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Semaphorins are cell surface and secreted proteins that provide axonal guidance in neuronal tissues and
regulate cell motility in many cell types. They act by binding a family of transmembrane receptors known as
plexins, which belong to the c-Met family of scatter factor receptors but lack an intrinsic tyrosine kinase
domain. Interestingly, we have recently shown that Plexin-B1 is highly expressed in endothelial cells and that
its activation by Semaphorin 4D elicits a potent proangiogenic response (J. R. Basile, A. Barac, T. Zhu, K. L.
Guan, and J. S. Gutkind, Cancer Res. 64:5212–5224, 2004). In searches for the underlying molecular mecha-
nism, we observed that Semaphorin 4D-stimulated endothelial cell migration requires the activation of the
phosphatidylinositol 3-kinase (PI3K)–Akt pathway. Surprisingly, we found that Plexin-B1 stimulates PI3K-Akt
through the activation of an intracellular tyrosine kinase cascade that involves the sequential activation of
PYK2 and Src. This results in the tyrosine phosphorylation of Plexin-B1, the rapid recruitment of a multimeric
signaling complex that includes PYK2, Src, and PI3K to Plexin-B1 and the activation of Akt. These findings
suggest that Plexin-B1 may achieve its numerous physiological functions through the direct activation of
intracellular tyrosine kinase cascades.

The semaphorins are a family of cell surface and soluble
proteins that control neurite extension, guide axonal growth,
maintain established neuronal pathways, and regulate the pro-
liferation and activation of B cells (41, 57). More than 20
semaphorins have been identified to date, and they are
grouped into eight classes based upon their phylogenetic char-
acteristics: classes 1 and 2 are found in invertebrates, classes 3
to 7 in vertebrates, and an eighth class, class V, has been
identified in some nonneurotropic DNA viruses (2, 28). Sema-
phorins exhibit homology to the family of scatter factor pro-
teins, which participate in branching morphogenesis, axonal
guidance in neuronal tissues (30), and normal and aberrant
proliferation and enhanced cell motility in many other cell
types, particularly those of epithelial origin (59). Semaphorins
and the scatter factors share homology in an approximately
500-amino-acid-long segment called the Sema domain and a
cysteine-rich motif of about 80 amino acids called the Met-
related sequence (MRS), named after the prototypical scatter
factor receptor c-Met (28, 64). The ligand for c-Met is hepa-
tocyte growth factor (HGF), also known as scatter factor-1 (34,
54, 59). HGF acts through c-Met to maintain tissue homeosta-
sis in the adult by regulating cell proliferation, motility, and cell
survival and by controlling intercellular contacts and cell-ma-
trix interactions (7, 32). Inappropriate activation of the HGF
pathway in neoplasia leads to dysregulated invasive growth, a
process where tumor cells weaken tissue integrity, migrate out

of the tumor mass, and invade distant sites, giving rise to
metastatic disease (8, 14).

The semaphorins bind a recently identified family of single
pass transmembrane receptors, the plexins (53), which also
share homology in their extracellular segments with semaphor-
ins and scatter factor receptors, such as c-Met. However, the
intracellular region of the plexins fail to exhibit homology with
any other known protein but are highly conserved within and
across species (34, 53). In humans, there are at least nine
plexins grouped into four families, A through D, most of which
have been shown to mediate neuronal cell adhesion and con-
tact, fasciculation, and axon guidance (53, 54). The A family of
plexins are the most thoroughly studied and have been shown
to participate in vascular morphogenesis in addition to their
best-understood role in axon path finding (6, 47, 48). These
receptors associate in a complex with members of the neuro-
pilin class of cell surface receptors, neuropilin-1 and neuropi-
lin-2, when bound by their ligands, the class 3 semaphorins (27,
52). Also first identified as regulators of axonal growth (20, 26),
the neuropilins have functions in angiogenesis (33). For exam-
ple, neuropilin-1 can also bind the proangiogenic factor vascu-
lar endothelial growth factor, a potent mitogenic and chemo-
tactic cytokine whose receptors are expressed on the surface of
endothelial cells (33).

In contrast to the class 3 semaphorins, Semaphorin 4D ap-
pears to bind directly to its receptor, Plexin-B1 (53). Despite
recent advances, however, the signal transduction mechanisms
utilized by Plexin-B1 remain poorly understood. Evidence now
points to the B plexins as regulators of small GTP-binding
protein signaling by acting on guanine nucleotide exchange
factors (GEFs) for Rho GTPases (3, 16, 17, 39, 50) or func-
tioning as GTP-activating proteins (GAPs) for the R-Ras fam-
ily of GTPases (35, 36). There is also evidence that Plexin-B1
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competes with p21-activated kinase for Rac binding, thus in-
hibiting Rac-dependent processes by sequestering the active
form of Rac (61, 62).

Recently, we have observed that Plexin-B1 is highly ex-
pressed in endothelial cells, and that its activation by Sema-
phorin 4D promotes endothelial cell migration and tubulogen-
esis through a signaling pathway that is highly dependent on
the ability of Plexin-B1 to stimulate Rho (5). In an effort aimed
at unraveling the molecular mechanisms underlying this novel
biological function of Plexin-B1, we took advantage of the
availability of potent phosphatidylinositol 3-kinase (PI3K) in-
hibitors to examine whether this signaling molecule, often as-
sociated with processes that involve directional cell migration
(31), participates in the proangiogenic response initiated by
Plexin-B1. Indeed, we observe here that PI3K inhibitors abol-
ish the chemotactic response in endothelial cells to Sema-
phorin 4D. This was consistent with the ability of Semaphorin
4D to stimulate Akt potently in a PI3K-dependent manner.
The molecular dissection of the mechanisms whereby
Plexin-B1 stimulates PI3K and Akt revealed that binding of
Semaphorin 4D to Plexin-B1 or the dimerization of the intra-
cellular region of Plexin-B1 by a receptor-chimera approach
promotes the sequential activation of an intracellular tyrosine
kinase cascade initiated by the nonreceptor tyrosine kinases
PYK2 and Src and the consequent tyrosine phosphorylation of
Plexin-B1 and the p85 regulatory subunit of PI3K, independent
of residues involved in the ability of Plexin-B1 to act as a Ras
GAP. Interestingly, this results in the recruitment of a multi-
meric signaling complex that includes PYK2, Src, and PI3K to
Plexin-B1 and the activation of Akt. Furthermore, we provide
evidence that activation of PYK2 is necessary for the tyrosine
phosphorylation of the intracellular portion of Plexin-B1 and
that PYK2 and Src and their regulated pathways are required
for endothelial cell migration in response to Plexin-B1 stimu-
lation. Together, these findings support the emerging notion
that plexins of the B family participate in a growing number of
biological responses by initiating a complex array of signaling
events through the direct association with Rho GEFs and the
concomitant activation of cytoplasmic tyrosine kinase cascades
which in turn promote the assembly and binding of multimeric
signaling complexes to tyrosine-phosphorylated Plexin-B.

