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�2-Chimaerin, Cyclin-Dependent Kinase 5/p35, and
Its Target Collapsin Response Mediator Protein-2 Are
Essential Components in Semaphorin 3A-Induced
Growth-Cone Collapse
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Neurite outgrowth is influenced by positive and negative signals that include the semaphorins, an important family of axonal outgrowth
inhibitors. Here we report that the Rac GTPase activating protein (GAP) �2-chimaerin is involved in Semaphorin 3A (Sema 3A) signaling.
In dorsal root ganglion neurons, Sema 3A-induced growth cone collapse was inhibited by �2-chimaerin mutated to eliminate GAP
activity or interaction with phosphotyrosine. Activation of �2-chimaerin by phorbol ester caused growth cone collapse. Active �2-
chimaerin interacts with collapsin response mediator protein-2 (CRMP-2) and cyclin-dependent kinase (Cdk) 5/p35 kinase through its
SH2 and GAP domains, respectively. Cdk5 phosphorylates CRMP-2 at serine 522, possibly facilitating phosphorylation of serine 518 and
threonine 514 by glycogen synthase kinase 3� (GSK3�), a kinase previously implicated in Sema 3A signaling. Phosphorylation of CRMP-2
serine 522 was essential for Sema 3A-induced growth cone collapse, which is dependent on Cdk5 but not Rho kinase activity. �2-
chimaerin, like CRMP-2, can associate with the Sema 3A receptor. These results indicate that active �2-chimaerin Rac GAP, Cdk5/p35,
and its substrate CRMP-2, are implicated in the dynamics of growth cone guidance initiated through Sema 3A signaling.
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Introduction
In neuronal development, axonal outgrowth is guided by attrac-
tive and repulsive signals that stimulate Rho GTPase pathways
regulating actin dynamics in the growth cone. RhoA and Rho
kinase (ROK) are activated in response to lysophosphatidic acid
(LPA), ephrin A5, and Nogo, causing increased contractility and
neurite retraction (Tigyi et al., 1996; Wahl et al., 2000; Niederost
et al., 2002). NGF, netrins, and other attractive guidance signals
activate Rac and Cdc42, promoting neurite outgrowth through
effector proteins including p21-activated kinase (PAK) and
IRSp53 (insulin receptor tyrosine kinase substrate) (Kozma et al.,
1997; Daniels et al., 1998; Govind et al., 2001; Li et al., 2002).
Paradoxically, Rac is also required for growth cone collapse and
retraction induced by Semaphorin 3A (Sema 3A) (Jin and Stritt-
matter, 1997; Vastrik et al., 1999). The Sema 3A receptor is a

neuropilin-1/plexin-A complex (Takahashi et al., 1999) that may
signal through an associated tyrosine kinase, Fyn (Sasaki et al.,
2002), Fps/fes (Mitsui et al., 2002), or possibly off-track (Win-
berg et al., 2001). Molecule interacting with CasL oxidoreducta-
ses also associate with plexin (Terman et al., 2002), and redox
signaling can play a role downstream of Sema 3A neurite out-
growth in PC12 cells (Schwamborn et al., 2004). In the Sema 3A
pathway, actin polymerization is influenced by phosphorylation
of cofilin by LIM kinase (Aizawa et al., 2001) that can act down-
stream of either PAK or ROK (Edwards et al., 1999; Maekawa et
al., 1999). Another pathway component is collapsin response me-
diator protein-2 (CRMP-2) (Goshima et al., 1995), a neuronal
phosphoprotein involved in axonal outgrowth (Minturn et al.,
1995; Inagaki et al., 2001) and microtubule dynamics (Gu and
Ihara, 2000; Fukata et al., 2002). CRMP-2 can reversibly switch
RhoA and Rac morphological phenotypes, regulated by ROK
(Hall et al., 2001a), which phosphorylates CRMP-2 at threonine
555 (Arimura et al., 2000). CRMP-2 associates with ROK, poten-
tially attenuating its activity (Leung et al., 2002). Rho GTPases are
downregulated by GTPase activating proteins (GAPs), including
phospholipid-activated chimaerins, which act on Rac (Diek-
mann et al., 1991; Manser et al., 1992; Ahmed et al., 1993; Caloca
et al., 1997). �2-Chimaerin, containing an Src homology 2 do-
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main (SH2) domain in addition to C1 and GAP domains, is
highly expressed in the developing nervous system (Hall et al.,
1993, 2001b). Cyclin-dependent kinase (Cdk) 5 and its neuronal
regulator p35 play an important role in neuronal migration, neu-
rite outgrowth, and guidance (Nikolic et al., 1996; Chae et al.,
1997; Sasaki et al., 2002). In the Sema 3A pathway, Fyn phosphor-
ylates and activates Cdk5 (Sasaki et al., 2002). Here we show that
�2-chimaerin Rac GAP activity is necessary for Sema 3A-induced
growth cone collapse in dorsal root ganglion (DRG) neurons.
Active �2-chimaerin associates with CRMP-2 and Cdk5/p35 via
different domains. Cdk5 phosphorylates CRMP-2 at serine 522;
this phosphorylation is required for Sema 3A-induced growth
cone collapse and may facilitate subsequent phosphorylation of
CRMP-2 at serine 518 and threonine 514 by the important kinase
glycogen synthase kinase 3� (GSK3�). Both CRMP-2 and �2-
chimaerin can associate with the Sema 3A receptor. These find-
ings indicate that �2-chimaerin and its partners, CRMP-2 and
Cdk5/p35, participate in Sema 3A signaling in which activation of
�2-chimaerin is required.

Materials and Methods
Antibodies used were as follows: rabbit polyclonal �2-chimaerin and
CRMP-2 (Hall et al., 2001a,b); agarose-coupled mouse anti-Flag (M2-
FLAG-AC), rabbit polyclonal FLAG, mouse �-tubulin (Sigma-Aldrich,
Poole, UK); rabbit polyclonal Cdk5 (C-8), agarose-coupled Cdk5-AC,
mouse monoclonal p35 (C-19), anti-myc and glutathione S-transferase
(GST) (Z-5) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA),
mouse monoclonal anti-haemagglutinin (HA) tag (Babco, Richmond,
CA), mouse monoclonal green fluorescent protein (GFP) (Clontech, Ox-
ford, UK), agarose-coupled anti-myc antibody (Abcam, Cambridge,
UK); and mouse monoclonal anti-Rac and anti-phosphotyrosine RC20
(Transduction Labs, Oxford, UK).

