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Crk-associated substrate (Cas) is a tyrosine-phosphorylated docking protein that is indispensable for the regulation of the
actin cytoskeletal organization and cell migration in fibroblasts. The function of Cas in neurons, however, is poorly
understood. Here we report that Cas is dominantly enriched in the brain, especially the cerebellum, of postnatal mice.
During cerebellar development, Cas is highly tyrosine phosphorylated and is concentrated in the neurites and growth
cones of granule cells. Cas coimmunoprecipitates with Src family protein tyrosine kinases, Crk, and cell adhesion
molecules and colocalizes with these proteins in granule cells. The axon extension of granule cells is inhibited by either
RNA interference knockdown of Cas or overexpression of the Cas mutant lacking the YDxP motifs, which are tyrosine
phosphorylated and thereby interact with Crk. These findings demonstrate that Cas acts as a key scaffold that links the
proteins associated with tyrosine phosphorylation signaling pathways to the granule cell axon elongation.

INTRODUCTION

Crk-associated substrate (Cas) docking protein was initially
identified as a major phosphotyrosine-containing protein in
fibroblasts transformed by v-Src or v-Crk oncogenes (Sakai et
al., 1994). It has an N-terminal Src homology 3 (SH3) do-
main, a substrate domain (SD) that consists of a cluster of
tyrosine phosphorylation sites and a C-terminal Src-binding
domain (SBD) that functions to directly bind the Src family
protein tyrosine kinases (PTKs; Sakai et al., 1994; Nakamoto
et al., 1996). In motile cells such as fibroblasts, Cas is ty-
rosine-phosphorylated by Src or Fak family PTKs after inte-
grin stimulation, which induces Cas localization to focal
adhesions. Tyrosine-phosphorylated Cas (YP-Cas) acts as a
scaffold protein upstream of the Rho family small GTPase in
focal adhesions (O’Neill et al., 2000). Embryonic fibroblasts
lacking the Cas gene exhibit impaired actin stress fiber bun-
dling and cell motility, indicating that Cas is indispensable
for actin cytoskeleton organization and cell migration
(Honda et al., 1998; Huang et al., 2002). The function of Cas
in neurons, however, is unknown.

Neurons extend neurites immediately after exiting from
mitotic cycles. At the tip of the extending neurites, there are

motile enlargements, growth cones that build the dynamic
center for signaling of the mobility and direction of extend-
ing neurites. Filopodia and lamellipodia are two dynamic
structures in the growth cone that rapidly extend and re-
tract, providing the force to advance in response to extracel-
lular cues. Filopodia are protrusions composed of bundled
F-actin fibers, whereas lamellipodia are large fanlike struc-
tures composed of a cross-linked actin meshwork (Tanaka
and Sabry, 1995; Luo, 2002). The signaling pathways from
the surface to the actin cytoskeletal organization in growth
cones are essential for neurite outgrowth (Dickson, 2001;
Dent and Gertler, 2003; Pollard and Borisy, 2003). Protein
tyrosine phosphorylation is the critical factor for the signal-
ing cascades that control growth cone motility (Korey and
Van Vactor, 2000).

Cerebellar granule cells are the most abundant cell popu-
lation in the cerebellar circuit. Granule cells proliferate post-
natally in the external granule layer (EGL). Postmitotic gran-
ule cells move into the inner half of the EGL (iEGL) where
they begin to differentiate. While migrating further down
the molecular layer (ML) to the internal granule layer (IGL),
granule cells develop the characteristic morphologies of
their axons, parallel fibers (Ono et al., 1997). Granule cells
settle in the IGL and develop their dendritic morphologies,
forming synaptic glomerular rosettes with mossy fiber ter-
minals and Golgi cell axon terminals. Src family PTKs such
as Src, Fyn, Yes, Lyn, and Lck are highly expressed in the
cerebellum, and their expression is developmentally regu-
lated (Fults et al., 1985; Cartwright et al., 1988; Maness et al.,
1988; Sudol et al., 1988, 1989; Zhao et al., 1991; Chen et al.,
1996; Omri et al., 1996). The PTK activity of Src in the
developing cerebellum is �6- to 10-fold that in fibroblasts
(Cartwright et al., 1988). High levels of Src, Fyn, and Yes are
concentrated in the growth cones of cerebellar neurons
(Maness et al., 1988; Wu and Goldberg, 1993). Src family
PTKs are implicated in the signaling pathways of cell adhe-
sion molecule (CAM)-induced neurite outgrowth. Cultured
cerebellar neurons prepared from mice lacking Fyn do not
extend axons on neuronal cell adhesion molecule (NCAM)-
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coated culture matrix as rapidly as cells from wild-type
littermates (Beggs et al., 1994). Similarly, cerebellar granule
cells from Src-deficient mutant mice show impaired neurite
outgrowth on the neural adhesion molecule L1 (Ignelzi et al.,
1994). These results suggest that Src and Fyn have important
roles in granule cell neurite extension. The signaling cascade
from the CAMs and Src family PTKs to the cytoskeleton,
however, remains to be clarified.

