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A neuron has two types of highly polarized cell processes, the single axon and multiple dendrites. One of the
fundamental questions of neurobiology is how neurons acquire such specific and polarized morphologies.
During neuronal development, various actin-binding proteins regulate dynamics of actin cytoskeleton in the
growth cones of developing axons. The regulation of actin cytoskeleton in the growth cones is thought to be
involved in axon outgrowth and axon-dendrite specification. However, it is largely unknown which actin-
binding proteins are involved in axon-dendrite specification and how they are transported into the developing
axons. We have previously reported that collapsin response mediator protein 2 (CRMP-2) plays a critical role
in axon outgrowth and axon-dendrite specification (N. Inagaki, K. Chihara, N. Arimura, C. Menager, Y.
Kawano, N. Matsuo, T. Nishimura, M. Amano, and K. Kaibuchi, Nat. Neurosci. 4:781-782, 2001). Here, we
found that CRMP-2 interacted with the specifically Racl-associated protein 1 (Sra-1)/WASP family verprolin-
homologous protein 1 (WAVE1) complex, which is a regulator of actin cytoskeleton. The knockdown of Sra-1
and WAVEL1 by RNA interference canceled CRMP-2-induced axon outgrowth and multiple-axon formation in
cultured hippocampal neurons. We also found that CRMP-2 interacted with the light chain of kinesin-1 and
linked kinesin-1 to the Sra-1/WAVE1 complex. The knockdown of CRMP-2 and kinesin-1 delocalized Sra-1 and
WAVEL from the growth cones of axons. These results suggest that CRMP-2 transports the Sra-1/WAVE1

complex to axons in a kinesin-1-dependent manner and thereby regulates axon outgrowth and formation.

A neuron has two types of highly polarized cell processes,
the single axon and multiple dendrites, both of which differ-
entiate from common immature neurites. The specification of
an axon is thought to depend on its length relative to the other
immature neurites, which are also called minor processes (4,
11). Elongation of one of the minor processes is necessary for
axon specification. The difference of dynamics of the actin
cytoskeleton in the growth cones between the future axons and
dendrites appears to determine axon outgrowth and axon-den-
drite specification (5). Accumulating evidence indicates that
small GTPase Rac and its effectors, such as WAVE/Scars and
Sra-1, are involved in axon formation in Drosophila melano-
gaster (35, 45, 61). WAVESs have a verprolin homology (V)
domain, a cofilin homology (C) domain, and an acidic (A)
region at the C terminus (53). The V domain is a G-actin-
binding site, and the CA domain binds to the Arp2/3 complex.
WAVE:s form the complex with Sra-1 (the Sra-1/WAVE com-
plex) and activate the Arp2/3 complex, leading to rapid actin
polymerization. The Sra-1/WAVE complex is known to be
involved in lamellipodia formation downstream of Rac in fi-
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broblasts (14, 49). However, the functions of the Sra-1/WAVE
complex in mammalian neurons are largely unknown.

Axonal proteins are thought to be transported by microtu-
bule-dependent motor proteins, such as kinesin. Kinesins are a
family of motor proteins that use the energy of ATP hydrolysis
to move cargo along microtubules (22, 27). The kinesin super-
family consists of 14 kinesin families (32). Among these, the
most information is available for kinesin-1 (conventional kine-
sin or KIF5/KLC) in nerve tissue. Kinesin-1 is a tetramer of
two kinesin heavy chains (KHCs or KIF5s) and two kinesin
light chains (KLCs) (6, 26, 56). Kinesin-1 transports several
cargo proteins to axons (15) and thereby is engaged in axono-
genesis (2, 54).

CRMP/TOAD-64/Ulip2/DRP-2 is a member of at least five
isoforms (CRMP-1 to CRMP-4 and CRAM), and its expres-
sion is up-regulated during development (9, 17, 18, 24, 39). We
have previously shown that CRMP-2 is enriched in the distal
part of growing axons of cultured hippocampal neurons and
that the overexpression of CRMP-2 induces the formation of
multiple axons (23). The expression of a dominant-negative
form of CRMP-2 or the knockdown of CRMP-2 suppresses
axon formation (23, 41, 60). CRMP-2 appears to be crucial for
axon outgrowth and axon-dendrite specification. Glycogen syn-
thase kinase 3p phosphorylates and inactivates CRMP-2 down-
stream of the phosphatidylinositol 3-kinase-Akt pathway,
thereby regulating neuronal polarity (60). CRMP-2 interacts
with tubulin, Numb, chimaerin, and phospholipase D (8, 16,
33, 41). The interaction of CRMP-2 with tubulin dimers pro-
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motes microtubule assembly for axon outgrowth (16). CRMP-2
is also involved in the polarized Numb-mediated endocytosis of
the neuronal adhesion molecule L1 at the growth cones (41).
We have recently found that CRMP-2 directly binds to KL.C of
kinesin-1 (30). CRMP-2 appears to be transported by kinesin-1
and to accumulate at the distal part of growing axons. How-
ever, it remains unknown whether CRMP-2 regulates axon
formation through the reorganization of the actin cytoskeleton
and, if so, how it is regulated by CRMP-2.

Here we found that CRMP-2 interacted with the Sra-1/
WAVEI complex and that CRMP-2 was involved in the kine-
sin-1-dependent transport of the Sra-1/WAVEI complex to the
growth cones of axons. CRMP-2 appears to regulate axon
outgrowth and formation through the transport of the Sra-1/
WAVEI complex to the growth cones of developing axons.

MATERIALS AND METHODS

cDNAs encoding human CRMP-2, Sra-1, and WAVEL were obtained as
described previously (1, 31, 38). pCAGGS vector was provided by M. Nakafuku
(Cincinnati Children’s Hospital Medical Center, Cincinnati, OH). Anti-
CRMP-2 monoclonal antibody (C4G) was provided by Y. Ihara (Tokyo Univer-
sity, Tokyo, Japan) (20). Anti-Numb polyclonal antibody (92425) was provided
by H. Okano (Keio University, Tokyo, Japan). Anti-CRMP-2 polyclonal, anti-
Sra-1, and anti-WAVEI polyclonal antibodies were obtained as described pre-
viously (23, 31, 38). Anti-WAVE1 monoclonal (Transduction Laboratories, Lex-
ington, KY), anti-myc polyclonal, anti-Rho GDI (A-14, A-20; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), antiactin, and anti-Tau-1 monoclonal
antibodies (Chemicon, Temecula, CA) as well as anti-myc monoclonal (9E10)
antibody and tetramethyl rhodamine isocyanate-phalloidin (Sigma Chemical
Co., St. Louis, MO) were purchased. A rabbit polyclonal antibody against KLC
1 was generated by using glutathione S-transferase (GST)-KLC 1 wild type (WT)
as an antigen (30). Other materials and chemicals were obtained from commer-
cial sources.

