectively). Protein-protein
interactions were analyzed by coimmunoprecipitation. (E) MCF-7 cells were treated with phosphate-buffered saline (ctrl.), 150 nM Sema4D, or
10 ng/ml EGF. Cells were lysed, and immunoprecipitation (IP) was performed using anti-PLCy1 or antiphosphotyrosine antibodies (left and right
panels, respectively). Samples were then analyzed by immunoblotting (IB) using the indicated antibodies.

Plexin-B1-induced RhoA activation but not R-Ras inactiva-
tion requires PLCy. Knockdown of PLCyl or PLCy2 in
MCEF-7 cells decreases plexin-B1/PDZ-RhoGEF-mediated
RhoA activation (data not shown), whereas the depletion of
both isoforms blocked Sema4D-induced RhoA activation (Fig.
4C). Consistent with previous data (59), we observed also that
siRNA-mediated knockdown of ErbB-2 abolished RhoA acti-
vation downstream of plexin-B1, whereas Grb2 knockdown
had no effect on RhoA activation (Fig. 4C). In contrast to the
Sema4D-induced RhoA activation, the regulation of R-Ras
GAP activity of plexin-B1 did not depend on PLCy or ErbB-2,

as indicated by the lack of any effect of PLCy1/2 or ErbB-2
knockdown on Sema4D-induced inhibition of R-Ras (Fig. 4D).
Hence, the recruitment of PLCy into the plexin-B1 receptor
complex is necessary for RhoA activation but not for R-Ras
function regulated by plexin-B1.

Analysis of the interaction between plexin-B1 and PLCyl1.
To obtain insight into the mechanism underlying the PLCy-
dependent RhoA activation through plexin-B1, PLCyl mu-
tants lacking functional domains (Fig. 5A) were expressed in
HEK 293 cells. The removal of the N- or C-terminal SH2
domain decreased the interaction between Sema4D-acti-
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vated plexin-B1 and PLCvyl1, whereas deletion of both SH2
domains blocked interaction of PLCyl with plexin-Bl
(Fig. 5B).

Consistent with these results we observed that the point muta-
tion (R586K) (62) in one of the SH2 domains decreased the
amount of PLCyl that coimmunoprecipitates with plexin-B1
(data not shown). Thus, both SH2 domains of PLCy1 mediated
the interaction with tyrosine-phosphorylated plexin-B1, while
none of the other domains appeared to be critically involved.
Interestingly, a remarkable specificity in the interaction of
phosphorylated Y1708 and Y1732 and each of the two SH2
domains of PLCy1 was observed. While the more N-terminally
localized SH2 domain (SH2.N) did not interact with plexin-
B1(Y1708F) but it did with plexin-B1(Y1732F) (Fig. 5C, left
panel), the more C-terminal SH2 domain (SH2.C) was unable
to interact with the Y1732F mutant, while it did interact with
plexin-B1(Y1708F) (Fig. 5C, right panel).

In order to study the role of different PLCy domains in
mediating downstream effects of plexin-B1 signaling, we deter-
mined RhoA activity in transfected HEK 293 cells (Fig. 5D).
Removal of one of the SH2 domains led to an impaired RhoA
activation in response to Sema4D, while removal of both SH2
domains completely blocked plexin-B1-mediated RhoA activa-
tion. Interestingly, PLCyl mutants lacking the X or Y box,
which are required for the enzymatic activity of the phospho-
lipase (47), were still able to mediate Sema4D-induced RhoA
activation, thereby indicating that PLCvy functions in plexin-B-
mediated signaling independently of its lipase activity. Consis-
tent with this, stimulation of cells with epidermal growth factor
(EGF) but not with Sema4D resulted in tyrosine phosphory-
lation of PLCY, a well-described prerequisite for the activation
of its phospholipase activity (47) (Fig. SE). Among other PLCry
domains, only the removal of the SH3 domain affected plexin-
Bl-mediated RhoA activation (Fig. 4D). While the ASH3 mu-
tant was recruited into the plexin-B1 complex upon Sema4D
stimulation (Fig. 5B), it was unable to promote Sema4D-in-
duced RhoA activation. Consistent with the results obtained
with the ASH3 mutant of PLCyl we found that the point
mutation (W828K) (62) in the SH2 domain of PLCyl also
blocks Sema4D-mediated RhoA activation, whereas the inter-
action between plexin-B1 and PLCy1 remains unaffected (data
not shown). This indicates that the SH3 domain of PLCy but
not its enzymatic activity is required for Sema4D-induced
RhoA activation.