Protein purification and overlay assay. Rat brain homogenate (20%) in
25 mM MES, pH 6.5, 0.5 mM MgCl2, 0.05% Triton X-100, 50 �m ZnCl2,
0.1 mM EGTA, 5 mM DTT, 0.5 mM PMSF, 1 �g/ml pepstatin, 1 �g/ml
aprotinin was centrifuged at 100,000 � g for 1 hr at 4°C, and p64
(CRMP-2) was purified by fractionation of the soluble extract by chro-
matography on S-Sepharose, Q-Sepharose, Zinc chelating Sepharose,
and phenyl-Sepharose columns, sequentially, as described for purifica-
tion of �2-chimaerin (Hall et al., 1993). Fractions were eluted from
S-Sepharose in a salt gradient, and 0.2 M NaCl fraction (see Fig. 1 A, lane
10) was diluted and fractionated on Q-Sepharose. P64 eluted with 0. 2 M

NaCl (see Fig. 1 A, lane 13) was adjusted to pH 7.5 with 1 M Tris-HCl, pH
7.5, and applied to a Zinc chelating column precharged with ZnCl2 (Hall
et al., 1993). P64 was eluted in two separate fractions, at pH 6.0 and with
50 mM imidazole. The latter fraction (which also contained �2-
chimaerin) was adjusted to 0.4 M NH4SO4, applied to a phenyl-Sepharose
column, and p64 was eluted in 0.2 M NH4SO4 [�2-chimaerin is eluted by
0.2 M deoxycholate, pH 8.5 (Hall et al., 1993)]. Proteins in this fraction
were separated by two-dimensional (2-D) gel electrophoresis. Column
fractions were analyzed by overlay assay (Manser et al., 1992) using re-
combinant �2-chimaerin or �2-chimaerin SH2 domain � 32P-labeled by
phosphorylation with PKC (0.05 �g) in [� 32P]ATP (Amersham Bio-
sciences, Little Chalfont, UK), 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2,
0.25 mM CaCl2, 2.5 �g of phosphatidyl serine, 0.005 �g of PDBu (Sigma-
Aldrich), and 0.012 mM ATP.

Site-directed mutagenesis. pXJ40 CRMP-2 and pXJ40 �2-chimaerin
mammalian cDNA constructs were as described previously (Hall et al.,
2001a,b). Cdk5 and p35 cDNA constructs were as described (Qi et al.,
1998) or cloned in pXJ40. Myc-tagged Plexin-A construct was generously
provided by Stephen Strittmatter (Yale University, New Haven, CT), and
myc-tagged neuropilin-1 cDNA was provided by Rabinder Prinjha (Gl-
axoSmithKline, Harlow, UK).

Putative phosphorylation sites in CRMP-2 at serine 522, 518, threo-
nine 509, 514 were individually mutated in pXJ40 Flag CRMP-2 to ala-
nine residues using the QuikChange XL Site-Directed Mutagenesis Kit
(Stratagene Europe, Amsterdam, The Netherlands) and sequenced (Cy-

tomix, Cambridge, UK). The following mutagenic primers were used:
S522A: 5�-CAGCTAAGACAGGCCCTGCCAAGCAG-5�; T509A: 5�-
GAG GTG TCT GTG CGG CCC AAG ACG GTC-3�; T514A: 5�-CCC
AAG ACG GTC GCT CCG GCC TCA TC-3�; S518A: 5�-C ACT CCG
GCC TCA GCA GCT AAG ACA TCC-3�.

Cell treatment. N1E-115 cell lines cultured in DMEM, 10% fetal calf
serum, and plated on laminin as described previously (Hall et al., 2001b)
were transfected using Lipofectamine 2000 (Invitrogen, Paisley, UK).
COS-7 cells were transfected with Lipofectamine (Invitrogen). For inhi-
bition of tyrosine phosphatases, pervanadate (100 �M) was freshly pre-
pared by treating 20 mM Na3VO4 in PBS with 0.05% H2O2 for 5 min at
room temperature and excess H2O2 was removed by catalase (200 �g/
ml), and cells in DMEM were treated for 20 min at 37°C.

Preparation of rat dorsal root ganglia neurons. Dorsal root ganglia were
removed from the spinal cord of newborn Wistar rats (day 0 –1) and
treated with 0.125% collagenase (Worthington Biochemical Corpora-
tion, Freehold, NJ) in F12 Ham’s media (Sigma-Aldrich), 5% FCS/F12
for 1–2 hr, washed in Hank’s buffered saline (Sigma-Aldrich) at 37°C,
and treated with 1% trypsin for 10 min at 37°C. After washing in 5%
FCS/F12, DRG neurons were triturated in F12 media and centrifuged
through a 15% BSA/F12 gradient at 800 rpm for 10 min. Cells were either
electroporated (Amaxa Biosystems, Koln, Germany) or plated directly in
F12 media with N2 supplement, 3% BSA, 10 nM cytosine arabinoside
(Sigma-Aldrich), antibiotic/antimycotic (Invitrogen) plus NGF 100
ng/ml (Calbiochem, La Jolla, CA; Merck Biosciences, Nottingham, UK).
DRG neurons, plated on acid-washed coverslips precoated with 10 �g/ml
mouse laminin (Invitrogen), were maintained at 37°C in 5% CO2.

Collapse assays. DRG neurons transferred to 20 ng/ml NGF for 4 hr
before collapse assays in the presence or absence of the Cdk5 inhibitor
roscovitine 10 �M (Sigma-Aldrich) or Rho kinase inhibitor Y-27632
(10 �M) (Calbiochem), or N1E-115 cells permanently expressing �2-
chimaerin (Hall et al., 2001b), were treated with either purified Sema
3A-Fc protein (time-lapse analysis) or Sema 3A-Fc enriched supernatant
at 1:50 dilution (Eickholt et al., 2002) for 30 min before the cells were
fixed for quantification. Phorbol ester, phorbol 12,13-myristate acetate
(PMA; 100 nM) (LC Labs, Woburn, MA), was added to DRG neurons in
the presence or absence of the PKC inhibitor bisindolylmaleimide
(10 �M) (LC Labs). Immunostaining of DRG neurons was as described
previously (Hall et al., 2001b). For time-lapse microscopy, an N1E-115
cell line permanently overexpressing �2-chimaerin was used (Hall et al.,
2001b). Cells were plated on laminin-coated coverslip-bottom dishes
(World Precision Instruments, Hertfordshire, UK) and transfected (16
hr) or treated with inhibitors before analysis 10 min before and 30 min
after addition of Sema 3A through a micropipette placed in the vicinity of
the growth cone, using a CCD camera and MetaMorph software to take
images every 30 sec.