The present study demonstrates that among tissues of
postnatally developing mice, Cas is most abundant in the
brain, especially in the cerebellum. It is notable that YP-Cas
peaked around the first postnatal week and was concen-
trated in the growth cone fractions. The Cas protein was
immunocytochemically localized in the growth cones and
neurites of granule cells. In the cerebellum, Cas coimmuno-
precipitated with Src family PTKs, Crk, and CAM proteins
N-cadherin and NCAM. Granule cell axon elongation was
impaired by either RNA interference (RNAi) knockdown of
Cas or overexpression of Cas mutants with deletion of the
multiple tyrosine phosphorylation sites that confer the Crk-
binding property. Our results suggest that YP-Cas acts as an
important scaffold in the signaling of axon elongation of
cerebellar neurons, linking extracellular signals to the cy-
toskeleton through tyrosine phosphorylation.

MATERIALS AND METHODS

Primary Dissociated Cerebellar Cell Culture
Cerebellar cells were prepared from postnatal day 0 (P0) ICR mouse cerebella
as described previously (Shiraishi et al., 1999). In brief, the cerebella from P0
mice were treated with 0.1% trypsin (Sigma Chemical, St. Louis, MO) and
0.05% DNase I (Roche Diagnostics, Indianapolis, IN) in Ca2�-Mg2�-free
Hanks’ balanced salt solution (HBSS), dissociated by repeated passage through a
micropipette tip in Ca2�-Mg2�-free HBSS containing 0.05% DNase I and 12 mM
MgSO4, and then rinsed with the culture medium. Dispersed cells (4 � 105) were
plated onto poly-l-lysine (Sigma)-coated glass coverslips (12-mm diame-
ter; Matsunami, Tokyo, Japan) in serum-free defined medium: Eagle’s me-
dium supplemented with 1 mg/ml bovine serum albumin, 10 �g/ml insulin,
0.1 nM l-thyroxine, 0.1 mg/ml transferrin, 1 �g/ml aprotinin (all from
Sigma), 30 nM selenium (Merck, Darmstadt, Germany), 0.25% (wt/vol) glu-
cose, 2 mM glutamine, 2 mg/ml sodium bicarbonate, 0.1 mg/ml streptomycin
(Meiji Seika KK, Tokyo, Japan), and 100 U/ml penicillin (Banyu Pharmaceu-
tical, Tokyo, Japan). The cultures were maintained in a humidified atmo-
sphere of 5% CO2 in air at 37°C.

Primary Cerebellar Neuron Transfection and Axon Length
Analysis
Cas mutants produced as described previously (Huang et al., 2002) were
constructed in a plasmid vector that contains the CAG promoter. Short
interfering RNA (siRNA) of Cas was generated using the BLOCK-iT RNAi
TOPO Transcription and BLOCK-iT Complete Dicer RNAi kits (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions (Azuma et al.,
2005). siRNA of LacZ was generated using the same procedure as for Cas
siRNA and was used as a negative control. Transfection of cerebellar neurons
was performed soon after the neurons were dissociated using the Mouse
Neuron Nucleofector kit and the Nucleofector device (Amaxa, Cologne, Ger-
many; Liu et al., 2003; Hama et al., 2004). The transfection efficiency was 5%.
The calcium phosphate method using a CellPhect Transfection Kit (Amer-
sham Biosciences, Buckinghamshire, United Kingdom) was also used to
transfect cerebellar neurons on day 1 in vitro (DIV1) in serum-free defined
medium on poly-l-lysine–coated glass coverslips. The length of the longest
axon was quantified in granule cells (marked by immunolabeling with anti-
body against Pax6) expressing the Cas mutant or siRNA. Axons were also
confirmed by immunolabeling with antibody against Tau-1. Axons could be
easily distinguished from dendrites because granule cells at DIV2 exhibit a
representative morphology with a long single or bipolar axon with multiple
short dendrites (Powell et al., 1997). The percentage of granule cells with
axons longer than 200 �m in each transfection case was quantified in at least
20 fields randomly selected from three independent experiments. Student’s t
test was used to compare results between the mutant and the control cells.
p � 0.05 was considered significant.