MATERIALS AND METHODS

Cell culture. Porcine aorta endothelial cells were cultured in HAM F-12 media
(Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum and 100 U/ml
penicillin/streptomycin/amphotericin B (Sigma). 293T embryonic kidney cells
were grown and maintained in Dulbecco’s modified Eagle medium (DMEM)
(Sigma) supplemented with 10% fetal bovine serum and 100 U/ml penicillin/
streptomycin/amphotericin B.

Production of soluble Semaphorin 4D. Semaphorin 4D was produced and
purified as described previously (5). Briefly, the extracellular portion of mouse
Semaphorin 4D was subjected to PCR, and the resulting product was cloned into
the plasmid pSecTag2B (Invitrogen, Carlsbad, CA). This construct was trans-
fected into 293T cells growing in serum free media using the calcium chloride
(Fluka Chemika; Sigma Aldrich, St. Louis, MO)–N,N�-bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid-buffered saline (Fluka Chemika) method (12). Media
containing soluble Semaphorin 4D were collected 1 and 2 days posttransfection
and purified with TALON metal affinity resin (Clontech Laboratories, Palo Alto,
CA) according to manufacturer’s instructions. Concentration and purity of the
TALON eluates were determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis with silver stain (Amersham Life Science,
Piscataway, NJ) and the Bio-Rad assay (Bio-Rad, Hercules, CA). In all cases,

media collected from parallel transfectants using the empty pSecTag2B vector
were used as controls.

Immunoblot analysis. Cells were lysed in buffer (50 mM Tris-HCl, 150 mM
NaCl, 1% NP-40) supplemented with protease inhibitors (0.5 mM phenylmeth-
ylsulfonyl fluoride, 1 �l/ml aprotinin, and 1 �l/ml leupeptin) and phosphatase
inhibitors (2 mM NaF and 0.5 mM sodium orthovanadate) for 15 min at 4°C.
After centrifugation, protein concentrations were measured using the Bio-Rad
assay. One-hundred micrograms of protein from each sample was subjected to
SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene
difluoride membrane (Immobilon P; Millipore Corp., Billerica, MA). The mem-
branes were then incubated with the appropriate antibodies. The antibodies used
were as follows: p85 (Cell Signaling Technology, Beverly, MA); Akt (Cell Sig-
naling Technology); phospho-Akt (Thr308 and Ser 473 Cell Signaling Technol-
ogy); phospho-tyrosine (clone 4G10 [Upstate Biotechnology, Lake Placid, New
York] and ICN and PY-20 [Valeant Pharmaceuticals, Costa Mesa, CA]); PYK2
(BD Biosciences, Palo Alto, CA); phospho-PYK2 (Biosource, Camarillo, CA);
Src (s.c. N-16; Santa Cruz Biotechnology, Santa Cruz, CA); phospho-Src (Bio-
source); myc (BABCO, Richmond, CA); and tubulin (TU-02; Santa Cruz).
Proteins were detected using the SuperSignal West Pico Chemiluminescence
System (Pierce).

Immunoprecipitation. Normal endothelial cells or cells stably expressing Trk-
A/Plexin-B1 chimeras were washed in phosphate-buffered saline and treated for
the indicated periods of time with 200 ng/ml Semaphorin 4D or 100 ng/ml nerve
growth factor (NGF), respectively. Cells were washed twice with phosphate-
buffered saline and lysed in EDTA–�-glycerophosphate–Tris � Cl lysis buffer (see
above). Trk-A/Plexin-B1 receptors were immunoprecipitated from the cleared
lysates by incubation for 2 h at 4°C with anti-myc antibody (9E11; Covance
Research Products, Berkeley, CA) or anti-HA (HA11; Covance Research Prod-
ucts) as a control. Other proteins were immunoprecipitated with the indicated
antibody and blotted for phosphorylated tyrosine using a combination 1:1 of
PY-20 and 4G10 anti-phosphotyrosine antibodies (see above). Immunocom-
plexes were recovered with the aid of gamma-bind Sepharose beads (Pharmacia,
Pfizer, New York, NY). Lysates and immunoprecipitates were analyzed by West-
ern blotting after SDS-polyacrylamide gel electrophoresis and transfer to a
polyvinylidene difluoride membrane (Immobilon P; Millipore). Immunocom-
plexes were visualized by a SuperSignal West Pico Chemiluminescence System
(Pierce).

Migration assays. Endothelial cells were serum starved for 24 h and placed in
the top well of a Boyden chamber while serum-free HAM F-12 containing the
indicated chemoattractant was placed in the bottom well. The two chambers
were separated by a polyvinylpropylene-free membrane (Osmonics; 8 �m pore
size; GE Water Technologies, Trevose, PA) coated with 10 �g/ml fibronectin
(GIBCO, Carlsbad, CA). Ten percent fetal bovine serum was used as a positive
control, and serum-free HAM F-12 containing 0.1% bovine serum albumin
(BSA) was the negative control. After 7 h, the chamber was disassembled and the
membrane was stained with Diff-Quick Stain (Dade Behring, Deerfield, Illinois),
placed on a glass slide, and scanned. Densitometric quantitation was performed
with National Institutes of Health image software, and cell migration was ex-
pressed as staining intensity relative to the negative control wells. Each experi-
ment was performed in triplicate or sextuplicate, and averages and standard
deviations were calculated. Where indicated, cells were transfected with pCEFL
control or pCEFL DN-PYK2 using Lipofectamine Plus (Invitrogen) supple-
mented with CombiMag transfection agent (Oz Biosciences, Marseille, France)
to achieve high transfection efficiency (determined to be �76% by fluorescence-
activated cell sorter analysis of pCEFL enhanced green fluorescent protein
[EGFP]-transfected endothelial cells). Cells were also treated with 10 �M PP2
(Calbiochem, La Jolla, CA), 50 �M LY294002 (Biosource), or vehicle control
prior to migration. The chemoattractants used were 200 ng/ml soluble Sema-
phorin 4D or 100 ng/ml NGF (Upstate Biotechnology).