Immunoprecipitation. For immunoprecipitations, cleared cell lysates
in 1% Triton X-100, 25 mM HEPES, pH 7.5, 0.3 M NaCl, 1 mM MgCl2, 1
mM EGTA, 20 mM � glycerophosphate, 5% glycerol were incubated with
agarose-conjugated antibody (FLAG-M2 or Cdk5-AC) at 4°C for 2–3 hr
and washed in lysis buffer, and proteins eluted in Laemmli SDS sample
buffer were analyzed by Western blotting. Protein A agarose (Sigma-
Aldrich) was used to isolate �2-chimaerin immunoprecipitates.

In vitro kinase assays. Assays were performed on recombinant protein
substrates or proteins immunoprecipitated from COS-7 cells. Substrate
protein (2–5 �g) in 120 mM MOPS, 5 mM MgCl2, recombinant Cdk5/p25
kinase, ATP (100 �M), 5 �Ci of [ 32P]�ATP was incubated at 30°C for 30
min. GSK3� (Upstate, Milton Keynes, UK) kinase assays were according
to manufacturer’s protocol.

Rac-GTP assays were performed using GST-PAK Cdc42/Rac binding
region as described (Sander et al., 1999).

Results
CRMP-2 interacts with �2-chimaerin SH2 domain
The selective expression of �2-chimaerin in the embryonic ner-
vous system and its effects on cell morphology indicated that its
isoform-specific SH2 domain might interact with proteins in-
volved in neurite outgrowth (Hall et al., 2001b). To identify such
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proteins, rat brain extracts were probed
with 32P-labeled �2-chimaerin in an over-
lay assay (Fig. 1A). A 64 kDa protein in
S-Sepharose-fractionated brain extracts
was detected by either full-length �2-
chimaerin or its SH2 domain (Fig. 1A),
but not its GAP domain. The protein was
purified by further chromatography and
two-dimensional gel electrophoresis (Fig.
1A). Peptide sequence analysis revealed its
identity with CRMP-2 (Minturn et al.,
1995) (Fig. 1B). CRMP-2 and �2-
chimaerin have similar expression profiles
in embryonic and neonatal rat brain (Fig.
1C).

Recombinant CRMP-2 bound to the
SH2 domain of �2-chimaerin in vitro in
Western and dot blots (Fig. 2A). Binding
did not occur on substitution of the im-
portant asparagine 94 by histidine (Fig.
2A). Binding still occurred with �2-
chimaerin R73L and R56L. These muta-
tions of the invariant or highly conserved
arginines R73 and R56 (in the SH2 domain
�B5 and �A2 positions) abolish interac-
tion with phosphotyrosine (Waksman et
al., 1993; Hall et al., 2001b). Substitution
of the atypical glutamic acid by the almost
invariant �A1 tryptophan also did not pre-
vent the interaction of �2-chimaerin with
CRMP-2 (Fig 2A).

Activation of �2-chimaerin by phorbol
ester promotes its interaction with CRMP-2 in vivo
CRMP-2 was strongly associated with �2-chimaerin when coex-
pressed in COS-7 cells only after cell treatment with phorbol ester
(Fig. 2B,C), with the association showing a phorbol ester concen-
tration dependence (Fig. 2C). This association required the SH2
domain of �2-chimaerin (Fig. 2B) but was independent of phos-
photyrosine interactions, because R73L or R56L mutants still as-
sociated (Fig. 2D). In neuroblastoma cells but not in COS-7 cells
(data not shown), however, treatment with pervanadate to
inhibit tyrosine phosphatases promoted a slight association
between CRMP-2 and �2-chimaerin (Fig. 2E), suggesting that
neuronal cell-specific tyrosine phosphorylation may be capable
of promoting �2-chimaerin association with CRMP-2 and/or its
activation.

p35 and Cdk5 interact with �2-chimaerin GAP domain,
potentiated by phorbol ester
Chimaerin was recently reported to interact with p35, the neuro-
nal regulator of Cdk5, in a yeast two-hybrid screen (Qi et al.,
2004). We confirmed this interaction in COS-7 cells, in which
p35 could be coimmmunoprecipitated with Flag/�2-chimaerin
for which the GAP domain was sufficient (Fig. 3A). Cdk5 also
interacted with �2-chimaerin, and as with p35, the GAP domain
was sufficient (Fig. 3B). When coexpressed with both Cdk5 and
p35, which form a kinase-active complex (Fig. 3C), �2-chimaerin
did not coimmunoprecipitate with Flag/p35. When coexpressed
with p35 and kinase-inactive Cdk5N144, �2-chimaerin coimmu-
noprecipitated with Flag/p35 only in small and variable amounts
(Fig. 3C). In all cases Cdk5 coprecipitated with Flag/p35, suggest-
ing that the interaction of p35 and Cdk5 is of higher affinity than

of either for �2-chimaerin; however, treatment with phorbol es-
ter to activate �2-chimaerin resulted in increased association
with either p35 or Cdk5, both in a concentration-dependent
manner (Fig. 3D,E). This treatment also resulted in coimmuno-
precipitation of all three proteins, using Flag/p35 (Fig. 3F). No
phosphorylation of �2-chimaerin by Cdk5 was detected.

�2-Chimaerin may be in an autoinhibited conformation
in cytosol
Mutation of either the SH2 or GAP domain can promote mem-
brane translocation of �2-chimaerin. The SH2 domain mutant
�2-chimaerin N94H is membrane associated and constitutively
active (Hall et al., 2001b). The �2-chimaerin �303–305(YRV)
mutant deleted in the GAP domain was also translocated to the
membrane (Fig. 4A). These two �2-chimaerin mutants, N94H
and �303–305, also showed an increased association with p35
(Fig. 3G) or other targets (data not shown) compared with wild
type, whereas the point-mutant �2-chimaerin R304G did not
translocate to the membrane and showed no increased binding of
p35 (Figs. 3G, 4A). Because these mutations in either the N or C
terminal can both lead to membrane association and increased
target interaction, this implies that these disparate activities of
�2-chimaerin are unmasked through its conformational alter-
ation. Unless activated, it appears that �2-chimaerin exists in an
autoinhibited state in the cytosol.