The SH3 domain of PLCy1l mediates activation of PDZ-
RhoGEF. Since plexin-B1 stably interacts with particular
RhoGEF proteins to mediate RhoA activation and since the
SH3 domain of PLCy appeared to be crucial for plexin-B1-
mediated RhoA activation, we tested the possibility that the
SH3 domain of PLCyl interacts with PDZ-RhoGEF. In co-
transfected HEK 293 cells, we found that PDZ-RhoGEF co-
immunoprecipitated with PLCyl or its SH2 domain-lacking
mutant, but not with a PLCy1 mutant lacking the SH3 domain
(Fig. 6A), suggesting that PLCy1 interacts with PDZ-RhoGEF
via its SH3 domain.

Among six proline-rich regions of the RhoGEEF protein, the
software SH3 Hunter (17) identified one region at positions
1332 to 1338 as a potential binding partner for the SH3 domain
of PLCyl. Immunoprecipitation experiments with PDZ-
RhoGEF carrying proline-to-alanine mutations in this region
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(P1335A/P1338A) and two other regions (P510A/P513A and
P554A/P557A) indicated that the proline-rich region at posi-
tions 1332 to 1338 of PDZ-RhoGEF was necessary for the
interaction with the SH3 domain of PLCy1 (Fig. 6B). In order
to test whether the SH3 domain of PLCy1 and the C terminus
of PDZ-RhoGEF interact directly, we purified both proteins
after expression in bacteria and tested their interaction in vitro.
We found that the C terminus of PDZ-RhoGEF indeed inter-
acted with the SH3 domain of PLCyl but not with the SH3
domain of Grb2 (Fig. 7A).

Expression of PDZ-RhoGEF together with the SH3 domain
of PLCyl resulted in a synergistic activation of a mutated
serum response element (SRE.L) which lacks the binding site
for the ternary complex factor and is strongly activated by
RhoA (25) (Fig. 6C, left panel). In contrast, the SH3 domain
of Grb2 had no effect. Consistent with the results of the inter-
action studies, the mutation of the proline-rich regions 507 to
513 and 551 to 557 of PDZ-RhoGEF had no effect on the
PLCy-SH3 domain-dependent RhoA activation, whereas
mutation of the proline-rich region 1332 to 1338 of PDZ-
RhoGEF abolished the effect of the SH3 domain of PLCy
(Fig. 6C, left panel). This effect was specific for the SH3 do-
main of PLCy, since wild-type PDZ-RhoGEF and all P/A
mutants were equally activated by a constitutively active Ga5
mutant (Ga,;Q226L) (Fig. 6D, left panel). These data were
confirmed by direct determination of RhoA activity using
RhoA pull-down assays (Fig. 6C and D, right panels). In order
to test whether the SH3 domain of PLCy can directly stimulate
the catalytic activity of PDZ-RhoGEF, we measured the effect
of the purified SH3 domain of PLCy on RhoA activation in
vitro. We found that the PLCyl SH3 domain increases the
guanine nucleotide exchange activity of PDZ-RhoGEF toward
RhoA (Fig. 7B). This effect was specific for the SH3 domain of
PLCyl1, since addition of the purified Grb2 SH3 domain to
purified PDZ-RhoGEF had no effect (Fig. 7C).

Oligomerization of PDZ-RhoGEF has been suggested to
be involved in the regulation of its catalytic activity. Since
our data showed that the SH3 domain of PLCyl directly
influences the catalytic activity of PDZ-RhoGEF, we tested
the possibility that binding of the SH3 domain may interfere
with the oligomerization of PDZ-RhoGEF. In coimmuno-
precipitation experiments with PDZ-RhoGEF and increas-
ing amounts of the SH3 domain of PLCyl1, we were unable
to detect any influence of even a 100-fold molar excess of
the SH3 domain on homooligomerization of PDZ-RhoGEF
(Fig. 7D).