Trk-A/plexin fusion proteins. Trk-A/Plexin-B1 fusion proteins were made as
previously described (5). Briefly, the intracellular portion Plexin-B1 was cut out
of the plasmid pCEFL EGFP Plexin-B1 with NheI/NotI and cloned in frame with
the N-terminal, extracellular, and transmembrane portion of the rat NGF recep-
tor Trk-A in the vector pCEFL-HA. The construct was then transfected into
PAE cells using Superfect (QIAGEN), and stable cells were selected in 1 mM
G418 (Calbiochem). A Trk-A/PlexinB1 mutant lacking key residues involved in
Ras GAP activity were generated as previously described (35, 36) using the
QuikChange II XL Site-Direcred Mutagenesis kit according to manufacturer’s
instructions (Stratagene, La Jolla, CA). Briefly, PCR amplifications were per-
formed using primers designed with base pair substitutions in which arginine
residues were mutated to alanine at amino acids 1677, 1678, and 1984, corre-
sponding to the intracellular portion of human Plexin-B1 (45). The sequences for
the PCR primers (Sigma) were as follows: R1677 and 1678A, 5� AACCCCAA
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GCTGATGCTGGCCGCGACAGAGACTGTGGTGGAG 3�; R1984A, 5� TG
GAAGACCAACAGCTTGCCGCTAGCGTTCTGGATCAATATAATA 3�.
Mutations were confirmed by sequencing.

RESULTS

Semaphorin 4D stimulates the PI3K-Akt pathway in endo-
thelial cells: a role in Semaphorin 4D-induced chemotaxis. As
activation of the PI3K-Akt pathway represents a crucial event
involved in many aspects of cell migration (31), we asked
whether this biochemical route participates in Semaphorin 4D-
mediated endothelial cell chemotaxis. As an experimental ap-
proach, migration assays were performed using a Boyden
chamber with Semaphorin 4D as the chemoattractant for por-
cine aortic endothelial cells that were pretreated with vehicle
control, dimethyl sulfoxide (DMSO), or 50 �M LY294002, a
specific inhibitor of PI3K (63). As shown in Fig. 1A, cells
pretreated with DMSO migrated towards Semaphorin 4D at
levels similar to that seen in positive control wells containing
10% serum (S), while cells pretreated with LY294002 failed to
exhibit a chemotactic response to Semaphorin 4D significantly
above that of negative controls, implying that activation of
PI3K is necessary for Semaphorin 4D-mediated endothelial
cell chemotaxis. Similar results were obtained when using wort-
mannin as a specific PI3K inhibitor (data not shown).

Tyrosine phosphorylation or binding of the Src homology 2
(SH2) domain of the PI3K p85 regulatory subunit to tyrosine-
phosphorylated target proteins are the most frequent mecha-

nisms resulting in the activation of class 1 PI3K catalytic sub-
units (10, 60). Therefore, to begin exploring how Semaphorin
4D stimulates PI3Ks, we examined p85 immunoprecipitates
from Semaphorin 4D-treated endothelial cells for the presence
of phosphorylated tyrosine. As shown in Fig. 1B, the presence
of phosphotyrosine in p85-immunoprecipitated fractions was
readily detectable starting at 1 min after Semaphorin 4D treat-
ment (upper panel). Total p85 was used as the loading control
(lower panel). This finding suggests that Semaphorin 4D pro-
motes the activation of PI3Ks by the tyrosine phosphorylation
of their p85 regulatory subunit.

Consistent with the requirement for PI3K activation for cell
migration in response to Semaphorin 4D, treatment of endo-
thelial cells with this semaphorin led to the rapid accumulation
of Akt phosphorylated in threonine (Thr) 308 (Fig. 1C), which
represents the activated form of this kinase (1). Indeed, limited
levels of phospho-Thr 308 Akt were observed in serum starved
cells, and an increase in Akt-phosphorylated species could be
detected as early as 1 min after Semaphorin 4D treatment,
which became even more prominent at 3 min and persisted up
to 1 h following treatment (Fig. 1C). Semaphorin 4D-induced
Akt phosphorylation and activation was abolished by pretreat-
ment with LY294002 compared to vehicle-treated controls
(Fig. 1D). These results indicate that Semaphorin 4D activates
PI3K and Akt in endothelial cells and that this response is
necessary for endothelial cell chemotaxis.