�2-Chimaerin is activated by PMA
Chimaerins are diacylglycerol/phorbol ester receptors (Ahmed et
al., 1993), and �2-chimaerin is membrane translocated by phor-
bol esters (Caloca et al., 2001). In COS-7 cells and fibroblasts,

Figure 1. Purification of CRMP-2 from rat brain extracts. A, Rat brain extracts (see Materials and Methods) fractionated on
S-Sepharose were analyzed by Western blot and overlay asay with 32P-labeled �2-chimaerin SH2 (lanes 1–3) or GAP domain
(lanes 4 –5) (left). A 64 kDa protein was purified by sequential chromatography of brain soluble fraction (lane 7) on S-Sepharose
(lanes 8 –11), Q-Sepharose (lanes 12–15), Zinc chelating Sepharose (lanes 16 –19), and phenyl Sepharose (lanes 21–23) (Mate-
rials and Materials) (Hall et al., 1993). Fractions were eluted from S-Sepharose in a salt gradient, and 0.2 M NaCl fraction (lane 10)
was diluted and fractionated on Q-Sepharose. P64 eluted with 0.2 M NaCl (lane 13) and applied to a Zinc chelating column, eluted
at pH 6.0 (lane 17) or with 50 mM imidazole (lane 19). The latter, adjusted to 0.4 M, was bound to phenyl-Sepharose and eluted
with 0.2 M NH4S04. Eluted fractions were analyzed by overlay assay for �2-chimaerin interaction. Fractions shown are as follows:
0.1 M NaCl, lanes 2, 5, 9, 12; 0.2 M NaCl, lanes 3, 6, 10, 13; 0.3 M NaCl, lanes 11 and 14; 0.4 M NaCl, lane 15; Zn chelate unbound, lane
16; pH 6.0 elution, lane 17; 20 mM imidazole, lane 18; 50 mM imidazole, lane 19; phenyl-Sepharose unbound, lane 20; 0.2 M

NH4SO4, lane 21. The final fraction was analyzed by 2-D gel electrophoresis, stained with Coomassie blue, and two p64 spots
identified by overlay were cut out for peptide sequence analysis. The peptide sequences that were obtained are underlined in B. B,
CRMP-2 sequence. Peptides isolated and sequenced are underlined. C, Western analysis of CRMP-2 and �2-chimaerin in embry-
onic and neonatal rat brain.
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PMA treatment promotes membrane ruffling, possibly through a
Ras–Rac activation pathway (Fig. 4) (Kozma et al., 1996). In
COS-7 cells, PMA treatment-induced ruffling was abolished on
expression of exogenous �2-chimaerin, and instead cells showed
a PMA-dependent collapse. GAP-inactive mutant �2-chimaerin
had no effect on PMA-induced ruffling, and cells did not collapse,
showing that the effects of �2-chimaerin in PMA-treated cells are
attributable to its GAP activity (Fig. 4A,B). In N1E-115 cell lines
permanently transfected with �2-chimaerin, PMA treatment
promoted translocation of �2-chimaerin to cell membrane and
cytoskeletal fractions (Fig. 4C) and also reduced endogenous
Rac-GTP levels (Fig. 4D).

�2-Chimaerin activation induces neurite retraction
PMA ester treatment caused retraction of neurites in NIE-115
neuroblastoma cells differentiated in low serum (Fig. 4E). This
PMA-induced retraction was inhibited by expression of GAP-
inactive �2-chimaerin R304G (Fig. 4E), indicating that activa-
tion of endogenous �2-chimaerin GAP is sufficient to promote
neurite retraction. �2-chimaerin is highly expressed in embry-
onic and adult dorsal root ganglia neurons (see Fig. 8A) (Hall et
al., 2001b). Phorbol ester is known to promote growth cone col-
lapse in these primary neurons (Fournier et al., 2000), an effect
attributed to PKC activation. In DRG neurons, PMA-induced

collapse of neuronal growth cones was un-
affected by the specific PKC inhibitor
bisindolylmaleimide, but partially inhib-
ited by expression of GAP-inactive �2-
chimaerin R304G (Fig. 4F). This suggests
that PMA-induced activation of �2-
chimaerin rather than of PKC is responsi-
ble for this collapse response. Together,
these results indicate that PMA induces
membrane translocation and activation of
�2-chimaerin GAP, enhancing association
with target proteins, and that active �2-
chimaerin can promote neurite retraction.

Cdk5 phosphorylates CRMP-2 at S522
CRMP-2 is tyrosine and serine phosphor-
ylated in different collapse pathways
(Arimura et al., 2000; Mitsui et al., 2002).
In DRG growth cone collapse, CRMP-2
T555 is transiently phosphorylated by
ROK in response to LPA but not Sema 3A
(Arimura et al., 2000). In the Sema 3A
pathway, because CRMP-2 may act down-
stream of Cdk5/p35, we tested whether
CRMP-2 was a Cdk5 target. CRMP-2 syn-
thesized in COS-7 cells could indeed be
phosphorylated in vitro by recombinant
Cdk5/p25 (Fig. 5A). Selected mutations
were made in CRMP-2 at Cdk5 kinase
consensus sequences, including T509 and
S522. These two sites are among those hy-
perphosphorylated in Alzheimer’s disease,
where CRMP-2 is associated with neurofi-
brillary tangles (Yoshida et al., 1998; Gu et
al., 2000) and Cdk5/p35 activity is disregu-
lated (Patrick et al., 1999). CRMP-2
T509A but not CRMP-2 S522A was phos-
phorylated by Cdk5 (Fig. 5A), identifying
S522 in the optimal consensus sequence

S/TPXK/R as the single Cdk5 phosphorylation site in CRMP-2.