Plasmid constructs. pPCAGGS-HA and myc-CRMP-2 WT, pGEX-CRMP-2
deletion mutants, and pEF BOS-myc-Sra-1 and WAVE] dominant negative
(DN) were obtained as described previously (16, 31, 38). The cDNA of CRMP-2,
in which Asn replaced Asp at position 71, was generated with a site-directed
mutagenesis kit (Stratagene, La Jolla, CA). RNA interference (RNAi)-resistant
CRMP-2 and Sra-1 (RrCRMP-2 and RrSra-1) were generated with a site-di-
rected mutagenesis kit by using primer GATCACGGGGTAAATAGTTTCCT
AGTGTACATGGCTTTCA for CRMP-2 and GCTGAAGAACATGAAATG
CAGTGTGAAGAACG for Sra-1. CRMP-2 D7IN, KIF5A headless (HL)
(amino acids [aa] 402 to 1028), KLC tetratropeptide repeats (TPR) (aa 375 to
542), Sra-1 1-400, Sra-1 401-800, and Sra-1 801-1253 were subcloned into pCR-
TOPOII or pENTR vector (Invitrogen) and then transferred into pB-GEX-kk-1
(rearranged vector from pGEX), pGEX (Amersham Pharmacia Biotech, Buck-
inghamshire, United Kingdom), pDEST15 (Invitrogen), or pCAGGS-myc vec-
tor. To obtain recombinant full-length Myc-Sra-1 by the baculovirus expression
system, Sra-1 WT was subcloned into pAcYM-1 vector.

Protein purification. GST fusion proteins were purified according to the man-
ufacturer’s protocol. Myc-Sra-1 WT was produced in Spodoptera frugiperda cells
in a baculovirus system and purified as described previously (29, 36).

Affinity column chromatography. Six nanomoles of GST, CRMP-2 WT-GST,
and CRMP-2 D7IN-GST was separately immobilized onto glutathione-Sepha-
rose 4B (Amersham Pharmacia Biotech). Porcine brain extract was loaded onto
immobilized beads. The beads were then washed with buffer A (20 mM Tris-HCl
[pH 7.5], 1 mM EDTA, and 1 mM dithiothreitol) that contained 150 mM NaCl,
and the bound proteins were eluted with buffer A that contained 10 mM gluta-
thione.

In vitro binding assay. Five-hundred picomoles of GST proteins was sepa-
rately immobilized onto glutathione-Sepharose 4B. The immobilized beads were
incubated with Myc—Sra-1 (0.5 pM) or porcine brain extract for 1 h at 4°C. The
beads were then washed six times with buffer A that contained 150 mM NacCl,
and the bound proteins were eluted with buffer A that contained 10 mM gluta-
thione.

Immunoprecipitation assay. Porcine brain was extracted by the addition of
lysis buffer (20 mM Tris-HCI, 50 mM NaCl, 1 mM EDTA, and 0.1% NP-40 [pH
7.5]) and then clarified by centrifugation at 100,000 X g for 20 min at 4°C. The
soluble supernatants were incubated with rabbit immunoglobulin G (IgG) or the
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indicated antibodies for 2 h at 4°C. The immunocomplexes were then precipi-
tated with protein A-Sepharose 4B (Amersham Pharmacia Biotech). The ob-
tained elutes were divided by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE).

Cell culture. Culture of hippocampal neurons prepared from embryonic day
18 (E18) rat embryos using papain was performed as described previously (23).
Neurons were seeded on coverslips or dishes with poly-p-lysine (PDL; Sigma)
and laminin (Iwaki, Tokyo, Japan) for day in vitro 3 (DIV3) or PDL only for
DIV6 in Neurobasal medium (Invitrogen) supplemented with B-27 supplement
(Invitrogen) and 1 mM glutamine. CRMP-2 has the ability to convert minor
processes and preexisting dendrites to axons (23). To visualize secondary axons,
neurons at DIV6 are better than those at DIV3, because the secondary axons
appear later. In DIV3, the overexpression of CRMP-2 slightly increased the
number of cells bearing multiple axon-like neurites, whereas the stronger effect
of CRMP-2 was observed in DIV6 (23). A normal neuron has one axon and some
dendrites on PDL alone or PDL and laminin. We cultured neurons on glasses
coated with PDL and laminin to measure the neurite length at DIV3, because
laminin enhances neurite elongation. We cultured neurons on glasses coated
with PDL alone to visualize secondary axons, because we were afraid that
primary axons that are too elongated sometimes mask the secondary axons on
glasses coated with PDL and laminin.

HEK293 cells were cultured at 37°C in an air-5% CO, atmosphere at constant
humidity. Transfections were carried out using Lipofectamine reagent (Invitro-
gen).

siRNA preparation and transfection. A 21-oligonucleotide siRNA duplex was
designed as recommended by the manufacturer and synthesized by Japan Bio
Service (Saitama, Japan) to target the human, mouse, and rat Sra-1 sequence
5'-GAACAUGAAGUGCAGUGUG-3', rat WAVEI sequence 5'-CUGAGUA
GCCUAAGUAAGG-3', rat KLC-1 5'-ATACGACGACGACATCTCT-3’, and
rat KLC-2 5'-TCTGGTGATCCAGTATGCT-3'. The target sequences of
CRMP-2 and control Scramble have been described previously (41).

Hippocampal neurons from E18 rat embryos were prepared and transfected
before plating, as described previously (23). In some experiments, the cotrans-
fection of siRNA and plasmid was carried out using a calcium phosphate method
before plating.

Immunofluorescence analysis. Hippocampal neurons were fixed with 3.7%
formaldehyde in phosphate-buffered saline (PBS) for 10 min and treated with
PBS that contained 0.05% Triton X-100 for 10 min on ice. After being washed
with PBS three times, neurons were then incubated with each indicated antibody
overnight at 4°C. After being washed, the samples were incubated with the
appropriate Cy5-, Cy3-, or Cy2-conjugated secondary antibody. Neurons were
observed using a confocal laser microscopy system (LSM 510; Carl Zeiss) built
around an Axiovert 100 M system (Carl Zeiss). The delocalizations of CRMP-2,
Sra-1, and WAVEI mean more than 70% decrement of fluorescence intensity of
anti-Sra-1 and WAVEI antibodies compared to the average of those in control
GST-expressing cells.