FIG. 1. A role for the PI3K-Akt pathway in endothelial cell migration in response to Semaphorin 4D. (A) PI3K inhibition prevents Semaphorin
4D-mediated endothelial cell migration. Cells were preincubated with either DMSO vehicle control (�) or 50 �M of the PI3K inhibitor LY294002
(�) and used in a chemotaxis assay with purified (200 ng/ml) Semaphorin 4D as the chemoattractant (S4D). Media containing 10% fetal bovine
serum (S) were used as positive controls for migration. The bars represent the fold increase of migration as determined by densitometry relative
to that seen in negative control wells containing 0.1% BSA (C). (B) Endothelial cells were treated with 200 ng/ml Semaphorin 4D (S4D) for the
indicated periods of time, lysed, and immunoprecipitated for the PI3K subunit p85 (IP: p85) and then immunoblotted for the presence of
phosphorylated tyrosine residues (WB: P-Y). Phosphotyrosine was seen in p85 immunoprecipitates from Semaphorin 4D-treated cells starting at
1 min after treatment (upper panel). Total p85 was used as a loading control (WB: p85; lower panel). (C) Semaphorin 4D activates Akt in
endothelial cells. Cells were treated with 200 ng/ml Semaphorin 4D (S4D) for the indicated periods of time, lysed, and analyzed for the presence
of phosphorylated Akt. Phospho-Akt (P-Akt, Thr308) was seen in cells starting at 1 min after treatment (upper panel). Total Akt was used as a
loading control (WB: Akt; lower panel). (D) Semaphorin 4D-mediated activation of Akt can be inhibited by LY294002 in endothelial cells. Cells
preincubated with either vehicle control (C) or 50 �M LY294002 (LY) were treated with 200 ng/ml Semaphorin 4D (S4D) for the indicated periods
of time, lysed, and analyzed for the presence of phosphorylated Akt. Phospho-Akt (P-Akt, Thr308) was seen in cells starting at 1 min after
treatment in DMSO-pretreated cells but not in those treated with LY294002 (upper panel). Total Akt was used as a loading control (WB: Akt;
lower panel).
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NGF treatment of endothelial cells stably expressing Trk-
A/Plexin-B1 chimeric receptors results in Akt activation. We
have previously shown that chimeric receptor constructs con-
taining the extracellular portion of the NGF receptor, Trk-A,
fused to the intracellular portion of Plexin-B1 could elicit
Plexin-B1 signaling in response to treatment with NGF (5).
Therefore, we used endothelial cells stably expressing these
constructs, or the extracellular portion of Trk-A alone without
the cytoplasmic portion of Plexin-B1 as a control, to determine
if the Akt activation we observed from Semaphorin 4D treat-
ment was a specific result of Plexin-B1 stimulation. Figure 2A
shows that NGF treatment of these cells results in phosphor-
ylation and activation of Akt similar to that of Semaphorin
4D-treated control endothelial cells. This effect was not ob-
served in endothelial cells stably expressing the extracellular
portion of Trk-A alone (Fig. 2A), even though these cells still
responded with Akt phosphorylation and activation in re-
sponse to Semaphorin 4D treatment. The occasional appear-

ance of Akt immunoreactivity as a doublet appears to be de-
pendent on the running conditions of the SDS-PAGE gels
rather than on the treatment. Next, endothelial cells stably
expressing Trk-A/Plexin-B1 receptors were preincubated with
DMSO as a control or the PI3K inhibitor LY294002 and an-
alyzed for Akt phosphorylation in response to NGF. Figure 2B
shows inhibition of Akt phosphorylation in cells pretreated
with LY294002, similar to that seen in Semaphorin 4D-treated
control cells pretreated with wortmannin, while Akt activation
in cells preincubated with the DMSO vehicle control was sim-
ilar to that of Semaphorin 4D-treated control endothelial cells.
These results suggest that stimulation of Plexin-B1 signaling is
sufficient for activation of PI3K and the subsequent phosphor-
ylation and activation of Akt.

Endothelial cell migration and Akt phosphorylation and
activation in response to Semaphorin 4D does not require
residues involved in Plexin-B1 Ras GAP activity. The intracel-
lular segment of Plexin-B1 shares sequence similarity with Ras
family-specific GTPase activating proteins, especially R-Ras
GAP (24, 43, 44). Indeed, recent evidence points to Plexin-B1
as having Ras GAP activity (35, 36). In order to determine its
significance in Semaphorin 4D-mediated Plexin-B1 signaling in
endothelial cells, we generated endothelial cells stably express-
ing a Plexin-B1 Ras GAP mutant in which key arginine resi-
dues that are required for Ras GAP activity were mutated
(35–37). Cells expressed the Trk-A/Plexin-B1 wild type and
Trk-A/Plexin-B1 Ras GAP mutant to similar levels (Fig. 3A),
and both cell populations migrated toward wells containing
NGF to an extent similar to that seen in positive control wells
containing 10% serum (Fig. 3B). Furthermore, NGF promoted
a pattern of phosphorylation of Akt in cells expressing the Ras
GAP mutants that was comparable to that elicited in cells
expressing the wild-type Trk-A/Plexin-B1 chimeras (Fig. 3C),
suggesting that the chemotactic signaling of Plexin-B1 in en-
dothelial cells occurs independently of the ability of the recep-
tor to act as a Ras GAP.

Semaphorin 4D stimulates the phosphorylation and activa-
tion of PYK2 and Src: a role for Src in PI3K activation. The
finding that Semaphorin 4D promotes the activation of PI3Ks
by the tyrosine phosphorylation of the p85 regulatory subunit
suggests that Semaphorin 4D may promote the activation of
intracellular tyrosine kinases and their subsequent signaling
cascades. Thus, we analyzed global changes in the pattern of
protein tyrosine phosphorylation in Semaphorin 4D-treated
endothelial cells as well as in NGF-treated endothelial cells
stably expressing Trk-A/Plexin-B1 chimeric receptors to iden-
tify proteins involved in the Plexin-B1-initiated tyrosine kinase
signaling pathway. Figure 4A shows that Semaphorin 4D treat-
ment results in the appearance of bands consistent with
changes in tyrosine phosphorylation in a number of proteins of
approximately 110 and 60 kDa in size. This prompted us to
investigate the activation status of the cytoplasmic tyrosine
kinases of the FAK and Src family, which exhibit similar mo-
lecular weights. Though we cannot specifically rule out FAK
activation or the participation of this kinase in Plexin-B1 sig-
naling in endothelial cells, we failed to detect any changes in
the pattern of FAK phosphorylation in numerous experiments
(data not shown). Instead, we did detect changes in the phos-
phorylation status of residues reflecting the activation of the
FAK family member PYK2. Endothelial cells treated with