GSK3� phosphorylates CRMP-2 at S518 and T514 primed by
phosphorylation at S522
GSK3� is activated in Sema 3A-induced growth cone collapse
(Eickholt et al., 2002), and potential GSK3� phosphorylation
sites are present in CRMP-2. We observed that coexpression of
CRMP-2 with GSK3� in COS cells induced a mobility shift in
CRMP-2 in SDS gels (Fig. 5C). Interestingly, this was abolished
by mutation of the Cdk5 site, CRMP-2 S522A, and inhibited by
treatment with roscovitine, which inhibits cyclin-dependent ki-
nases (Fig. 5C,D). GSK3� phosphorylation of certain substrates
is primed by previous phosphorylation by other kinases (Frame
and Cohen, 2001). Potential GSK3� sites in CRMP-2 at S518 and
T514 are spaced at four amino acid intervals upstream of S522
(Fig. 5E). To determine whether GSK3� phosphorylated
CRMP-2 at any of these sites, appropriate mutant proteins were
synthesized and subjected to in vitro kinase assays (Fig. 5B).
CRMP-2 was indeed phosphorylated by GSK3�, with S518 being
one of the phosphorylation sites (Fig. 5B). Mutant CRMP-2
S522A was not phosphorylated by GSK3�, suggesting that previ-
ous phosphorylation of S522 may be necessary for phosphoryla-
tion of S518 by GSK3�. Although the possibility that S522 is
another GSK3� site cannot be excluded, this is unlikely because

Figure 2. CRMP-2 interacts with �2-chimaerin SH2 domain. A, In vitro association of recombinant CRMP-2 with �2-
chimaerin. Top, Western blot of recombinant CRMP-2 probed with 32P-labeled SH2 domain, SH2 domain mutants E49W, R56L,
R73L, N94H, and full-length �2-chimaerin (FL). Bottom, Dot blot of recombinant CRMP-2 and p67phox control protein, probed
with 32P-labeled �2-chimaerin SH2 domain or GST control. B, In vivo interaction of CRMP-2 with �2-chimaerin. Full-length
Flag-�2-chimaerin (WT) and N-terminal truncations Flag-�2-chimaerin(196 – 459) and Flag-�2-chimaerin (268 – 459) were
coexpressed in COS-7 cells with HA-CRMP-2 in the presence and absence of PMA (10 �M). Western blots of immunoprecipitated
(IP) Flag-chimaerin were probed with anti-HA antibody to detect associated CRMP-2. C, Western blots of HA-�2-chimaerin
associated with immunoprecipitated Flag-CRMP-2 after coexpression in COS-7 cells treated with PMA 0 –10 �M as specified. D,
Western blots of �2-chimaerin, �2-chimaerin E49W, �2-chimaerin R56L, and �2-chimaerin R73L immunoprecipitated with
Flag-CRMP-2 after coexpression in COS-7 cells treated with PMA (10 �M). E, Western blots of �2-chimaerin (top),
phosphotyrosine-containing proteins (detected with RC20 antibody; middle) immunoprecipitated with Flag-CRMP-2 (bottom)
from cells of a permanent �2-chimaerin N1E-115 cell line transiently transfected with Flag-CRMP-2.
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CRMP-2 S518A is not phosphorylated at
all. CRMP-2 T514A showed reduced
GSK3� phosphorylation (Fig. 5B) and no
increased mobility (Fig. 5C), suggesting
that T514 is also a GSK3� site. Mutation of
any of these three sites, S518, T514, and
S522, abolished the GSK3�-induced mo-
bility shift of CRMP-2. Treatment of COS
cells with the specific Cdk5 inhibitor
roscovitine at an appropriate range of con-
centrations (Meijer et al., 1997; Bain et al.,
2003) inhibited GSK3� phosphorylation
in the lower mobility species, detected us-
ing an anti-phosphothreonine antibody
(Fig. 5D). CRMP-1 and CRMP-4 also con-
tain a potential Cdk5 site corresponding to
CRMP-2 S522, but only CRMP-2 and
CRMP-4 contain all three potential sites
(Fig. 5E). Together, these results are con-
sistent with initial phosphorylation of
CRMP-2 S522 (possibly by Cdk5 in vivo)
and subsequently of S518 and T514 by
GSK3�.

Sema 3A-induced growth cone collapse
requires phosphorylation of
CRMP-2 S522
N1E-115 cells are responsive to Sema 3A
(van Horck et al., 2002), and we initially
used �2-chimaerin permanent transfec-
tants of N1E-115 cells to investigate the in
vivo effects of CRMP-2 and Cdk5 on the
Sema 3A response. The time-lapse analysis
is shown in Figure 6A. In response to Sema
3A, neurite retraction occurred after of 10 –15 min and was com-
plete within 30 min. Ruffles retracted with a redistribution of
actin as shown in GFP actin-transfected cells. In the presence of
ROK inhibitor Y-27632, Sema 3A still induced growth cone col-
lapse and neurite retraction, indicating that ROK was not in-
volved; however, Sema 3A-induced retraction was inhibited by
the Cdk5 inhibitor roscovitine. This retraction was also inhibited
by transfection of CRMP-2 S522A (nonphosphorylatable by
Cdk5) but not CRMP-2 (Fig. 6A,B).

The Sema 3A response is well characterized in DRG neurons.
Rat DRG neurons express CRMP-2 and �2-chimaerin (Figs. 7A,
8A), with both occurring throughout the cell, neurites, and in
growth cones. In DRG neurons in culture, growth cone collapse
induced by Sema 3A was unaffected by the ROK inhibitor Y27632
but inhibited by the Cdk5 inhibitor roscovitine (Fig. 7B). Growth
cone collapse induced by LPA treatment, which involves ROK
phosphorylation of CRMP-2 (Arimura et al., 2000), was unaf-
fected by roscovitine. LPA treatment resulted in similar values for
collapse (55%), in the presence or absence of roscovitine, in dupli-
cate experiments.

Sema 3A-induced collapse was inhibited, however, by expres-
sion of CRMP-2 S522A but not of wild-type CRMP-2 in DRG
neurons (Fig. 7C).

Because GSK3� plays a role in Sema 3A-induced collapse in
DRG neurons, we then investigated whether inactivation of
GSK3� phosphorylation sites in CRMP-2 also affected this col-
lapse response. In contrast to CRMP-2 S522A, expression of ei-
ther CRMP-2 T514A or S518A mutants did not completely abol-
ish Sema 3A-induced collapse (Fig. 7D). Nevertheless, the Sema

3A-induced response was attenuated, consistent with an involve-
ment of GSK3� after the pivotal phosphorylation at S522 by
Cdk5.