RT-PCR Analysis
A series of first-strand cDNAs was produced by reverse-transcription (RT)
from 20 ng of total cerebellar RNAs at the various developmental stages,

using an oligo-dT primer. The cDNA sequence corresponding to the nucleo-
tide positions 583-1182 (amino acids 175–394) of p130Cas was amplified using
the primers 5�-ACATCTACCAAGTCCCTCCA-3� (forward primer) and 5�-
AGGCACGTCATACAGTGTTC-3� (reverse primer). The cycling conditions
were as follows: denaturing at 94°C for 3 min, amplification by 25 cycles of
94°C (15 s), 55°C (2 min), and 72°C (1 min), and extension at 72°C for 5 min.
To analyze tissue distribution, total RNAs prepared from various tissues of P7
or P21 mice were used for RT-PCR. The RT-PCR of glyceraldehyde-3-phos-
phate dehydrogenase with primers 5�-GCCATCAACGACCCCTTCATTGAC-
CTC-3� (forward primer) and 5�-GCCATGTAGGCCATGAGGTCCACCAC-3�
(reverse primer) were used as an internal control.

In Situ Hybridization
In situ hybridization brain histochemistry was basically performed as de-
scribed previously(Shiraishi et al., 1999). The cDNA sequence corresponding
to nucleotide positions 583-1182 (amino acids 175–394) of the p130Cas cDNA
was used as a template to prepare the digoxigenin-labeled antisense ribo-
probes using a digoxigenin-dUTP labeling kit (Roche Diagnostics). Paraffin
sections of mouse brain (10 �m thick) were fixed in 4% paraformaldehyde for
5 min, washed twice in phosphate-buffered saline (PBS), and treated with
freshly prepared 10 �g/ml proteinase K (Invitrogen) at room temperature.
After acetylation, the sections were subjected to digoxigenin-based hybrid-
ization procedures. Briefly, the sections were incubated in a hybridization
buffer containing 0.2 �g/ml digoxigenin-labeled riboprobes at 60°C overnight
in a humid chamber. The hybridized sections were washed by successive
immersion in 1� SSC (150 mM NaCl and 15 mM sodium citrate, pH 7.0, 60°C,
10 min, twice), 2� SSC (37°C, 10 min), 2� SSC containing 20 �g/ml RNase A
(37°C, 30 min), 2� SSC (37°C, 10 min), and 0.2� SSC (60°C, 30 min, twice).
The hybridization signals were detected using the digoxigenin detection kit
(Roche Diagnostics).

Immunoprecipitation and Immunoblotting
Protein extraction and Western blotting analysis were performed as described
previously (Huang et al., 2002). Briefly, mouse cerebella or cerebra were lysed
in 1% Triton X-100 buffer (50 mM HEPES, 150 mM NaCl, 10% glycerol, 1%
Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 1 mM Na3VO4, 10
�g/ml aprotinin, 10 �g/ml leupeptin, and 1 mM phenylmethylsulfonyl flu-
oride). Aliquots of protein lysates were separated by SDS-PAGE and probed
with diluted antibodies. For immunoprecipitation, protein (500 �g) was
mixed with 1 �g primary antibody and incubated for 1 h on ice. The mixtures
were rotated with protein A- or protein G-Sepharose (Amersham) for 1 h at
4°C. The Sepharose were washed four times with 1% Triton X-100 buffer and
boiled in sample buffer before being subjected to SDS-PAGE analysis.

Antibodies
Antibodies against mouse Cas were used as described previously (Sakai et al.,
1994). A phospho-specific polyclonal antibody (�Cas-pYDxP) that specifically
recognizes YP-Cas was generated by immunizing rabbits with a synthetic
peptide, CAEDV(pY)DVP (a.a. 456–463), which is representative of the re-
petitive tyrosine-containing motifs in the Cas SD, after being conjugated with
thyroglobulin (Miyake et al., 2005). Antibodies against Src family tyrosine
kinases, N-cadherin, L1, �-integrin, NCAM140/180, hemagglutinin (HA), and
Crk were from BD Bioscience (Franklin Lakes, NJ). The antibodies against Fyn
(Fyn3), c-Src (N-16), NCAM120, and JNK1 were from Santa Cruz Biotechnol-
ogies (Santa Cruz, CA). The antibody anti-GAP43 was from Innogenetics
(Alpharetta, GA). The antibodies against phosphotyrosine 4G10 was from
Upstate Biotechnology (Waltham, MA), antibodies against Map2 (AP20) and
calbindin were from Sigma, the antibody against Pax-6 was from Covance
(Princeton, NJ), and the antibody against tau-1 was from Chemicon Interna-
tional (Temecula, CA).