FIG. 2. NGF treatment of endothelial cells stably expressing Trk-
A/Plexin-B1 chimeric receptor constructs induces Akt phosphoryla-
tion. (A) Cells stably expressing extracellular Trk-A or Trk-A fused to
the intracellular portion of Plexin-B1 (Trk-A/Plexin-B1) were treated
with 100 ng/ml NGF for the indicated periods of time, lysed, and
analyzed for the presence of phosphorylated Akt (P-Akt, Thr308;
upper panels). Cells treated with 200 ng/ml Semaphorin 4D for 5 min
were used as a positive control (S4D; lane 1). Total Akt was used as a
loading control (WB: Akt; lower panels). (B) NGF-induced phosphor-
ylation of Akt in endothelial cells stably expressing Trk-A/Plexin-B1
chimeric receptor constructs can be inhibited by LY294002. Cells sta-
bly expressing Trk-A/Plexin-B1 chimeric receptors were preincubated
with either 50 �M LY294002 (LY) or DMSO vehicle control (C) and
treated with 100 ng/ml NGF for the indicated periods of time, lysed,
and analyzed for the presence of phosphorylated Akt. Phospho-Akt
(P-Akt, Thr308) was seen after treatment in control pretreated cells
(lanes 7 to 9, upper panel) but not in those growing in LY294002 (lanes
4 to 6, upper panel). Cells treated with 200 ng/ml Semaphorin 4D and
DMSO (C) or 100 nM Wortmannin (W) for 5 min were used as a
positive control (lane 1) and negative control (lane 2), respectively.
Total Akt was used as a loading control (WB: Akt, lower panel).
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Semaphorin 4D were analyzed for phosphorylation and acti-
vation of this kinase using antibodies specific for different sites
of tyrosine phosphorylation on PYK2. Figure 4B demonstrates
that tyrosine residues 579 and 580 are phosphorylated as early
as 1 min after treatment with Semaphorin 4D. Of interest,
these tyrosine residues are located in the activation loop of
PYK2, and their phosphorylation lead to the relief of autoin-
hibition and the consequent activation of PYK2, thus reflecting
its kinase activity (4). On the other hand, tyrosine residue 881,
an autophosphorylation site that corresponds to a proposed
Grb-2 binding site in the C-terminal domain of PYK2 (4), was
phosphorylated starting at approximately 3 min after treatment
with Semaphorin 4D and accumulated over time. Total PYK2
levels did not change, which also served as a loading control.
Thus, these data suggest that Semaphorin 4D treatment leads
to the rapid activation of PYK2 and the subsequent autophos-
phorylation of certain sites involved in signal transmission,
such as tyrosine residue 881.

We then analyzed Plexin-B1-mediated phosphorylation and

activation of Src, which is often found in functional association
with FAK family cytoplasmic tyrosine kinases (4, 46, 49). Ini-
tially, we detected Src in an immunoblot of tyrosine-phospho-
rylated proteins immunoprecipitated from Semaphorin 4D-
treated cells starting at 1 min after treatment and persisting out
to 30 min (Fig. 4C). Total Src was used as a loading control.
The activation of Src upon Semaphorin 4D treatment was
further confirmed by monitoring the phosphorylation status of
Src on tyrosine 416, which reflects its enzymatic activity (Fig.
5A).

We next examined whether PYK2 activation was dependent
on the stimulation of Src kinases by treating cells with Sema-
phorin 4D in the presence of the small-molecule Src inhibitor,
PP2 (22). As shown in Fig. 4D, the presence of phosphoty-
rosines 579 and 580 was detected in PYK2-immunoprecipi-
tated fractions starting at 1 min after Semaphorin 4D treat-
ment in both control and PP2-treated groups, thus suggesting
that Semaphorin 4D promotes the activation of PYK2 inde-
pendent of Src activity. Surprisingly, however, inhibition of Src
abolished the tyrosine phosphorylation of p85, as judged by the
lack of accumulation of tyrosine-phosphorylated species of p85
upon Semaphorin 4D treatment when cells were stimulated in
the presence of PP2 (Fig. 4E). This finding suggested that
Semaphorin 4D promotes the activation of PI3Ks by the ty-
rosine phosphorylation of their p85 regulatory subunit in a
Src-dependent manner.

Src kinases are necessary for Semaphorin 4D-induced acti-
vation of the PI3K-Akt pathway and endothelial cell migra-
tion. To further study the role of Src kinases in Plexin-B1
signaling, we pretreated endothelial cells with PP2 and then
treated them with Semaphorin 4D and immunoblotted for the
phosphorylated and activate forms Src and Akt. As expected,
whereas Semaphorin 4D led to the accumulation of Src phos-
phorylated on tyrosine 416, a reflection of its increased enzy-
matic activity (58), cells pretreated with PP2 failed to exhibit
Src phosphorylation, demonstrating that PP2 could success-
fully inhibit Src activation in endothelial cells (Fig. 5A). Cells
incubated with PP2 also failed to exhibit Akt phosphorylation
in response to Semaphorin 4D (Fig. 5A), confirming that Src
activity is necessary for PI3K activation by Semaphorin 4D. To
determine if Src inhibition had an effect on Semaphorin 4D/
Plexin-B1-mediated endothelial cell migration, chemotaxis as-
says were performed on endothelial cells and cells stably ex-
pressing Trk-A/Plexin-B1 chimeric receptors after pretreatment
with vehicle control or PP2. Control cells migrated toward
wells containing Semaphorin 4D or NGF (Fig. 5B) at levels
similar to that seen in positive control wells containing 10%
serum, while the PP2-treated populations failed to migrate to the
appropriate chemoattractant when compared to negative con-
trols. These results suggested that Src is necessary for Sema-
phorin 4D/Plexin-B1-mediated endothelial cell chemotaxis.

PYK2 activity is necessary for Semaphorin 4D/Plexin-B1-
mediated activation of Akt and Src and endothelial cell che-
motaxis. To determine the role of PYK2 in activation of Akt
and Src, we used a highly effective method to transfect endo-
thelial cells with a control vector or a vector coding for a
kinase-dead, dominant-negative form of PYK2 (PYK2-K475R,
DN-PYK2) (15, 25). Cells were then treated with Semaphorin
4D and examined for the phosphorylated and hence activated
forms of these proteins. Transfected cells showed enhanced