�2-chimaerin is required for Sema 3A-induced growth cone
collapse in DRG neurons
Because �2-chimaerin can induce neurite retraction and inter-
acts with components of Sema 3A signaling, we examined its
participation in Sema 3A-induced growth cone collapse, which is
known to be Rac dependent. In rat DRG neurons, transfection
with �2-chimaerin appeared to result in a very slight increase, but
transfection with GAP-inactive mutant �2-chimaerin R304G
abolished Sema 3A-induced growth cone collapse (Fig. 8B). A
single mutation of the SH2 domain, R73L, was also sufficient to
inhibit Sema 3A-induced collapse (Fig. 8B). This mutation cor-
responds to the essential arginine �B5 required for phosphoty-
rosine interaction (Waksman et al., 1993; Hall et al. 2001b), sug-
gesting that �2-chimaerin may participate in the Sema 3A
pathway through a phosphotyrosine-dependent association.
Transfection with another specific Rac-GAP, ArhGAP15, or its
GAP-inactive mutant ArhGAP15 �315–318 (Seoh et al., 2003),
had no effect on Sema 3A-induced growth cone collapse (Fig.
8C). These results indicate that �2-chimaerin GAP activity is
involved in the Sema 3A pathway.

�2-Chimaerin interacts with the Sema 3A receptor
The Sema 3A receptor is a complex of neuropilin-1 and plexin-A.
CRMP-2 has recently been shown to interact with plexin-A1 in
COS cells (Deo et al., 2004); the interaction is enhanced by ex-

Figure 3. Cdk5 and its neuronal regulator p35 interact with �2-chimaerin GAP domain. A, In vivo interaction of p35 with
full-length Flag-�2-chimaerin (WT) and N-terminal truncations Flag-�2-chimaerin (196 – 459) and Flag-�2-chimaerin (268 –
459) immunoprecipitated after their coexpression in COS-7 cells with p35. B, In vivo interaction of Cdk5 with full-length Flag-
�2-chimaerin (WT) and N-terminal truncations Flag-�2-chimaerin (39 – 459), Flag-�2-chimaerin (196 – 459), and Flag-�2-
chimaerin (268 – 459) immunoprecipitated after coexpression in COS-7 cells with Cdk5. C, Immunoprecipitation of Flag-p35 from
COS-7 cells after coexpression with the indicated combinations of Cdk5, kinase inactive Cdk5 N144, and/or GFP-�2-chimaerin.
Western blots of �2-chimaerin, Cdk5, and Flag p35 in immunoprecipitates are shown. D, Coimmunoprecipitation of �2-
chimaerin with Flag-p35 after coexpression in COS-7 cells treated with increasing amounts of PMA (0 –10 �M) as indicated. E,
Coimmunoprecipitation of Cdk5 with Flag-�2-chimaerin after coexpression in COS-7 cells treated with PMA (0 –10 �M) as
indicated. F, Coimmunoprecipitation with anti-Flag-p35 of Cdk5 and �2-chimaerin from COS-7 cells expressing all three proteins
and treated with PMA (0 –10 �M) as indicated. G, Immunoprecipitation with anti-Flag-p35 of GFP-�2-chimaerin (WT), �2-
chimaerin N94H, �2-chimaerin R304G, and �2-chimaerin �303–305 after coexpression in COS-7 cells.
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pression of neuropilin only on Sema 3A treatment. Thus far, we
have been unable to detect in COS cells a Sema 3A-induced asso-
ciation of �2-chimaerin with its binding partners Cdk5/p35 and
CRMP-2, which are all necessary components of the Sema 3A
pathway in DRG neurons. Nevertheless, we have been able to
detect in COS cells CRMP-2 interaction with plexin-A and with
neuropilin-1 (Fig. 9), as well as �2-chimaerin interaction with

plexin-A and variably with neuropilin-1
(Fig. 9) (and data not shown). No interac-
tion of �2-chimaerin with either receptor
component occurred in the absence of
PMA, indicating that activation and/or
membrane translocation of �2-chimaerin
is required.

Discussion
These results show that Sema 3A-induced
growth cone collapse in DRG neurons re-
quires both active �2-chimaerin and
CRMP-2 phosphorylated at serine 522, a
Cdk5 site. Cdk5/p35 kinase and its novel
substrate CRMP-2 can associate with sep-
arate domains of active �2-chimaerin,
which suggests that these Rac-interactive
proteins may be part of a functional com-
plex. Rac is a required component of the
Sema 3A pathway, but its role has re-
mained elusive, especially because it also
participates in axonal outgrowth. The key
to these dual and conflicting activities may
lie in Rac being able to interact with a dif-
ferent set of effector proteins, including ki-
nases. Different collapse pathways them-
selves involve separate kinases. ROK is
necessary for ephrin A5- and Nogo-
induced neurite retraction (Wahl et al.,
2000; Niederost et al., 2002) but not Sema
3A-induced retraction (Fig. 7) (Arimura et
al., 2000), whereas activity of Cdk5/p35 is
required for Sema 3A-induced growth
cone collapse (Fig. 7) (Sasaki et al., 2002).

Cdk5 phosphorylation of CRMP-2
in collapse
Here we identify a single Cdk5 phosphor-
ylation site in CRMP-2, serine 522, which
when mutated is sufficient to block Sema
3A-induced collapse. CRMP-2, an early
identified component of the Collapsin
1/Sema 3A response (Goshima et al.,
1995), is also phosphorylated in LPA-
induced growth cone collapse in DRG
neurons (Arimura et al., 2000) at a nearby
site, T555. Phosphorylation of the
C-terminal region appears to be linked
with the role of CRMP-2 in collapse rather
than outgrowth. CRMP-2 S522 phosphor-
ylation may prime for subsequent phos-
phorylation at serine 518 and at threonine
514 by GSK3�, a kinase also activated in
response to Sema 3A (Eickholt et al.,
2002). In vivo phosphorylation of these
sites by GSK3� was inhibited by mutation
of serine 522, further indicating that the

Cdk5 site at S522 is a pivotal phosphorylation site in CRMP-2.
Mutation at either of these GSK3� sites attenuated but did not
abolish collapse, consistent with a role of GSK3� downstream of
Cdk5 in the Sema 3A pathway. Cdk5 and GSK3� activities are
also coordinated in netrin signaling where MAP1B is a substrate
(Del Rio et al. 2004). CRMP-2 promotes axon formation (Inagaki