RESULTS

Interaction of CRMP-2 and Sra-1. unc-33 encodes the Cae-
norhabditis elegans homologue of CRMPs. unc-33 mutants
show neuronal outgrowth and guidance defects in hermaphro-
dite-specific, sensory, and motor neurons (10, 13, 21, 34, 37).
We have recently identified one of the mutation sites of unc-33
(e204) which leads to defects in axon outgrowth in C. elegans
(54a). unc-33 (e204) contains the missense mutation which
substitutes Asn at 389 for Asp. Asp389 in C. elegans corre-
sponds to Asp71 in humans and is widely conserved in other
species (Fig. 1a). Consistent with our study of C. elegans, we
found that the expression of CRMP-2 D71IN, which is the
substitution of Asn at position 71 for Asp in human CRMP-2,
caused the inhibition of axon outgrowth and formation in rat
hippocampal neurons as will hereafter be described in detail
(see Fig. 4 and 5). To elucidate the mechanism of defects in
axon formation in mammalian cells, we searched for the
CRMP-2-interacting proteins that this mutation affects in the
binding to CRMP-2. Affinity column chromatography was per-
formed by using CRMP-2 wild-type (WT)-and D71N-gluta-
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FIG. 1. Interaction of CRMP-2 D7IN and CRMP-2-interacting
proteins. (a) Alignments of CRMP-2 in various species. unc-33 (€204)
is one of the mutation sites of unc-33 in C. elegans. (b) CRMP-2 D71IN
affinity chromatography. Porcine brain extract was loaded onto the
column on which GST, CRMP-2 WT, or D7IN-GST was immobilized.
After being washed, the bound proteins were eluted by the addition of
glutathione. The closed arrowhead indicates p140. The open arrow-
heads indicate CRMP-2-GST itself or a degradation product of
CRMP-2-GST. Arrows indicate unidentified CRMP-2-interacting pro-
teins. (c) Immunoblot analysis of known CRMP-2-interacting pro-
teins. The elution fraction in panel b was immunoblotted with anti-
Sra-1, anti-Numb, antitubulin, anti-KLC, and anti-Rho GDI antibod-
ies. Aliquots of original samples (2% Ori) and eluates (25%) were
subjected to SDS-PAGE. (d) Interaction between CRMP-2 WT and
D7IN. The indicated CRMP-2 plasmids were transfected into
HEK?293 cells. The extract of HEK293 cells in lysis buffer was incu-
bated with anti-HA monoclonal antibody. The immunoprecipitates
were analyzed by immunoblotting with anti-myc and HA monoclonal
antibodies. Aliquots of original samples (1% Ori) and eluates (10%)
were subjected to SDS-PAGE. IP, immunoprecipitation; IB, immuno-
blot.

thione S-transferase (GST). A 140-kDa protein (p140) specif-
ically interacted with CRMP-2 WT, whereas this binding was
decreased by the substitution of Asn at 71 for Asp in CRMP-2
(Fig. 1b, indicated by a closed arrowhead). Other CRMP-2-
interacting proteins appear to bind to CRMP-2 D71IN as well
as CRMP-2 WT (Fig. 1b, indicated by an arrow). We identified
p140 as an Sra-1 by mass spectrometry and immunoblot anal-
ysis (Fig. 1c) (14, 31). We have previously identified tubulin
heterodimer, Numb, and KLC as CRMP-2-interacting mole-
cules (16, 30, 41). We next examined the interaction between
CRMP-2 D71IN and these CRMP-2-interacting molecules. The
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binding of CRMP-2 D71N with tubulin, Numb, and KLC was
comparable to that of CRMP-2 WT (Fig. 1c). In this condition,
the binding of CRMP-2 D71N to Sra-1 specifically decreased
compared to that of CRMP-2 WT. The immunoreactive band
of Rho GDI (negative control), which is a regulator of small
GTPase Rho and an abundant soluble protein, was not ob-
served in elution fractions. It has been reported that CRMPs
can form an oligomer in vitro (58). To examine whether
CRMP-2 D71N forms an oligomer, a coimmunoprecipitation
assay was performed by use of Myc- and hemagglutinin (HA)-
CRMP-2s. When HA-CRMP-2 WT was immunoprecipitated
with anti-HA antibody, Myc—-CRMP-2 WT was coimmunopre-
cipitated with HA-CRMP-2 WT (Fig. 1d), indicating that
Myc-CRMP-2 WT forms a complex with HA-CRMP-2 WT.
The apparent effect of the substitution of Asn at 71 for Asp in
Myc-CRMP-2 on its binding to HA-CRMP-2 WT and D71N
was not observed. Taken together, these results suggest that
the substitution of Asn at 71 for Asp in CRMP-2 reduces the
binding only to Sra-1 under our conditions.

To examine whether CRMP-2 forms the complex with Sra-1
in vivo, a coimmunoprecipitation assay was performed. Sra-1
was reciprocally coimmunoprecipitated with CRMP-2 but not
with Rho GDI (negative control) (Fig. 2a). When CRMP-2
was immunoprecipitated with the anti-CRMP-2 antibody, the
amount of Sra-1 coimmunoprecipitated with CRMP-2 was
small. This might be explained by the fact that the amount of
Sra-1 expressed in hippocampal neurons is about 30 times
smaller than that of CRMP-2. To confirm the direct interaction
between CRMP-2 and Sra-1, an in vitro binding assay was
performed. Purified Sra-1 directly interacted with CRMP-2
WT-GST but not with control GST (Fig. 2b). Consistent with
the result of affinity column chromatography, this binding was
decreased by the substitution at position 71 in CRMP-2. Taken
together, these results indicate that CRMP-2 physiologically
and directly interacts with Sra-1. We performed an in vitro
binding assay to narrow down the binding region of Sra-1 on
CRMP-2 (Fig. 2¢). Sra-1 was observed in the elution fraction
from CRMP-2 AN348 and AN440, indicating that the C-ter-
minal region of CRMP-2 interacts with Sra-1. We narrowed
down the binding region of CRMP-2 on Sra-1 (Fig. 2d).
CRMP-2 was observed in the elution fraction from Sra-1 801-
1253, indicating that the C-terminal region of Sra-1 interacts
with CRMP-2.