FIG. 3. Endothelial cell migration and Akt phosphorylation and
activation in response to Semaphorin 4D occur independently of res-
idues involved in Plexin-B1 Ras GAP activity. (A) Transfected cells
show immunoreactivity for the Ras GAP mutant form of the chimera
Trk-A/Plexin-B1 (GAP mutant), at levels similar to that seen in cells
expressing the wild-type intracellular portion of Plexin-B1 fused to
Trk-A (wt, upper panel). Empty vector transfected cells were used as
a negative control (C) and tubulin as the loading control (WB: tubulin,
lower panel). (B) Endothelial cells expressing Trk-A/Plexin-B1 or Trk-
A/Plexin-B1 Ras GAP mutant chimeras were used in a cell migration
assay with 100 ng/ml NGF as the chemoattractant (NGF). Media
containing 10% fetal bovine serum (S) was used as a positive control
for migration. The bars represent the fold increase of migration as
determined by densitometry relative to that seen in negative control
wells containing 0.1% BSA (C). (C) Cells expressing Trk-A/Plexin-B1
or Trk-A/Plexin-B1 Ras GAP mutant chimeras were treated with 200
ng/ml Semaphorin 4D for the indicated periods of time, lysed, and
analyzed for the presence of phosphorylated Akt. Phospho-Akt (WB:
P-Akt [Thr308]) was seen in response to NGF treatment of Trk-A/
Plexin-B1 expressing cells and in those expressing the Ras GAP mu-
tant (upper panel). Total Akt was used as a loading control (WB: Akt,
lower panel). mut, mutant.
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expression of PYK2 (Fig. 6A), indicating successful overex-
pression of the kinase deficient form of PYK2, when compared
to empty vector-transfected controls (pCEFL). While phos-
phorylation of Akt and Src were readily detected in control
cells, cells expressing DN-PYK2 failed to demonstrate a re-
sponse to Semaphorin 4D (Fig. 6B). These results show that
Akt and Src activation observed in Semaphorin 4D-treated
endothelial cells is dependent upon Plexin-B1-mediated acti-
vation of PYK2. It also suggests that PYK2 and Src may be
activated sequentially, with PYK2 acting upstream of Src.

To determine the effects of PYK2 on Plexin-B1-mediated

endothelial cell migration, we subjected vector-transfected
control cells and cells transfected with DN-PYK2 to a migra-
tion assay with Semaphorin 4D as the chemoattractant. Vec-
tor-transfected control cells migrated toward wells containing
Semaphorin 4D (Fig. 6C) at levels similar to that seen in
positive control wells containing 10% serum, while the DN-
PYK2-transfected populations failed to exhibit cell migration
relative to negative controls (Fig. 6C). These results suggest
that the activity of PYK2 is necessary for the initiation of the
signaling events participating in Semaphorin 4D/Plexin-B1-
mediated endothelial cell chemotaxis.

FIG. 4. Semaphorin 4D induces the tyrosine phosphorylation of PYK2 and Src in endothelial cells. (A) Treatment of endothelial cells with
Semaphorin 4D and cells stably expressing Trk-A/Plexin-B1 chimeric receptor constructs with NGF induces changes in tyrosine phosphorylation.
Endothelial cells and cells stably expressing Trk-A/Plexin-B1 chimeric receptors were treated with 200 ng/ml Semaphorin 4D (S4D) or 100 ng/ml
NGF (NGF), respectively, for the indicated periods of time, lysed, and analyzed for the presence of tyrosine phosphoproteins (WB: P-Y). Changes
in tyrosine phosphorylation of proteins of approximately 110 and 60 kDa are detected. (B) PYK2 is activated in endothelial cells in response to
S4D. Endothelial cells were treated with 200 ng/ml Semaphorin 4D for the indicated periods of time, lysed, and immunoblotted with antibodies
specific for different sites of tyrosine phosphorylation on PYK2. The levels of phosphorylation on Y579 and 580, residues that reflect kinase activity,
and Y881, corresponding to the proposed Grb-2 binding site in the C-terminal domain, are observed starting at 1 min and 3 min after treatment
with Semaphorin 4D, respectively. (C) Src is found in tyrosine-phosphorylated molecular complexes in endothelial cells in response to S4D. Cells
were treated with 200 ng/ml Semaphorin 4D for the indicated periods of time, lysed, and immunoprecipitated for tyrosine-phosphorylated proteins.
The detection of Src in the tyrosine immunoprecipitated fraction dramatically increased at 1 min after treatment (IP: P-Y and WB: Src; upper
panel). Total Src was used as a loading control (WB: Src; lower panel). (D) Blockade of Src has no effect on Semaphorin 4D-induced PYK2
activation. Endothelial cells were preincubated with either DMSO vehicle control (C) or 10 �M PP2 (PP2) and treated with 200 ng/ml Semaphorin
4D for the indicated periods of time. Cells were lysed, immunoprecipitated for PYK2 (IP: PYK2), and immunoblotted for the presence of the
phosphorylated tyrosine residues Y579 and Y580, located in the activation loop (WB: P-PYK2 Y579/580). Phosphorylated tyrosine residues were
detected in the immunoprecipitated fraction starting at approximately 1 min after treatment in both control and PP2 treated populations. Total
PYK2 was used as a loading control (WB: PYK2). (E) Blockade of Src prevents Semaphorin 4D-induced phosphorylation of p85 PI3K subunit.
Endothelial cells were preincubated with either DMSO vehicle control (C) or 10 �M PP2 (PP2) and treated with 200 ng/ml Semaphorin 4D for
the indicated periods of time. Cells were lysed, immunoprecipitated for p85, and immunoblotted for the presence of the phosphorylated tyrosine
residues (IP: p85 and WB: P-Y). Phosphorylated tyrosine residues were detected in the immunoprecipitated fraction starting at approximately 1
min after treatment in the DMSO populations but not in cells incubated with PP2 (upper panel). Total p85 was used as a loading control (WB:
p85; lower panel). MW, molecular mass.
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PYK2 is recruited to the Plexin-B1 receptor along with PI3K
and Src and is required for Plexin-B1 phosphorylation.
Though the nature of the kinase involved is still unclear, there
is evidence that the intracellular portion of Plexin-B1 is phos-
phorylated at a tyrosine residue upon binding to Semaphorin
4D (11). Indeed, tyrosine phosphorylation of Plexin-B1 could
provide a docking site for the SH2 domains of the p85 regu-
latory subunit of PI3K, thus providing a possible mechanism
for the activation of the PI3K-Akt pathway that we observed in
Semaphorin 4D-treated endothelial cells. To establish the ki-
netics of Plexin-B1 phosphorylation in response to ligand, we
treated endothelial cells stably expressing myc-tagged Trk-A/
Plexin-B1 chimeric receptors with NGF, immunoprecipitated
the receptor complex, and immunoblotted for phosphorylated
tyrosine residues. Phosphorylated receptor already can be ob-
served as early as 1 min after treatment, persisting for up to 10

min (Fig. 7A). To determine which of the kinases activated by
Plexin-B1 signaling are required for phosphorylation of Plexin-
B1, we transfected with myc-tagged Trk-A/Plexin-B1 chimeric
receptor constructs and either DN-PYK2, EGFP, or EGFP
preceded by incubation with the Src inhibitor PP2, followed by
treatment with NGF. Immunoblotting for myc in phosphoty-
rosine-immunoprecipitated fractions revealed phosphorylation
of the receptor after NGF treatment of controls and in PP2-
pretreated cells in this cellular system that enables high levels
of protein expression (Fig. 7B), suggesting that Src activity is
not necessary for Plexin-B1 phosphorylation. However, in cells
expressing DN-PYK2, no change in receptor phosphorylation
was seen in response to NGF (Fig. 7B). These results suggest
that while active Src is necessary for PI3K-mediated activation
of Akt and endothelial cell chemotaxis, it is not necessary for
Plexin-B1 phosphorylation. In contrast, PYK2 is necessary for
both endothelial cell chemotaxis and Plexin-B1 phosphoryla-
tion.