Figure 4. Phorbol ester activation and membrane translocation of �2-chimaerin, autoinhibited in cytosol. A, PMA activation
of GFP-�2-chimaerin expressed in COS-7 cells (A, B) and of �2-chimaerin in N1E-115 cell lines (C–E). A, Cell morphology and
distribution of �2-chimaerin, �2-chimaerin R304G, and �2-chimaerin�303–305 (2 GAP inactive mutants) (top) in the presence
and absence of PMA treatment. Phalloidin-stained actin is shown for the PMA-treated cells (bottom). B, Quantitation of COS-7
cells showing ruffling (lamellipodia; top) and collapse (bottom) in response to increasing concentrations of PMA after transfection
with �2-chimaerin (filled columns) or GAP inactive �2-chimaerin �303–305 (open columns). C, Western analysis of �2-
chimaerin from permanent �2-chimaerin N1E-115 cell line treated with increasing concentrations of PMA and fractionated into
soluble, membrane, and 1% Triton-insoluble fraction (Kozma et al., 1996). D, Rac activity, determined by Rac-GTP pull-down with
GST PAK GTPase binding region, in �2-chimaerin permanent cells treated with PMA at the indicated concentrations; Western blot
with anti-Rac antibody shows total Rac and Rac-GTP bound to a GST-PAK CRIB (Cdc42/Rac interactive binding) affinity matrix. E,
Effect of PMA treatment on neurites of N1E-115 cells, differentiated by serum starvation and transiently transfected with GFP-
�2-chimaerin or GFP-�2-chimaerin GAP inactive mutant. Results show the average of three experiments (SEM). F, DRG neurons
treated with PMA 100 nM (filled columns) for 30 min, in the presence or absence PKC inhibitor bisindolylmaleimide (10 �M) after
inhibitor pretreatment of 20 min or 4 hr, or after transfection with GAP mutant GFP-�2-chimaerin R304G (see Materials and
Methods). Cells were fixed and stained with phalloidin tetramethylrhodamine isothiocyanate, and GFP-transfected cells with
collapsed growth cones were quantitated. PMA-induced collapse of �2-chimaerin R304G-transfected cells was significantly less
than control cells plus or minus PKC inhibition; p � 0.008 and p � 0.003, respectively.
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et al., 2001) binds tubulin heterodimers, and is involved in mi-
crotubule polymerization (Fukata et al., 2002). CRMP-2 may
function in a heteromeric structure with CRMP-1 (Deo et al.,
2004) and affect ROK (Leung et al., 2002). CRMP-2 C terminal

Figure 5. CRMP-2 serine 522 is a novel substrate of Cdk5 and required for phosphorylation
by GSK3�. A, B, Flag-CRMP-2 (WT) and mutants of the sites indicated were synthesized in COS-7
cells, purified, and subjected to in vitro kinase assay with [ 32P]ATP and recombinant Cdk5/p25
( A) or GSK3� ( B). C, Western blot analysis of CRMP-2 or CRMP-2 mutants as indicated (top)
coexpressed in COS-7 cells with GSK3� (bottom); roscovitine treatment 10 �M (�Rosc). D,
Western blot analysis showing effect of roscovitine treatment (1, 5, 20 �M) on GST-CRMP-2
phosphorylated in COS-7 cells in the presence or absence of GSK3�. Phosphorylated GST-
CRMP-2, purified using glutathione agarose (middle; anti-GST) from cell lysates (bottom; anti-
GST), was detected by anti-phosphothreonine antibody (top), which recognized the lower mo-
bility band. E, Alignment of CRMP-2 C-terminal sequence with CRMP family members,
indicating identified phosphorylation sites.

Figure 6. Sema 3A-induced growth cone collapse requires Cdk5, but not Rho kinase, and is
blocked by CRMP-2S522A. A, Time-lapse phase images of �2-chimaerin N1E-115 cell growth
cone response to Sema 3A, 10 min before and for 24 min after addition of purified Sema 3A;
Sema 3A alone (6 of 10 collapsed); with roscovitine (2 of 10); with Y-27632 Rho kinase inhibitor
(9 of 10); cells transfected with Flag-CRMP-2 plus GFP (8 of 10), or cells transfected with Flag-
CRMP-2 S522A plus GFP (4 of 10). Insets show fluorescent images of transfected cells. Fluores-
cent image of GFP–actin in Sema 3A-induced collapse is also shown. B, Graph shows quantita-
tion of �2-chimaerin permanent N1E-115 cells contracted in the presence (filled columns) or
absence (empty columns) of Sema 3A when transfected with GFP, GFP plus CRMP-2, or GFP plus
CRMP-2 S522A or treated with roscovitine (10 �M) or Y-27632 (10 �M). Cells were treated with
Sema 3A for 30 min, fixed, and stained with phalloidin before counting (�450 cells). *p �
0.05; **p � 0.01; ***p � 0.001 (Student’s t test); Sema 3A-treated cells significantly different
from absence of Sema 3A.
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plays an important regulatory role in axon outgrowth (Inagaki et
al., 2001); however, this region of the protein does not directly
interact with the identified CRMP-2 partners phospholipase D
(Lee et al., 2002), Numb (Nishimura et al., 2003), or tubulin
(Fukata et al., 2002). These C-terminal sites in CRMP-2 are hy-
perphosphorylated in Alzheimer’s disease, in which CRMP-2 be-
comes associated with neurofibrillary tangles (Yoshida et al.,

4

CRMP-2, GFP plus CRMP-2 T514A, or GFP plus CRMP-2 S518A were treated with Sema 3A for 30
min, before being fixed and stained, and collapsed growth cones were quantified. Sema 3A
significantly increased the number of collapsed growth cones (*p � 0.05; **p � 0.01; ***p �
0.001), although expression of CRMP-2 T514A or CRMP-2 S518A significantly decreased the
proportion of collapsed growth cones after Sema 3A treatment, compared with CRMP-2 ( p �
0.0003 and p � 0.005, respectively).