Localization of Sra-1 and WAVE] in hippocampal neurons.
We and others have previously reported that Sra-1/CYFIP1 is
a specific effector for small GTPase Racl and directly interacts
with filamentous actin (31, 46). Sra-2/PIR121/CYFIP2 is an
isoform of Sra-1 (14, 46). Increasing evidence has shown that
Sra-1 or Sra-2 forms a tight complex with WAVEL, Nap-1,
Abi-2, and HSPC300 and is essential for the reorganization of
actin cytoskeleton downstream of Rac (14, 25, 49). We exam-
ined the localization of Sra-1 and WAVEL in rat cultured
hippocampal neurons. The hippocampal neuron extends sev-
eral minor processes during the first 12 to 24 h after plating
(stages 1 and 2) (11). One of the processes then begins to
extend rapidly to form an axon (stage 3). The remaining pro-
cesses acquire the morphological features of dendrites there-
after (stage 4). The results of immunocytochemical analysis
showed that Sra-1 and WAVEL were localized in the growth
cones of minor processes at stage 2 neurons (Fig. 3a). The
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FIG. 2. Interaction of CRMP-2 D71IN and Sra-1. (a) Coimmuno-
precipitation of CRMP-2 with Sra-1. The porcine brain extract in lysis
buffer was incubated with anti-CRMP-2 polyclonal or anti-Sra-1 anti-
body. The immunoprecipitates were analyzed by immunoblotting with
anti-Sra-1, anti-CRMP-2 monoclonal, and anti-Rho GDI antibodies.
Aliquots of original samples (2% Ori) and eluates (25%) were sub-
jected to SDS-PAGE. (b) Direct interaction of CRMP-2 WT or D7IN
with Sra-1. GST and CRMP-2 WT or D7IN-GST immobilized beads
were incubated with purified Myc-Sra-1. After being washed, the
bound proteins were eluted by the addition of glutathione and ana-
lyzed by silver staining. Aliquots of original samples (1% Ori) and
eluates (25%) were subjected to SDS-PAGE. (c) The Sra-1-binding
region on CRMP-2. GST protein immobilized beads were incubated
with porcine brain extract. After being washed, the bound proteins
were eluted by the addition of glutathione and immunoblotted with
anti-Sra-1 antibody (upper panel). Aliquots of original samples (2%
Ori) and eluates (10%) were subjected to SDS-PAGE. The domain
structure of various CRMP-2 fragments is represented. Nb, Numb-
binding region (aa 275 to 323); MT, microtubule assembly region (aa
323 to 381); KLC, KLC-binding region (aa 440 to 572). (d) The
CRMP-2-binding region on Sra-1. GST protein immobilized beads
were incubated with His-CRMP-2. After being washed, the bound
proteins were eluted by the addition of glutathione and immunoblot-
ted with anti-CRMP-2 monoclonal antibody (upper panel). The do-
main structure of various Sra-1 fragments is represented. Aliquots of
original samples (2% Ori) and eluates (10%) were subjected to SDS-
PAGE.

immunoreactivity of Sra-1 was high in the cell body and the
growth cone of developing axon but low in the shaft of the axon
and in minor processes in stage 3 neurons. This localization
was similar to the localization of WAVEL. We have previously
found that CRMP-2 accumulates in the growth cones and
distal parts of growing axons during stage 3 (23). Double im-
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munostaining of Sra-1 and CRMP-2 showed that CRMP-2 and
Sra-1 were strongly colocalized only in the growth cone of axon
(Fig. 3b, images 1) but not in the growth cones of minor
processes (Fig. 3b, images 2 and 3). The high-magnification
view in the growth cone of the axon revealed that Sra-1 and
WAVEI] were localized in both the central and peripheral
regions of the growth cone (Fig. 3c). CRMP-2 was relatively
concentrated in the central region of the growth cone and was
colocalized strongly with Sra-1 or WAVEIL in the central re-
gion and slightly with Sra-1 or WAVEI] in the peripheral re-
gion, where filamentous actin accumulated (Fig. 3c, arrow-
heads). Interestingly, Sra-1 and WAVE]1 were observed in the
tip of filopodia, but CRMP-2 was not.

CRMP-2-induced axon outgrowth requires Sra-1 and
WAVEL. To evaluate the physiological meaning of the inter-
action between CRMP-2 and Sra-1 in axon outgrowth, neurons
were transfected with CRMP-2 D71N and Sra-1 and the neu-
rons were fixed at DIV3, when one of the minor processes
acquires axonal character and elongates rapidly. The length of
the primary axon of the cells expressing CRMP-2 WT was
significantly longer than that of the cells expressing GST, as
reported previously (Fig. 4a and b) (16). CRMP-2 D71IN and
AN440, which contains the KLC- and Sra-1-binding regions,
suppressed axon outgrowth, which suggests that CRMP-2
D71IN and AN440 serve as dominant-negative forms. The ap-
parent effect of the expression of Sra-1 on axon outgrowth was
not observed, whereas Sra-1 801-1253, which contains the
CRMP-2-binding region, inhibited it. WAVE1 WT and the
dominant-negative form of WAVE1 (WAVEL DN) inhibited
axon outgrowth. WAVEIL DN lacking the V domain cannot
bind to actin. To examine whether CRMP-2 promotes axon
outgrowth via the Sra-1/WAVEI complex, the cotransfection
with CRMP-2 and Sra-1 801-1253 or WAVE1 DN was per-
formed. CRMP-2-induced axon outgrowth was inhibited by the
coexpression of Sra-1 801-1253 or WAVEI1 DN (Fig. 4c).

We used RNAI to examine the functions of endogenous
Sra-1, WAVE], and KLC. The results of immunoblot analysis
revealed that Sra-1-, WAVEI-, and KLC 1 and 2 (KLCs)-
specific small interfering RNAs (siRNAs) efficiently knocked
down their expression in rat embryonic fibroblast 3Y1 cells
(see Fig. Sla in the supplemental material), whereas the ex-
pression levels of actin as a control protein did not change
among them. The knockdown of Sra-1 and WAVETI inhibited
insulin-induced membrane ruffling at the cell periphery (Fig.
S1b and Slc). These results indicate that these siRNAs are
useful for investigating the function of endogenous Sra-1,
WAVEL, and KLCs in rat cells. We used RNAI to test whether
endogenous Sra-1 and WAVEL are required for axon out-
growth (Fig. 4d). We have previously found that the knock-
down of CRMP-2 causes the inhibition of axon outgrowth (41,
60). The knockdown of Sra-1 and WAVETI also inhibited axon
outgrowth compared to Scramble, which is an siRNA that
presents no homology with any human, mouse, and rat mR-
NAs. These effects were rescued by the expression of RNAi-
resistant CRMP-2 and Sra-1 (RrCRMP-2 and RrSra-1) (Fig.
4d), indicating that the knockdown effects are specific for
CRMP-2 and Sra-1. We could not rescue the inhibitory effects
of WAVEI siRNA by the expression of RrtWAVEL1 (data not
shown). The failure of rescue of WAVEL experiments might
be due to its ability to induce the formation of abnormal actin
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FIG. 3. Localization of Sra-1 and WAVEI in hippocampal neurons. (a) Localization of Sra-1 and WAVEL. Neurons were stained with
anti-Sra-1 or anti-WAVEI polyclonal antibody at stage 2 (DIV1) and stage 3 (DIV3). (b) Colocalization of Sra-1 and CRMP-2 at the growth cone
of the axon in DIV3 neurons. Neurons were double stained with anti-CRMP-2 (green) monoclonal and anti-Sra-1 (red) antibodies. The enlarged
images of the growth cone of the axon (1) and remaining minor processes (2 and 3) are shown. Bar, 20 wm. (c) Localization of Sra-1 and WAVE1
in the growth cone of the axon. Neurons were stained with anti-CRMP-2 (green) monoclonal, anti-Sra-1, or anti-WAVEL (red) antibody as well
as Cy5-phalloidin (Blue). The enlarged images of the framed rectangles are shown at the right side.
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FIG. 3—Continued.
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FIG. 4. CRMP-2-induced axon outgrowth requires Sra-1 and WAVEI. (a) Effect of CRMP-2 D71IN on axon outgrowth. pCAGGS-myc-GST,
CRMP-2 WT, or CRMP-2 D71N was transfected into hippocampal neurons. Transfected cells were stained with anti-myc antibody at DIV3. (b
and c) Effect of CRMP-2, Sra-1, and WAVE] on axon outgrowth. The longest neurite was considered an axon. Axon length was measured on DIV3
neurons transfected with the indicated plasmid. WAVE1 DN lacks the V domain and serves as a dominant-negative form. (d and e) Effect of
knockdown of Sra-1 and WAVE1 on the CRMP-2-induced axon outgrowth. The indicated Cy3-labeled siRNA and pCAGGS-myc-GST, CRMP-2
WT, RNAi-resistant CRMP-2 WT (RrCRMP-2), or RrSra-1 WT were cotransfected into hippocampal neurons. More than 80% of the cells
transfected with Myc-GST or CRMP-2 were Cy3 siRNA positive. Axon length was measured by anti-myc antibody staining on DIV3 neurons. The
data are means * standard deviations of at least three independent experiments. Asterisks indicate the difference from the value of GST at P <
0.05 (Student’s ¢ test). n > 150. Bar, 20 wm. Scram, Scramble. CRMP4, Sra-1i, and WAVE], interference of CRMP, Sra-1, and WAVE, respectively,
by siRNA.
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filament clusters. Taken together, these results indicate that
CRMP-2, Sra-1, and WAVEI1 are required for axon outgrowth.
It seems that the effect of knockdown of WAVE]1 was weaker
than that of expression of WAVEL DN (Fig. 4). These results
might be due to the redundant expression of WAVE isoforms
in brain (52). The cotransfection of CRMP-2 WT and siRNA
of Sra-1 or WAVEI1 was performed next (Fig. 4e). The CRMP-
2-induced axon outgrowth was suppressed by the knockdown
of Sra-1 or WAVEI, suggesting that CRMP-2-induced axon
outgrowth requires Sra-1 and WAVEI.