We next wanted to determine if PYK2 could associate with
the intracellular portion of Plexin-B1 in endothelial cells. We
treated endothelial cells stably expressing Trk-A/Plexin-B1 chi-
meric receptors with NGF and immunoprecipitated the recep-
tor complex, this time blotting for the presence of PYK2.
PYK2 was, in fact, observed in association with the receptor
following NGF treatment (Fig. 7C). The p85 regulatory sub-
unit of PI3K also associated with the receptor (Fig. 7C), which
correlates well with the proposed model of PI3K activation.
Src, which is often found associated with FAK family members,
was also seen in the complex soon after stimulation of Plexin-
B1, although not as strongly at later time points (Fig. 7C). An
immunoblot for the myc tag revealed the presence of equal
amounts of the receptor at all time points (Fig. 7C). As a
negative control, a hemagglutinin immunoprecipitation was
performed (Fig. 7C), which showed no proteins before or 5
min after treatment with NGF when probed for PYK2, p85, or
Src. Total PYK2, p85, and Src are shown in each case (WB
lanes). These results provide further evidence for the involve-
ment of PYK2 in Plexin-B1 signaling and suggest that after
receptor activation, PI3K and Src are recruited to the cytoplas-
mic portion of Plexin-B1, thereby participating in Plexin-B1
initiated signal transduction.

DISCUSSION

The process of axon guidance could be considered a special-
ized version of invasive growth and branching morphogenesis,
since it involves growth of neurites and axons through the
extracellular matrix and the establishment of contacts with
distant cells and matrix components (59). It is therefore not
surprising that scatter factors and semaphorins are involved in
the chemoattraction of motor neuron axons (18). The role of
plexin-semaphorin signaling, however, may not be restricted to
the central nervous system. For example, we have recently
shown high levels of Plexin-B1 expression in endothelial cells
and that activation of Plexin-B1 by Semaphorin 4D influenced
angiogenic responses in these cells (5). In fact, the gene ex-
pression pattern of plexins demonstrates that they are found in
numerous adult tissues where plexin-semaphorin interactions
have now been implicated in a host of responses, including loss
of cell-cell contacts and branching morphogenesis in epithe-

FIG. 5. Blockade of Src prevents Semaphorin 4D-induced Akt ac-
tivation and cell migration. (A) PP2 blocks Src and Akt phosphoryla-
tion in Semaphorin 4D-treated endothelial cells. Endothelial cells
were preincubated with either 10 �M PP2 (PP2) or DMSO (C) and
treated with 200 ng/ml Semaphorin 4D for the indicated periods of
time, lysed, and analyzed for the presence of phosphorylated Akt and
Src. Phospho-Src (WB: P-Src) was seen after 1 min of treatment in
cells preincubated with DMSO but not in cells grown in PP2 (upper
panels). Total Src was used as a loading control (WB: Src). Phosphor-
ylation of Akt is also seen in DMSO-treated control cells but not in
PP2 treated populations [WB: P-Akt (Thr 308), lower panels]. Total
Akt is used as a loading control (WB: Akt). (B) PP2 blocks Sema-
phorin 4D/Plexin-B1-mediated chemotaxis. Endothelial cells (control)
or cells stably expressing Trk-A/Plexin-B1 chimeric receptors (Trk-A/
PB1) were preincubated with either DMSO vehicle control (C) or 10
�M of the Src inhibitor PP2 (PP2) and then used in a cell migration
assay with Semaphorin 4D (S4D) or 100 ng/ml NGF (NGF) as the
chemoattractants. Media containing 10% fetal bovine serum (S) were
used as positive controls for migration. The bars represent the fold
increase of migration as determined by densitometry relative to that
seen in negative control wells containing 0.1% BSA (C).
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lium, regulation of angiogenesis, growth and metastasis of tu-
mors, and immune responses (9, 59). Their function and mech-
anism of action in many of these tissues remains poorly
understood. Here we show that Semaphorin 4D, acting
through its receptor Plexin-B1, causes the activation of the
PI3K pathway in endothelial cells by a mechanism that involves
the sequential activation of the cytoplasmic tyrosine kinases
PYK2 and Src, which are necessary for the stimulation of PI3K
and Akt and for endothelial cell migration. We also provide
evidence that these effects occur independently on residues
involved in the Ras GAP activity of Plexin-B1. PYK2 appears
to be the most upstream tyrosine kinase in this novel signaling
route, as overexpression of dominant-negative PYK2 blocked
Akt and Src activation as well as prevented endothelial cell
chemotaxis. Furthermore, we obtained evidence that PYK2 is
necessary for Plexin-B1 tyrosine phosphorylation, which likely
leads to the subsequent recruitment of PYK2, Src, and the p85
subunit of PI3K to the activated receptor, resulting in trans-
mission of intracellular signals required for endothelial cell
chemotaxis.