PLCy regulates plexin-Bl-mediated migration in MCF-7
cells. Activation of plexin-B1 by Sema4D has been shown to
exert promigratory effects in various cells, including MCF-7
cells (2, 3, 21, 22, 59), a process requiring ErbB-2-dependent
activation of RhoA (59). MCF-7 cells were stably trans-
fected with cDNAs encoding wild-type or mutant (Y1708F/
Y1732F) plexin-B1 RNAs carrying mutations which made
them insensitive to particular siRNAs (see Materials and
Methods) (data not shown). While an siRNA-induced
knockdown of endogenous plexin-B1 resulted in the inabil-
ity of MCF-7 cells to respond to Sema4D with migration and
RhoA activation, the stable expression of siRNA-insensitive
wild-type plexin-B1 fully restored the effect of Sema4D (Fig.
8A). However, cells expressing the siRNA-insensitive
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FIG. 6. PLCyl1 interaction with PDZ-RhoGEF. (A) HEK 293 cells were transfected without or with FLAG-tagged PDZ-RhoGEF [(FLAG)-
PRG] and Myc-tagged wild-type (WT) PLCyl1 or its indicated mutants. From cell lysates, PDZ-RhoGEF was immunoprecipitated (IP) and
precipitates were then separated and immunoblotted (IB) with the indicated antibodies. (B) HEK 293 cells transfected with Myc-tagged PLCy1
and FLAG-tagged wild-type PDZ-RhoGEF or its indicated mutants were lysed, and PLCyl was immunoprecipitated. Precipitates were analyzed
by immunoblotting using the indicted antibodies. (C and D, left panels) HEK 293 cells were cotransfected with SRE.L firefly luciferase reporter
plasmid, Renilla luciferase expression plasmid without (—) or with various PDZ-RhoGEF versions, the SH3 domains of Grb2 and PLCy, or
constitutively active Ga;3 (Ga;3QL) as indicated, and relative luciferase activity was determined as described in Materials and Methods. Shown
values are the means of three independent experiments *+ standard deviations. (Right panels) HEK 293 cells were transfected with wild-type
PDZ-RhoGEF (WT) or its mutant (P1335A/P1338A) and were incubated without or with 150 nM Sema4D (C) or were cotransfected with control
or with a constitutively active version of Ga,5 (Ga;3QL) (D). Thereafter, RhoA activity was determined as described in Materials and Methods

section. *%*, P = (0.001.

Y1708F/Y1732F mutant of plexin-B1 were unresponsive (Fig.
8A), indicating that the phosphorylation of the tyrosine residues
1708 and 1732 is crucial for Sema4D-induced cell migration and
RhoA activation.

Given that these phosphorylated tyrosine residues serve as
docking sites for PLCy, we analyzed the relevance of PLCy for
plexin-B1-mediated regulation of cell migration. Depletion of
PLCy1 and PLCy2, which are both expressed in MCF-7 cells,
abolished Sema4D-stimulated cell migration, whereas the
siRNA-mediated knockdown of Grb2 had no effect (Fig. 8B).
The ability of cells to migrate was not generally affected by the

lack of PLCY, as indicated by the insensitivity of fetal bovine
serum (FBS)-stimulated cell migration to the knockdown of
PLCy (Fig. 8B).

We stably transfected MCF-7 cells with cDNAs encoding
wild-type and mutant forms of PLCy RNAs additionally
carrying mutations which made them insensitive to particu-
lar siRNAs (see Materials and Methods). The expression of
the recombinant proteins and the knockdown efficiency
were proven by Western blotting (data not shown). In cells
treated with anti-PLCy siRNA, the expression of siRNA-
resistant cDNAs of wild-type and AXbox mutant PLCyl
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FIG. 7. In vitro characterization of the role of the SH3 domain of
PLCy in PDZ-RhoGEF signaling. (A) Equal amounts of purified GST-
tagged SH3 domains of PLCyl or Grb2 were incubated without (—) or
with (+) purified FLAG-tagged C-terminal portions of LARG or PDZ-
RhoGEF (LARG-CT and PRG-CT, respectively). The RhoGEF proteins
were then immunoprecipitated (IP) using anti-FLAG antibody. Shown
are immunoblots (IB) of the precipitates using the indicated antibodies.
(B) One nanomole of FLAG-PDZ-RhoGEF was incubated without or
with a 1-, 10-, or 100-fold molar excess of GST-SH3 of PLCyl. The
reaction was started by addition of 100 nanomole of GDP-loaded RhoA.
After 10 min of incubation, activated RhoA was precipitated as described
in Materials and Methods. Shown are immunoblots using the anti-RhoA
antibody. (C) FLAG-PDZ-RhoGEF was incubated with the SH3 do-
mains of PLCy1 or Grb2. The experiment was performed as described in
B. (D) Equal amounts of hemagglutinin (HA)- and FLAG-tagged C-
terminal portions of PDZ-RhoGEF were incubated alone or together
with increasing concentrations of the SH3 domain of PLCyl. FLAG-
tagged PDZ-RhoGEF was immunoprecipitated, and precipitates were
analyzed by immunoblotting with the indicated antibodies.