CRMP-2-induced axon formation requires Sra-1 and
WAVEL. We have previously shown that the overexpression of
CRMP-2 induces the formation of multiple axons (23). We
compared the effect of CRMP-2 WT and D71N on axon for-
mation at DIV6. To visualize secondary axons, neurons at
DIV6 are better than those at DIV3, because the secondary
axons appear later (60). Some CRMP-2 WT-expressing neu-
rons bore multiple axons (Fig. 5a). The processes exhibited the
typical characteristic morphology of axons. They were long and
thin and were branched at right angles. Furthermore, the pro-
cesses were immunostained by the axonal markers Tau-1 and
anti-synapsin 1 antibodies (Fig. 5a; see Fig. S2 in the supple-
mental material) but were immunonegative for the somato-
dendritic marker protein MAP-2 (data not shown). On the
other hand, the neurons expressing CRMP-2 D71N had a short
single axon. In addition, it should be noted that some of the
neurons transfected with CRMP-2 D71N bore no axon (Fig.
5a). The processes were immunonegative for Tau-1 but were
immunostained by anti-MAP2 antibody (see Fig. S2 in the
supplemental material). Statistical analysis revealed that the
expression of CRMP-2 WT increased the percentage of neu-
rons bearing multiple axons and decreased that of neurons
bearing single and no axon (Fig. 5b). On the other hand, the
expression of CRMP-2 D7IN and AN440 increased the per-
centage of neurons bearing no axon and decreased that of
neurons bearing single and multiple axons. The apparent effect
of the expression of Sra-1 on axon formation was not observed,
whereas the expression of Sra-1 801-1253 increased the per-
centage of neurons bearing no axon. These results suggest that
the interaction between CRMP-2 and Sra-1 is important for
axon formation. The expression of WAVE1 WT and WAVEI1
DN increased the percentage of neurons bearing no axon. We
used RNAIi to examine the effect of endogenous CRMP-2,
Sra-1, and WAVEI on axon formation (Fig. 5b). The knock-
down of CRMP-2, Sra-1, and WAVEI! increased the percent-
age of neurons without axons and decreased that of neurons
bearing single axons and multiple axons compared to levels for
control Scramble. This result indicates that CRMP-2, Sra-1,
and WAVEIL are required for axon formation. We also exam-
ined whether the knockdown of Sra-1 or WAVEI] affected the
number or length of minor processes and dendrite formation
(see Fig. S3 in the supplemental material). We found that the
knockdown of Sra-1 or WAVEIL slightly decreased the number
or length of minor processes, but the statistical differences
were not observed at DIV3. The knockdown of Sra-1 or
WAVEI! inhibited dendrite formation at DIV6. Sra-1 and
WAVEI seem to be required for dendrite formation. To ex-
amine whether CRMP-2 induces supernumerary axon forma-
tion via Sra-1 and WAVE], the cotransfection of CRMP-2 WT
and Sra-1 801-1253 or WAVEL DN was performed (Fig. 5c).
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The CRMP-2-induced multiple-axon formation was sup-
pressed by the expression of Sra-1 801-1253 or WAVEL DN.
The consistent result was obtained in the knockdown of Sra-1
and WAVEIL. Taken together, these results suggest that
CRMP-2-induced axon formation requires Sra-1 and WAVEL.

CRMP-2 links kinesin-1 to Sra-1 and WAVEL. In the
present study, we found that the interaction of CRMP-2 with
Sra-1 is important for axon formation. How does CRMP-2
regulate axon formation via the Sra-1/WAVEI complex? We
have recently found that CRMP-2 directly interacts with KLC
(30). CRMP-2 is transported by kinesin-1 and accumulates at
the distal part of axons. These findings raise the possibility that
CRMP-2 links kinesin-1 to the Sra-1/WAVEI1 complex and
transports the Sra-1/WAVEI complex to the tip of axons. To
address this possibility, the complex formation of kinesin-1/
CRMP-2/Sra-1/WAVE1 was examined. When CRMP-2 was
immunoprecipitated with anti-CRMP-2 antibody, the immu-
noreactive bands of Sra-1, WAVE]1, and KLC were detected in
the immunoprecipitate (Fig. 6a). The immunoreactive band of
Rho GDI (negative control) was not detected. The stoichiom-
etry of CRMP-2 to KLC, Sra-1, or WAVEI1 was about 0.2, 0.1,
or 0.1, respectively. To examine whether kinesin-1 interacts
with the Sra-1/WAVEI1 complex via CRMP-2, we performed a
GST-KLC pull-down assay by using HEK293 lysates (Fig. 6b).
We found that Sra-1 formed a complex with WAVEL in
HEK?293 cells (see Fig. S4 in the supplemental material) and
that the expression of endogenous CRMP-2 was hardly de-
tected (Fig. 6b). In the absence of CRMP-2, the interaction of
GST-KLC with Sra-1 and WAVEI was not observed. When
HA-CRMP-2 was expressed in HEK293 cells, the interaction
of GST-KLC with Sra-1 and WAVEI1 was observed. Taken
together, these results suggest that CRMP-2 links kinesin-1 to
Sra-1 and WAVEL.