These findings are aligned with the prior observation that
the intracellular portion of Plexin-B1 is phosphorylated on
tyrosine residues upon binding to Semaphorin 4D (11), collec-
tively suggesting that activation of a protein tyrosine kinase
phosphorylation cascade may take place as part of the Plexin-
B1-initiated signal. However, it was not known how Plexin-B1
or its downstream proteins are phosphorylated, since
Plexin-B1 is devoid of intrinsic tyrosine kinase activity. In this
regard, recent evidence indicates that semaphorins can pro-
mote the oligomerization of tyrosine kinase receptors with
plexins (55). For example, treatment of MLP29 liver progeni-
tor cells with Semaphorin 4D results in the formation of a

receptor signaling complex that includes Plexin-B1 and c-Met,
leading to c-Met phosphorylation and activation, which, in
turn, phosphorylates and activates Plexin-B1 (21). In human
embryonic kidney 293 cells, Plexin-B family members can in-
teract with the transmembrane tyrosine kinase ErbB-2, result-
ing in the activation of both ErbB-2 and plexin upon sema-
phorin binding (51). In endothelial cells, however, these
interactions may not be detectable at biologically active levels
of Semaphorin 4D (5). Instead, using Semaphorin 4D and
chimeric Plexin-B1 molecules that cannot associate with c-Met
or ERB2 because they lack the Plexin-B1 extracellular region,
our present data implicate the FAK family member PYK2 in
the initiation of Semaphorin 4D–Plexin-B1 signaling in endo-
thelial cells, which eventually leads to activation of Src, PI3K,
and Akt and a proangiogenic response exemplified by cell
migration.

To date, several studies have implicated PYK2 in the regu-
lation of endothelial cell motility (29, 38, 56) and vascular
smooth muscle growth and differentiation (42), functions that
are essential for angiogenesis. Once tyrosine phosphorylated,
PYK2 localizes to focal adhesions and activates downstream
effectors such as Src, mitogen-activated protein kinases, and
PI3K, allowing it to participate in the transfer of signals from
the cell surface to the cytoskeleton (4). Through the use of
chimeric receptor constructs including the extracellular region
of the NGF receptor, Trk-A, fused to the intracellular portion
of Plexin-B1, we can specifically elicit Plexin-B1 signaling by
treatment with NGF. Using this system, we have recently
shown that Plexin-B1 induces endothelial cell migration and
stress fiber formation through the small G-protein RhoA, a key
regulator of actin polymerization that is also found in associ-
ation with the cytoskeleton at focal adhesions (5, 19, 40). In

FIG. 6. A dominant-negative form of PYK2 blocks Semaphorin 4D/Plexin-B1-mediated Akt and Src phosphorylation and chemotaxis.
(A) Transfected cells show immunoreactivity for PYK2, indicating overexpression of the kinase-dead, dominant-negative version of PYK2
(DN-PYK2), compared to empty vector-transfected controls (pCEFL). (B) Cells transfected with empty vector control DNA (C) or kinase-dead
dominant-negative PYK2 (DN-PYK2) were treated with 200 ng/ml Semaphorin 4D for the indicated periods of time, lysed, and analyzed for the
presence of phosphorylated Akt and Src. Phospho-Akt [WB: P-Akt (Ser 473); upper panels] and phospho-Src (WB: P-Src; lower panels) were seen
in response to Semaphorin 4D treatment of control cells but not in those expressing DN-PYK2. Total Akt and Src were used as loading controls.
(C) Endothelial cells transfected with empty vector control DNA (vector) or kinase-dead dominant-negative PYK2 (DN-PYK2) were used in a
cell migration assay with 200 ng/ml Semaphorin 4D as the chemoattractant (S4D). Media containing 10% fetal bovine serum (S) were used as
positive controls for migration. The bars represent the fold increase of migration as determined by densitometry relative to that seen in negative
control wells containing 0.1% BSA (C).
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this study we show that NGF treatment of endothelial cells
stably expressing these chimeric receptors results in Plexin-B1-
mediated PYK2 phosphorylation, a condition necessary for cell
migration and phosphorylation and activation of downstream
targets. Interestingly, under identical experimental conditions
we failed to detect changes in FAK phosphorylation in re-
sponse to Semaphorin 4D. Although this cannot rule out the
participation of FAK in Plexin-B1 signaling, FAK is expressed
in almost all tissues but PYK2 is expressed mainly in the
central nervous system and in cells and tissues derived from
hematopoietic lineages, which is a pattern of expression closely
resembling that of Plexin-B1 (23). On the other hand, the
ability of Plexin-B1 to stimulate Rho GTPases and cytosolic
tyrosine kinases may be interrelated, as both PDZ-RhoGEF

and LARG can be phosphorylated by PYK2 and FAK, thereby
prolonging their stimulating activity on RhoA (13), and the
activation of RhoA-initiated pathways can promote the activa-
tion of FAK and PYK2 (13). These observations raise the
possibility of the existence of an intimate interplay between the
Rho-GTPases and the activation of PYK2 by Plexin-B1, whose
full elucidation warrants further investigation.

Our present findings indicate that upon binding of Sema-
phorin 4D, Plexin-B1 can promote the activation of the cyto-
plasmic tyrosine kinase PYK2, which is required for phosphor-
ylation of tyrosine residues on the intracellular portion of this
receptor. This likely creates a docking site for the SH2 domains
of the p85 regulatory subunit of PI3K, thus providing a mech-
anism for PI3K-Akt activation, which contributes to the proan-
giogenic phenotype observed in Semaphorin 4D-treated endo-
thelial cells, namely, cytoskeletal polymerization and cell
migration. Indeed, we detected p85 in the phosphotyrosine-
immunoprecipitated fraction of lysates from Semaphorin 4D-
treated cells, indicating that this PI3K subunit was, in fact,
bound to its target proteins, most likely at a membrane-prox-
imal area such as the focal adhesion complex where the p110
catalytic subunit can interact with its lipid substrates, resulting
in Akt activation (10). We also show that PYK2-mediated
activation of the Src pathway is necessary for chemotaxis of
endothelial cells toward Semaphorin 4D and therefore neces-
sary in mediating Plexin-B1 signaling. Thus, the emerging no-
tion is that Plexin-B1 stimulates Rho-GTPases through the
direct binding to Rho GEFs while concomitantly acting as a
Ras GAP (35, 36), a Rac inhibitor (61, 62), and an activator of
an intracellular tyrosine kinase cascade that controls PI3K-Akt
and Src as well as other signaling events that are known to be
regulated by cytoplasmic tyrosine kinases. These findings
broaden the complexity of signaling mechanisms by which
Plexin-B1 may achieve its numerous physiological functions,
including those involved in axon guidance and endothelial cell
migration and angiogenesis.
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