restored the Sema4D-induced promigratory effect and
RhoA activation (Fig. 8C). However, expression of the
siRNA-insensitive ASH3 mutant of PLCy1 did not rescue
these Sema4D effects (Fig. 8C).
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PLCy is required for plexin-Bl-mediated growth cone col-
lapse. Sema4D has been shown to induce axonal growth
cone collapse in hippocampal neurons via plexin-B1 (36,
57). In control siRNA-transfected hippocampal neurons,
Semad4D decreased the number of growth cone-positive cells
from 85% to 30%; however, siRNA-mediated knockdown of
PLCy1 abolished this effect (Fig. 9A and B). In contrast,
knockdown of PLCyl had no effects on the ability of
Sema3A to promote growth cone collapse of hippocampal
neurons (Fig. 9B), indicating that depletion of PLCy1 did
not affect the ability of neurons to respond with growth cone
collapse in general.

To further analyze the potential role of plexin-B1-phosphor-
ylation of tyrosine residues 1708 and 1732 in Sema4D-induced
growth cone collapse, we studied hippocampal neurons iso-
lated from plexin-Bl-deficient mice (plnbl~'~) (13) and
transfected them with either VSV-tagged wild-type plexin-B1
or the plexin-B1(Y1708F/Y1732F) mutant. The expression of
wild-type or mutated plexin-B1 was visualized by staining with
anti-VSV antibodies (Fig. 9D). While plexin-B1-deficient neu-
rons had lost the ability to respond to Sema4D, expression of
wild-type plexin-B1 in neurons isolated from plnbI '~ mice
restored Sema4D-induced growth cone collapse (Fig. 9C and
D). However, the expression of the Y1708F/Y1732F mutant of
plexin-B1 was not able to rescue Sema4D-induced growth cone
collapse in plexin-Bl-deficient cells (Fig. 9C and D).

DISCUSSION

Plexins of the B-family serve as receptors for particular
semaphorins and mediate their cellular effects. During recent
years some of their downstream signaling mechanisms have
been described. Besides the regulation of the small GTPase
R-Ras through an inherent GAP function (36), plexin-B family
members mediate the activation of the small GTPase RhoA by
direct interaction with the RhoA guanine nucleotide exchange
factors PDZ-RhoGEF and LARG (1, 39, 57). Activation of
RhoA requires the tyrosine phosphorylation of plexin by
ErbB-2 (58). However, the mechanism linking plexin-B1 ty-
rosine phosphorylation to the activation of RhoA is completely
unclear. Here we have shown that upon activation by Sema4D,
the intracellular tyrosine residues 1708 and 1732 of plexin-B1
become phosphorylated and serve as docking sites for SH2
domains of PLCy1 and -2. The recruitment of PLCy into the
plexin-B1 receptor complex is a requirement for plexin-B-me-
diated RhoA activation, as well as for downstream cellular
effects of Sema4D, like plexin-Bl-mediated promigratory ef-
fects and the Sema4D-induced growth cone collapse of hip-
pocampal neurons.