CRMP-2-dependent localization of Sra-1 and WAVEI at the
growth cones of axons. We found that CRMP-2 D71N lowers
its activity to interact with Sra-1 but not with KLC (Fig. 1).
Thus, it is possible that the expression of CRMP-2 D7IN
perturbs the interaction between endogenous CRMP-2 and
kinesin-1, thereby resulting in the delocalization of the Sra-1/
WAVEL1 complex from the growth cones of axons. We exam-
ined the effect of the expression of CRMP-2 D7IN on the
localization of Sra-1 and WAVETL at the tip of growing axons
at DIV3. The accumulation of Sra-1 in the growth cones of
axons was observed in the neurons transfected with control
GST and CRMP-2 WT, whereas the ectopic expression of
CRMP-2 D7IN and AN440 inhibited axon outgrowth and
caused the delocalization of Sra-1 from the tip of axons (Fig. 7a
and b). The effect of CRMP-2 D71IN on minor processes ap-
pears to be less than that on axons. Similar results were ob-
tained with WAVEL (Fig. 7b). The delocalization of Sra-1 by
CRMP-2 D71N is not dependent on the reduction of the size
of the growth cones. We quantitatively examined the delocal-
ization of Sra-1 by staining between anti-Sra-1 antibody and
BODIPY630, a cytosol marker (see Fig. S5 in the supplemen-
tal material). The expression of CRMP-2 D71IN reduced the
fluorescence ratio of Sra-1/BODIPY630, indicating that the
expression of CRMP-2 D7IN delocalizes Sra-1 from the
growth cones of axons. We examined these results by using
RNAI to test whether endogenous CRMP-2 is required for the
accumulation of Sra-1 at the tip of growing axons. Consistent



9928 KAWANO ET AL. MoL. CELL. BIOL.

a)
GST (control) CRMP-2 D71N

Geen: anti-Myc Ab
Red : Tau-1



VoL. 25, 2005

) [[JNo axon [JliSingle axon [JfjMultiple axons
80
Overexpression RNAI
70 . "
*
60 * * * *
* *
50 * * *
*
—_ - *|
£a0 ¥
30
20
10 * * * * [* 0 "

GST WT D7IN aN440 WT ‘ibg;:-! WT DN Scram CRMPi Sra-11 WAVE1I

CRMP-2 Sra-1 WAVE1

o
[=]

= = RN W W E R

oo oW o, oo,
*

*

Multiple axons formation (%)
)

o

GST GST  Sra-1 WAVE1 Scram Scram Sra-1i WAVEI
B801-
1253

+ GST + CRMP-2 WT +GST

+ CRMP-2 WT

FIG. 5. CRMP-2-induced axon formation requires Sra-1 and
WAVEI. (a) Effect of CRMP-2 D7IN on axon formation. The indi-
cated plasmid was transfected into hippocampal neurons. Neurons
were double stained with anti-myc (green) monoclonal and anti-Tau-1
(red) antibodies at DIV6. The morphology of neurons was visualized
by anti-myc antibody staining (green). The enlarged images of double
staining with anti-myc (green) and anti-Tau-1 (red) antibodies in axons
(Al to A3) and dendrites (D1 and D2) are shown. These figures show
the representative cells expressing GST with a single axon, CRMP-2
WT with multiple axons, and CRMP-2 D71N without axons. (b) Effect
of Sra-1 and WAVE] on axon formation. The indicated plasmid (over-
expression) or Cy3-labeled siRNA and pCAGGS-myc-GST (RNAi)
were transfected into hippocampal neurons. More than 80% of the
cells transfected with Myc-GST were Cy3-siRNA positive. Neurons
were double-stained with anti-myc monoclonal and anti-Tau-1 anti-
bodies at DIV6. The percentages of no axon, single axon, and multiple
axons were estimated. The morphology of neurons was traced by
anti-myc antibody staining. Axons were determined by Tau-1 staining
(axon marker) and its morphology (11). (c) Effect of knockdown of
Sra-1 and WAVE1 on CRMP-2-induced multiple axon formation. The
indicated Cy3-labeled siRNA and pCAGGS-myc-GST or CRMP-2
WT were cotransfected into hippocampal neurons. More than 80% of
the cells transfected with Myc-GST or Myc-CRMP-2 were Cy3-siRNA
positive. Neurons were double stained with anti-myc monoclonal and
anti-Tau-1 antibodies at DIV6. The percentages of no axon, single
axon, and multiple axons were estimated. The morphology of neurons
was traced by anti-myc antibody staining. Axons were determined by
Tau-1 staining (axon marker) and its morphology (11). The data are
means * standard deviations of at least three independent experi-
ments. Asterisks indicate the difference from the value of GST or
Scramble at P < 0.05 (Student’s ¢ test). n > 150. Bar, 100 wm. Ab,
antibody.
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FIG. 6. CRMP-2 links kinesin-1 to Sra-1 and WAVEL. (a) Coim-
munoprecipitation of CRMP-2 with KLC, Sra-1, and WAVEI. The
porcine brain extract was incubated with anti-CRMP-2 polyclonal an-
tibody. The immunoprecipitates were analyzed by immunoblotting
with anti-Sra-1, anti-WAVEI1 monoclonal, anti-KLC, and anti-Rho
GDI antibodies. Aliquots of original samples (2% Ori) and eluates
(25%) were subjected to SDS-PAGE. (b) Pull-down assay of KLC.
HEK293 lysates with or without transfection with pCAGGS-HA-
CRMP-2 WT were loaded onto the beads on which GST or GST-KLC
TPR was immobilized. After being washed, the bound proteins were
eluted by addition of glutathione. The elution fractions were immuno-
blotted with anti-Sra-1 polyclonal, anti-WAVE1 monoclonal, and an-
ti-HA monoclonal antibodies. Aliquots of original samples (2% Ori)
and eluates (10%) were subjected to SDS-PAGE.