Figure 7. In DRG neurons, growth cone collapse induced by Sema 3A requires Cdk5 and is
blocked by CRMP-2S522A. A, DRG neurons in culture stained with �CRMP-2 antibody (red; left)
and with Cy5-conjugated anti-rabbit IgG secondary antibody, and phalloidin-FITC (green) and
analyzed with Zeiss LSM 410 confocal microscope. B, C, Cultures of rat DRG neurons either
transfected with CRMP-2 (or CRMP-2 mutants) or treated with inhibitors as in Figure 6 (see
Materials and Methods) and after incubation in the presence (filled columns) or absence (empty
columns) of Sema 3A for 30 min were fixed and actin stained with phalloidin. Collapsed growth
cones in GFP-transfected cells (or in the presence of inhibitors) were counted; 100 –200 growth
cones were scored in three experiments. *p � 0.05; **p � 0.01; *** p � 0.001 (Student’s t
test); Sema 3A-treated cells significantly different from absence of Sema 3A. In the presence of
Sema 3A, collapse was significantly inhibited by roscovitine ( p � 0.0001; p � 0.0003) and by
CRMP-2S522A ( p � 0.005 vs GFP; p � 0.0008 vs CRMP-2). Inset, Phalloidin-stained growth
cone plus or minus Sema 3A treatment. D, Rat DRG cultures expressing GFP plus

Figure 8. �2-chimaerin is involved in growth cone collapse in DRG neurons. A, DRG neurons
in culture stained with �2-chimaerin antibody and with Cy5-conjugated anti-rabbit IgG sec-
ondary antibody (red) and phalloidin-FITC (green). B, DRG neurons transfected with GFP, GFP
�2-chimaerin, GFP-�2-chimaerin R304G, and �2-chimaerin R73L were treated plus or minus
Sema 3A as described in Materials and Methods, and collapsed growth cones were quantified.
**p � 0.01; ***p � 0.001; growth cone collapse significantly different in presence of either
PMA ( B) or Sema 3A ( C) than in its absence. C, DRG neurons were transfected with GFP, GFP plus
ArhGAP15, or GFP plus ArhGAP15 GAP inactive. Neurons were fixed and stained for actin, and
collapsed growth cones were quantified. All three demonstrated an equally significant increase
in Sema 3A-induced growth cone collapse.
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1998; Gu et al., 2000), suggesting that as with Tau, CRMP-2 func-
tion may be compromised in neurodegeneration.

Both Cdk5 and p35 kinase complex will interact with �2-
chimaerin when it is activated by phorbol esters/diacylglycerol
(DAG). Our results and those of Qi et al. (2004) indicate that
GAP and kinase activities are present in the chimaerin/Cdk5
complexes. It thus appears that the active form of �2-chimaerin
can target the p35/Cdk5 kinase complex. Because Cdk5/p35 is
activated by Rac-GTP (Nikolic et al., 1998), Cdk5 activity may be
subject to modulation by �2-chimaerin acting as a Rac GAP.

�2-chimaerin participation in collapse
Activation of �2-chimaerin by phorbol ester, an analog of diac-
ylglycerol, itself can promote collapse in DRG neurons. This
phorbol ester-induced growth cone collapse in neurons could be
inhibited by GAP-inactive �2-chimaerin but did not appear to
involve PKC. Phorbol ester-induced growth cone collapse and
endocytosis in neurons was previously attributed entirely to its
activation of PKC, which has a related C1 domain and an involve-
ment in G-protein signaling (Fournier et al., 2000; Xiang et al.,
2002).

The Sema 3A–induced collapse also appeared to require �2-
chimaerin with a GAP-inactive mutant blocking this collapse.
Mutation of the essential SH2 domain �B5 arginine R73 also
blocked the collapse, suggesting that �2-chimaerin may partici-
pate in the Sema 3A collapse pathway through an SH2–phospho-
tyrosine interaction (Waksman et al., 1993; Hall et al., 2001b).
Whether phosphotyrosine–SH2 interaction activates �2-
chimaerin or DAG interaction is first required to release an au-
toinhibited conformation and cause its membrane translocation
remains to be determined. The phosphotyrosine target may well
be CRMP-2, because its interaction with �2-chimaerin was in-
duced by tyrosine phosphorylation in pervanadate-treated N1E-
115 cells. Although �2-chimaerin can interact with CRMP-2 in-
dependently of phosphotyrosine in COS-7 cells when treated
with phorbol ester, specific tyrosine phosphorylation of CRMP-2
in response to Sema 3A may enable a high-affinity SH2 domain
interaction in DRG neurons. CRMP-2 is known to be tyrosine

phosphorylated by Fes/Fps in response to receptor signaling
(Mitsui et al., 2002). Alternative candidates for phosphotyrosine
interaction are components of the receptor complex. Active �2-
chimaerin can also associate with plexin-A and neuropilin-1 (Fig.
9), as does CRMP-2 (Fig. 9) (Deo et al., 2004), where the interac-
tion is sensitive to Sema 3A (Deo et al., 2004). Sasaki et al. (2002)
have proposed that neuropilin-1/plexin-A2 that binds Fyn is
linked to Cdk5 through its active state. �2-Chimaerin could be an
intermediary in linking the receptor complex to Cdk5. We have
been unable thus far to show Sema 3A dependence on �2-
chimaerin associations, and this may reflect the absence in COS
cells of a signaling component that translocates and activates
�2-chimaerin. Sema 3A-induced growth cone collapse involves
Rac-mediated endocytosis (Fournier et al., 2000; Jurney et al.,
2002). The chimaerin partners CRMP-2 and Cdk5 have also been
associated with vesicle function (Nishimura et al., 2003; Tan et
al., 2003). There is a transient decrease in Rac activity preceding
collapse (Jurney et al., 2002), which may well reflect �2-
chimaerin Rac GAP activity at this early stage.

The requirement for Rac both in neurite outgrowth and in
Sema 3A-induced collapse (Jin and Strittmatter, 1997; Kozma et
al., 1997) suggests that Rac may be a common component of the
different protein assemblies that effect these dynamic changes at
the growth cone. It was reported that active Rac 1 interacts with
plexin-B but not with plexin-A, the Sema 3A coreceptor (Rohm
et al., 2000; Vikis et al., 2000; Driessens et al., 2001; Zanata et al.,
2002). A more recent report, however, indicates that Rac1 can
interact with the cytoplasmic domain of plexin-A and regulate
receptor activity (Turner et al., 2004). The interaction of Sema 3A
with neuropilin-1/plexin-A1 receptor, through an associated ty-
rosine kinase such as Fyn (Sasaki et al., 2002), may recruit and/or
activate Rac GAP �2-chimaerin (possibly through local genera-
tion of diacylglycerol), enabling its association with binding part-
ners. In conclusion, our results implicate Cdk5/p35 kinase, sub-
strate CRMP-2, and active Rac GAP, whether they function
together or separately in this pathway, in the dynamics of micro-
tubule and actin reorganization and endocytosis in Sema 3A
signaling.
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