The tyrosine residue 1708 of plexin-B1 is conserved among
all three members of the plexin-B family, and tyrosine 1732 of
plexin-Bl1 is also found in plexin-B2 but not in plexin-B3 (18,
61). Our data show that also plexin-B2 interacts with PLCy
upon activation by its ligand semaphorin 4C. Thus, the ob-
served tyrosine phosphorylation-dependent recruitment of
PLCy is likely to be a common mechanism of plexin-B family
members. The phosphorylation of plexin-B1 by c-Met was not
affected by the mutations of Y1708 and Y1732, indicating that
Erb-2 and c-Met regulate the function of plexin-B1 by phos-
phorylation of different tyrosine residues of plexin-B1. This is



6330 SWIERCZ ET AL.

MoL. CELL. BIOL.

S
o N N N
%3 N &
A& S Q@ Y?Q\-\@ Q—gr\éf\‘g’ B
g 140 - » = .control ook‘ OOQ eg_eé\ G}Q\_@ I % 140 - e Y I control .FBS
g 109 M [ sema4D < < > > § 120 4 [J'semas4D
5, 100 siRNA +——plexin-B1—— © 1001 M
E 801 Semadd — + — +— + — + |, £ 801
S 60 GST-RBD : <26 5 07
8 40 Pulldown [ - 5 40-
E Lol IB: anti-RhoA , £ 201
z Lysate " <26 z
; - IB: anfi-RhoA — - e > — e >
siRNA < plexin-B1 SiRNA ~ ctl . PLCy G2 - el PLCy
x@ @ @\”\»\ :'o\é\%‘\
s § Lo &
< S AN ARNFAY
IS XA
S S 00
£ Sl
&4
S SF SO
& EF &
C = S O I VLY
” (! . M control oé.\ § Q'eQ\(’) g_%\s)-\ Q_e\s)-\
—_— N N
g 140 - []sema4D < a >e b ”6 > ‘% < 7‘9 Q'
T 120
s SIRNA PLCY
E’ 804 SemadD — + — + — +
‘S 604 GST-RBD
5 Pulldown
.g 401 IB: anti-RhoA
z IB: anti-RhoA
SiRNA

FIG. 8. PLCy mediates plexin-Bl-dependent cellular migration. Normal MCF-7 cells or MCF-7 cells stably expressing siRNA-insensitive
mutants of wild-type plexin-B1 and PLCy1 or their indicated mutants (A and C) were transfected with siRNA directed against the indicated targets
(PLCry indicates PLCy1 plus PLCy2) and kept at 0.5% FBS. Cells were then incubated in the absence (control) or presence of 150 nM Sema4D
or 10% FBS. Sema4D-induced cellular migration (B and left panels of A and C) and RhoA activation (right panels of A and C) were analyzed
as described in Materials and Methods. Control cells were stably transfected with the viral vector pLNCX2 alone. Data presented are represen-
tative of at least three independently performed experiments. Data of the analysis of migration are shown as means of triplicates (*=standard errors

of the means). **, P < 0.01; %, P < 0.001.

consistent with the observation that the phosphorylation of
plexin-B1 by ErbB-2 and c-Met induces different and some-
times opposing downstream signaling and cellular effects (21,
22, 58, 59).

Phosphorylation of tyrosine residues results in the formation
of docking sites for SH2 and PTB domain-containing proteins
(49). Using a peptide-based as well as several functional
approaches, we identified the SH2 domain-containing pro-
tein PLCy as an interaction partner of ErbB-2-phosphory-
lated plexin-B1. The analysis of the amino acid sequences
surrounding tyrosine residues 1708 and 1732 of plexin-Bl1,
GEPLYMLFR and GKAKYTLND, respectively, shows that
especially the region surrounding tyrosine 1708 fits the con-
sensus sequence recognized by the SH2 domain of PLCyl1
(pY-hydrophobic-X-hydrophobic) (52, 53). While in most
receptor tyrosine kinases able to interact with PLCry a single
phosphorylated tyrosine residue has been shown to mediate
interaction with the enzyme (47), at least two autophosphor-
ylated tyrosine residues of the EGF receptor appear to
interact with PLCvy1 (9, 51, 66).