with the data on the expression of CRMP-2 D71N and AN440,
the knockdown of CRMP-2 evoked the delocalization of Sra-1
and WAVEI from the tip of axons (Fig. 7c). These results
suggest that CRMP-2 is important for the accumulation of
Sra-1 and WAVETI in the growth cones of axons.
Kinesin-1-dependent localization of CRMP-2, Sra-1, and
WAVEL at the growth cones of axons. We examined by using
RNAIi whether endogenous kinesin-1 is required for the accu-
mulation of Sra-1 and WAVEI1 at the tip of growing axons. The
knockdown of KLC 1 and 2 (KLCs) suppressed axon out-
growth (see Fig. S6 in the supplemental material) and per-
turbed the accumulation of CRMP-2 at the distal part and the
growth cones of axons at DIV3 (Fig. 8a and b). In this condi-
tion, the delocalization of Sra-1 and WAVE] from the tip of
axons was also observed. Kinesin-1 is composed of KIF5 (or
KHC) and KLC. We further tested the fragments of KIFSA
headless (HL), which lacks its motor domain and serves as a
dominant-negative form of kinesin-1 (7, 44). The expression of
KIF5A HL suppressed axon outgrowth (Fig. S6) and perturbed
the accumulation of CRMP-2, Sra-1, and WAVEI] at the distal
part and the growth cones of axons (Fig. 8c). Taken together,
these findings suggest that kinesin-1 is important for the accu-
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FIG. 7. CRMP-2-dependent localization of Sra-1 and WAVEL at the growth cones of axons. (a and b) Effect of expression of CRMP-2 D71N
on the localization of Sra-1 and WAVEI at the growth cones of axons. pCAGGS-myc-GST, CRMP-2 WT, CRMP-2 D71N, or CRMP-2 AN440
was transfected into hippocampal neurons. Transfected cells were stained with anti-myc monoclonal and anti-Sra-1 or anti-WAVEI polyclonal
antibodies. The percentage of accumulation of Sra-1 and WAVETI at the growth cones of axons was estimated. (c) Effect of the knockdown of
CRMP-2 on the localization of Sra-1 and WAVEIT at the growth cones of axons. The indicated Cy3-labeled siRNA and pCAGGS-myc-GST were
cotransfected into hippocampal neurons. More than 80% of the cells transfected with Myc-GST were Cy3-siRNA positive. Transfected cells were
stained with anti-myc monoclonal and anti-Sra-1 or anti-WAVE] polyclonal antibody at DIV3. The accumulation of Sra-1 and WAVEL at the
growth cones of axons was estimated. The data are means * standard deviations of at least three independent experiments. Asterisks indicate the
difference from the value of GST at P < 0.05 (Student’s ¢ test). n > 150. Bar, 20 pm.
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mulation of CRMP-2, Sra-1, and WAVEIL in growth cones of
axons.

DISCUSSION

Interaction of CRMP-2 with Sra-1. In the present study, we
found that CRMP-2 directly and physiologically interacted
with Sra-1 (Fig. 2). We have previously reported that aa 275 to
323 and 440 to 572 of CRMP-2 interact with Numb and KLC,
respectively, and that aa 323 to 381 of CRMP-2 enhances
microtubules assembly (16, 30, 41) (Fig. 2c). We also found
that the C-terminal region of Sra-1 directly interacted with the
C-terminal region of CRMP-2, which overlaps with the KLC-
binding region (Fig. 2; see Fig. S7 in the supplemental mate-
rial) (30). We constructed additional deletion fragments, but
we could not distinguish between the Sra-1- and KLC-binding
regions within the C-terminal region of CRMP-2 (data not
shown). It is, however, worth noting that KLC did not compete
with the binding of Sra-1 to CRMP-2 in vitro (data not shown).
Thus, CRMP-2 can link KLC to Sra-1 (Fig. 6b). The substitu-
tion of Asn at position 71 for Asp in CRMP-2 reduced the
binding to Sra-1 but not to other CRMP-2-interacting mole-
cules under our conditions (Fig. 1). Sra-1 appears to be asso-
ciated with CRMP-2 in a manner different from other CRMP-
2-interacting molecules.
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How does the substitution of Asn at 71 for Asp in CRMP-2
affect its binding activity to Sra-1? Recently, a three-dimen-
sional structure of CRMP-1, which is an isoform of CRMP-2,
has been reported (12). CRMP-1 assumes a bilobed “lung-
shaped” structure and constitutes the upper and lower lobes.
The upper lobe is composed of the N-terminal B-sheet (aa 15
to 69) domain. The lower lobe is composed of the C-terminal
a/B barrel (aa 70 to 490) domain. Unfortunately, the structure
of CRMP-1 at the C-terminal region is unsolved, because the
C-terminal region is proteolytically susceptible. Based on our
homology modeling, Asp at 71 in CRMP-2 appears to locate in
the hinge between these two domains (data not shown). Be-
cause the upper lobe interacts with the lower lobe via hydrogen
bonding, it is possible that the substitution of Asn at 71 for Asp
in CRMP-2 affects the topology of its C-terminal region,
thereby reducing its binding activity to Sra-1. The exact differ-
ence of structure between CRMP-2 WT and D7IN is un-
known. Further study is necessary to elucidate the mode of
action of CRMP-2 D71IN.

We have recently found that glycogen synthase kinase 38
phosphorylates CRMP-2 at Thr-514 downstream of the phos-
phatidylinositol 3-kinase—Akt pathway, thereby regulating neu-
ronal polarity (60). Since tubulin less efficiently interacts with
phosphomimic CRMP-2 (CRMP-2 T514D), in which Thr-514
was replaced by Asp, the phosphorylation of CRMP-2 at T514
appears to lower its activity to interact with tubulin. We com-
pared the binding activity of Sra-1 and tubulin to CRMP-2 WT
and T514D and found that tubulin interacted with CRMP-2
T514D less efficiently than with CRMP-2 WT, whereas Sra-1
interacted with CRMP-2 T514D as well as CRMP-2 WT (see
Fig. S8 in the supplemental material).

The role of the Sra-1/WAVE1 complex in axon formation.
Sra-1 and WAVEL1 were localized in the growth cone of minor
processes of stage 2 neurons (Fig. 3a). We also found that
Sra-1 and WAVEI were localized in the growth cone of not
only developing axons but also other minor processes of stage
3 neurons under the conditions where CRMP-2 accumulated
at the growth cone in developing axons (Fig. 3b). We think that
both the localization and the activation of Sra-1 and WAVE1
are important for axon formation. Sra-1 and WAVEI are
downstream effectors of Rac. It has been reported that Rac,
Sra-1, and WAVEI] are involved in axon formation in Drosoph-
ila melanogaster (19, 45, 61). We and others have shown that
the PAR complex, including PAR-3, PAR-6, and an atypical
PKC (aPKC), accumulates at the growth cone of the develop-
ing axons during the transition from stage 2 to stage 3 and
regulates axon specification (42, 47). We have recently found
that STEF/Tiam1, a Rac-specific guanine nucleotide exchange
factor (GEF), accumulates at the growth cone of the develop-
ing axon and promotes axon formation downstream of the
PAR complex (43). The spatiotemporal activation of Sra-1 and
WAVEL1 by PAR-STEF-Rac signaling in the growth cone of
one of the minor processes may partly account for axon for-
mation.

The Sra-1/WAVEL complex is known to play a critical role
in actin polymerization and the formation of lamellipodia by
relaying activation signals from Rac to the actin-nucleating
complex Arp2/3 (14, 49, 50). Strasser et al. have demonstrated
that the inhibition of the Arp2/3 complex by overexpression of
the CA domain of N-WASP, which interacts with the Arp2/3



9932 KAWANO ET AL. MoL. CELL. BIOL.

a)
KLCsi
Sra-1 WAVET1 CRMP-2

b) c)

20

Sra-1 wAVE1l| _ CRMP-2 Sra-1 WAVE1 CRMP-2

Accumulation in growth cone (%)

Accumulation in growth cone (%)

Scram KLCsi Scram KLCsi Scram KLCsi GST KIF5 GST KIF5 GST KIFS
HL HL HL
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pCAGGS-myc-GST was cotransfected into hippocampal neurons. More than 80% of the cells transfected with Myc-GST were Cy3-siRNA positive.
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cells were stained with anti-myc and anti-CRMP-2 monoclonal, anti-Sra-1, or anti-WAVE] polyclonal antibody at DIV3. The accumulation of
CRMP-2, Sra-1, and WAVEL at the growth cones of axons was estimated at DIV3. The data are means * standard deviations of at least three
independent experiments. Asterisks indicate the difference from the value of GST at P < 0.05 (Student’s ¢ test). n > 150. Bar, 20 pm. Scram,
Scramble. KLCsi, interference of KLC1 and KLC2 (KLCs) by siRNA.
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complex, enhances axon outgrowth (51). Their observations
are apparently inconsistent with our findings. We used the
full-length WAVEI mutant lacking the actin-binding domain
(V domain). Our mutant is expected to bind to other WAVEI1
ligands such as Abl, profilin, WRP, and Abi-1, not just Arp2/3
(14, 38, 48, 59). This WAVEI mutant could sequester multiple
WAVETI1 ligands, including Arp2/3. In this scenario, the over-
expression of WAVE1 WT produced an effect similar to that of
our WAVE1 mutant (Fig. 4 and 5). WAVEI appears to reg-
ulate axon outgrowth through interaction with multiple
WAVETL ligands. In fact, Strasser et al. have previously re-
ported that the Arp2/3 complex is enriched in the central
region of the growth cone but not in the peripheral region of
the growth cone (51). We found that Sra-1 and WAVEI were
localized not only in the central region but also in the periph-
eral region of the growth cone.

CRMP-2 regulates axon formation via the Sra-1/WAVE1
complex. How does CRMP-2 regulate axon formation through
Sra-1 and WAVE1? Here we found that the knockdown of
CRMP-2, Sra-1, and WAVEI or the expression of WAVEI1
DN suppressed axon outgrowth and formation (Fig. 4 and 5).
These results indicate that CRMP-2, Sra-1, and WAVEI are
required for axon outgrowth and formation. CRMP-2 D71N,
which decreases the Sra-1-binding activity, lowers the axon
outgrowth and multiple axons promoting activities compared
to CRMP-2 WT (Fig. 4 and 5). The expression of the CRMP-
2-binding region of Sra-1 801-1253 and WAVEI1 DN or the
knockdown of Sra-1 and WAVEI inhibited the CRMP-2-in-
duced axon outgrowth and multiple-axon formation (Fig. 4 and
5). Thus, CRMP-2 appears to induce axon outgrowth and
formation via the Sra-1/WAVEI complex.

CRMP-2 transports the Sra-1/WAVE1 complex to the
growth cones of axons in a kinesin-1-dependent manner. Ki-
nesin-1 (KIF5) preferentially accumulates in the initial seg-
ment of axons (40). The antibody inhibition of kinesin-1 blocks
both plus- and minus-end-directed movement of axonal trans-
port. Moreover, the treatment of the neurons with the anti-
sense oligonucleotide for kinesin-1 decreases axon outgrowth
and the transport of some proteins (15), which indicates that
kinesin-1 is engaged in the transport of specific proteins to the
growth cones of axons.

We have recently found that CRMP-2 directly binds to KLC
and that kinesin-1 participates in the polarized distribution of
CRMP-2 at the distal part of developing axons (30). In the
present study, we found that CRMP-2 linked KLC to the
Sra-1/WAVEI1 complex (Fig. 6). The expression of CRMP-2
D7IN and AN440 or the knockdown of CRMP-2 caused the
delocalization of Sra-1 and WAVEI] from the growth cones of
axons (Fig. 7). The knockdown of KLCs or the expression of
KIF5A HL, which is a dominant-negative form of kinesin-1,
induced the delocalization of CRMP-2, Sra-1, and WAVE1
(Fig. 8). Therefore, it seems that CRMP-2 enhances axon
outgrowth and formation by transporting the Sra-1/WAVEL
complex to the growth cones of axons in a kinesin-1-dependent
manner.

We speculate that CRMP-2 can regulate the activity of the
Sra-1/WAVEL1 complex in addition to the kinesin-1-dependent
transport, because CRMP-2 interacts with tubulin het-
erodimers and promotes microtubule assembly (16). To exam-
ine the effects of CRMP-2 on Sra-1 and WAVEL, we expressed
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CRMP-2 WT and D7IN in Vero fibroblasts and monitored
actin cytoskeleton. So far, we did not observe the apparent
effects of expression of CRMP-2 WT and D71IN on actin cy-
toskeleton (data not shown). Eden et al. have previously re-
ported that the addition of the GTP-bound form of Racl,
which is an active form, causes the dissociation of the Sra-2/
WAVEI complex, which releases active WAVEL and leads to
actin nucleation (14). We examined whether WAVE] is dis-
sociated from Sra-1 by the expression of CRMP-2 WT in
HEK293 cells, which have the Sra-1/WAVEI complex (Fig.
S4). The dissociation of the Sra-1/WAVE1 complex by
CRMP-2 WT was not observed under our conditions (data not
shown). Further studies are necessary for elucidating the role
of CRMP-2 in the regulation of Sra-1 and WAVEI activities.

CRMP-2 acts as a cargo receptor for Kkinesin-1. The KLC
C-terminal domain that consists of TPR motifs could be part of
a protein interaction interface with a target molecule, such as
amyloid precursor protein and c-jun NH2-terminal kinase
(JNK)-interacting protein (JIP/SYD), on vesicular or organel-
lar cargoes (3, 28, 57). Verhey et al. have previously found that
the interaction between JIP-1 and KLC is necessary for JIP-1
to accumulate at the tip of neurites (57). JIP-1 interacts with
dual leucine zipper-bearing kinase and ApoER2, which are
neuron-specific upstream kinases of JNK and the receptor for
the Reelin ligand, respectively. JIP-1 associates with the vari-
ous signaling molecules and appears to act as a cargo receptor
for kinesin-1 (55). These interactions may be necessary and
important for neuronal development. CRMP-2 can link KLC
to its interacting proteins, which are required for axon forma-
tion (16, 30, 41). Thus, CRMP-2 might serve as a cargo recep-
tor for kinesin-1 and have an action similar to that of JIP-1.
CRMP-2 seems to efficiently carry its interacting molecules
such as the Sra-1/WAVE]1 complex and tubulin heterodimer to
the growth cones of developing axons in a kinesin-1-dependent
manner. This transport system appears to enhance the reorga-
nization of actin cytoskeleton and microtubule assembly in the
growth cones of the future axons, thereby inducing axon out-
growth and formation.
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