The individual role of the two SH2 domains of PLCy in the
interaction of the enzyme with tyrosine phosphorylated pro-

teins has been analyzed for the EGF and platelet-derived
growth factor receptors (9, 28, 41). In both cases, a predomi-
nant role of the more N-terminally localized SH2 domain was
observed. The C-terminally localized SH2 domain has recently
been shown to be involved in the activation mechanism of
lipase activity by intramolecular interaction with the phosphor-
ylated Y783 residue of PLCyl (42). Our data show that effi-
cient binding of PLCy to activated plexin-B1 requires phos-
phorylation of both Y1708 and 1732 as well as the presence of
both SH2 domains of PLCy. Since PLCy does not become
tyrosine phosphorylated after recruitment into the plexin re-
ceptor complex, the more C-terminal SH2 domain is free to
interact with a pY residue of plexin-B1. Interestingly, mutagen-
esis of individual tyrosine phosphorylation sites of plexin-B1
and of each of the SH2 domains revealed a remarkable spec-
ificity in that the N-terminal SH2 domain of PLCy interacted
with pY1708, while the more C-terminally localized SH2 do-
main preferentially interacted with pY1732. This specificity
suggests that the exact orientation of plexin-B1-bound PLCy is
critical for its correct function in plexin-B1-mediated signaling.

Our immunoprecipitation data indicate that phosphorylated
plexin-B1 can interact with Grb2, which was also isolated by a
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FIG. 9. Role of PLCy1 in plexin-Bl-mediated growth cone collapse. Primary E17.5 hippocampal neurons from wild-type (A and B) or
plexin-B1-deficient embryos (C and D) were transfected with control (ctrl.) sSiRNA or siRNA against PLCy1 (A and B) or with vector alone
(ctrl.) or vectors carrying wild-type VSV-plexin-B1 or its mutant, [VSV-plxB1(Y1708F/Y1732F)]. At 48 h later, cells were incubated without
(control) or with 150 nM Sema4D or 2 nM Sema3A. Knockdown of PLCy1 was verified by immunoblotting of cell lysates with an anti-PLCy1
antibody. Shown are representative hippocampal neurons incubated without or with Sema4D and stained with phalloidin-FITC (A and D)
and counterstained with an anti-VSV antibody (D) to identify transfected cells. Insets show a magnified view of axonal ends or growth cones,
which are indicated by arrows. (B) Hippocampal neurons were scored for growth cone collapse after treatment with control medium, 150
nM Sema4D, or 2 nM Sema3A. (C) Transfected neurons, identified by immunocytochemistry using anti-VSV antibodies, were scored for
growth cone collapse. Shown are mean values of three independent experiments (n = 300; * standard errors of the means). ***, P < (0.001.

peptide containing phosphorylated Y1708. The fact that the
siRNA-mediated knockdown of PLCy1 and PLCy2 abolished
the interaction between plexin-B1 and Grb2 indicates, how-
ever, that Grb2 is brought to the plexin-B receptor complex
through its interaction with PLCy rather than through the
direct interaction with the phosphorylated receptor. Grb2
could interact with PLCy directly through an interaction of its
SH3 domain with a proline-rich domain of PLCy, as recently
described (6). Alternatively, it is conceivable that Grb2 and
PLCy interact indirectly through a protein able to interact with
both Grb2 and PLCy like LAT (8). Our data showed that
knockdown of Grb2 had no effect on Sema4D-induced RhoA
activation or promigratory effects. Thus, the potential role of
Grb2 in plexin-B-mediated signaling remains unclear.

Two types of mammalian PLCy are encoded in mammalian
genomes, PLCy1, which is ubiquitously expressed, and PLCy2,
whose expression pattern is more restricted (47). Despite the
fact that both PLCy isoforms are homologous and share the
domain organization, studies in cells expressing both isoforms
have shown that PLCy1 and PLCy2 can have distinct functions
(44, 71). Nevertheless, our data show that both enzymes can

interact with phosphorylated plexin-B1. According to their ex-
pression patterns PLCyl may mediate plexin-Bl-dependent
RhoA activation in the nervous system, whereas PLCy2 may
preferentially be involved in functions of plexin-B1 in the im-
mune system (40).

The classic paradigm of PLCry activation involves binding of
the SH2 domain to activated receptor tyrosine kinases, result-
ing in the tyrosine phosphorylation of PLCry and activation of
its lipase function (55). Interestingly we did not observe phos-
phorylation of PLCy upon treatment with Sema4D, and a
mutational analysis revealed that the phospholipase catalytic
domain was dispensable for mediation of plexin-B1 signaling.
However, Sema4D-induced, plexin-Bl-mediated effects re-
quired the presence of the SH3 domain of the PLCy enzyme.
There is evidence for PLCy functions independent of its lipase
activity (38, 50), and the SH3 domain of PLCyl1 in particular
has been shown to be necessary for downstream cellular effects
of PLCvl1, like the mitogenic response (27). The SH3 domain
of PLCry binds to multiple proteins, including SLP-76, tau, and
Akt (46, 69, 72), and it can act as a guanine nucleotide ex-
change factor for the GTPases phosphatidylinositol-3-OH ki-
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nase enhancer and dynamin-1 (11, 73). Since PLCy and PDZ-
RhoGEF interacted through the PLCy SH3 domain and the
C-terminal proline-rich region of the RhoGEF protein and
since the SH3 domain of PLCy alone was able to activate
PDZ-RhoGEF but not a PDZ-RhoGEF version with a mu-
tated proline-rich region 1332 to 1338, we think that binding of
the PLCy SH3 domain to the proline-rich region of PDZ-
RhoGEF mediates RhoA activation once PLCy has been re-
cruited to the plexin-B1/RhoGEF receptor complex. Thus, our
data identify a novel lipase-independent function of PLCy
involving its SH3 domain.

It has been shown that PDZ-RhoGEF and its homologue,
LARG, oligomerize via a mechanism involving C-terminal
parts of the RhoGEF proteins (10). Removal of a large C-
terminal region of PDZ-RhoGEF results in constitutive
RhoGEF activation, suggesting that the C terminus contains
sequences which are involved in the inhibition of basal GEF
activity. (10) Activation of PDZ-RhoGEF has been reported to
also require the release of an autoinhibitory, intramolecular
interaction involving the RGS domain and another region up-
stream of the DH domain of PDZ-RhoGEF and the catalytic
surface of the DH domain (70, 75). However, the exact mech-
anism of PDZ-RhoGEF activation remains unclear (20, 54).
Our data further support the regulatory role of the C-terminal
region of PDZ-RhoGEF. Although we were able to rule out
the influence of the SH3 domain of PLCy1 on homooligomer-
ization of PDZ-RhoGEgF, it is still possible that binding of the
PLCy SH3 domain to the C-terminal proline-rich region of
PDZ-RhoGEF releases an inhibitory mechanism involving in-
tra- or intermolecular interactions within the PDZ-RhoGEF
oligomer, which then results in RhoGEF activation. One of the
well-established functions of plexin-B1 is its role in regulating
growth cone morphology in neurons. Both RhoA activation
downstream of plexin-B1 and GAP activity toward R-Ras have
been reported to be involved in plexin-Bl-mediated axonal
growth cone collapse (36, 57). Our data show that knockdown
of PLCy1 abolishes the ability of Sema4D to induce growth
cone collapse and that the expression of an ErbB-2 phosphor-
ylation-resistant plexin-B1 mutant that retains its full R-Ras
GAP activity does not rescue the Sema4D-induced growth
cone collapse of hippocampal neurons isolated from plexin-
Bl-deficient mice. This further supports the concept that
plexin-B1-mediated neuronal growth cone collapse requires
signaling through R-Ras as well as RhoA and that the activa-
tion of RhoA depends on the recruitment of PLCyl1 to ErbB-
2-tyrosine-phosphorylated plexin-B1.

In summary, we have shown here that the activation of the
plexin-B1/ErbB-2 receptor complex results in the phosphory-
lation of specific tyrosine residues of plexin-B1, thereby pro-
viding docking sites for the SH2-domains of PLCy. After re-
cruitment of PLCy into the plexin-B1 receptor complex, PLCy
via its SH3 domain mediates the activation of PDZ-RhoGEF,
which interacts constitutively with the C terminus of plexin-B1.
This PLCy-dependent signaling mechanism is required for
Sema4D-induced, plexin-B1l-mediated regulation of cell migra-
tion and neuronal growth cone morphology. Interestingly, the
lipase activity of PLCy is dispensable for its function in plexin-
B-mediated signaling. These data identify an important new
component of plexin-B-mediated signaling and reveal a novel
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function of PLCry, a versatile protein acting here as a regulator
of RhoGEF proteins in plexin-B-mediated signaling.
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