Subcellular Fractionation and Isolation of Growth Cone
Particles
P7 and P21 mouse cerebella were homogenized in the homogenization buffer
(0.32 M sucrose, 5 mM Tris-HCl, 1 mM EGTA, 1 mM DTT, 1 mM pepstatin A,
1 mM leupeptin, and 1 mM Na3VO4). The protein homogenates were centri-
fuged at 1000 � g for 10 min. The pellet was lysed in 1% Triton X-100 buffer
(PPt1). The supernatant was recentrifuged at 105,000 � g for 1 h. The pellet
was lysed in 1% Triton X-100 buffer (PPt2 � 3), and the supernatant was used
as Sup3. Growth cone particles (GCP) were prepared essentially as described
previously (Pfenninger et al., 1983; Helmke et al., 1998). P7 mouse cerebella
were homogenized in �8 volumes of 0.32 M sucrose containing 1 mM MgCl2
and 1 mM TES buffer, pH 7.3. The homogenate was centrifuged at 2000 rpm
for 10 min (pellet, PPt1), and the resulting low-speed supernatant (cytosol)
was loaded onto a discontinuous density gradient with steps of 0.75 and 1 M
sucrose in the same buffer. The gradients were spun to equilibrium at 28,000
rpm for 1 h in a swing rotor SW-28 (Beckman Coulter, Fullerton, CA). The
fraction at the 0.32/0.75 M sucrose interface containing the GCPs was col-
lected. This fraction was diluted 3- to 4-fold with 0.32 M sucrose, and GCPs
were pelleted at 40,000 rpm for 30 min (TLA-100, Beckman) and extracted
with 1% Triton X-100 buffer for 30 min at 4°C (GCP).
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Immunohistochemistry and Fluorescent Microscopy
The cells were fixed with 4% paraformaldehyde for 1 h, washed three times
with PBS, and then permeabilized with 0.2% Triton X-100/PBS for 5 min
before incubation with 5% normal goat serum in PBS (�). For native tissues,
ICR mice were transcardically perfused with 4% paraformaldehyde in PBS
(�), and the dissected brains were immersed for 2 h in the same fixative buffer
and cryosectioned (20 �m thick). For immunoreaction, fixed cultured cells or
brain sections were preincubated with 5% normal goat serum in PBS (�) for
1 h and then incubated with primary antibody (anti-Cas, 1 �g/ml), for 1 h at
room temperature. After washing with PBS (�), the samples were incubated
with Alexa-conjugated secondary antibody (Invitrogen). Immunofluores-
cence was observed using a Zeiss (Oberkochen, Germany) Meta-510 confocal
laser microscope. Conventional immunostaining reaction was also performed
using a diaminobenzidine and horseradish peroxidase–conjugated secondary
antibody.

RESULTS

Cas mRNA Is Abundantly Expressed in Developing Mouse
Cerebella
To examine the functional role of Cas in the mouse CNS, we
first analyzed the expression of Cas mRNA in mice at P7 and
P21 using RT-PCR technique. Of the eight tested tissues of
P7 mice, the expression level of Cas mRNA was highest in
the brain (Figure 1A). Cas mRNA was also expressed abun-
dantly in P21 brain. In situ hybridization analysis revealed
strong Cas mRNA labeling in the cerebellum, hippocampus,

and olfactory bulb at P7 (Figure 1C) and P21 (Figure 1E). The
cerebellum was the predominant region with Cas mRNA
expression at P7 (Figure 1D) and P21 (Figure 1F). During
postnatal cerebellar development, Cas mRNA expression
was up-regulated, with the peak occurring from P7 to P12
(Figure 1B). In the P7 cerebella, Cas mRNA was primarily
concentrated in the EGL, and was also present in the IGL,
Purkinje cell layer (PL), and white matter (WM; Figure 1G).
In P21 cerebella, on the other hand, it was predominantly
localized in the PL and present in only low levels in the IGL
and WM (Figure 1H). These results suggested that Cas has a
functional role(s) in cerebellar development.

Cas Protein Is Highly Tyrosine-phosphorylated during
Cerebellar Development
We investigated the expression and tyrosine phosphoryla-
tion of Cas protein in developing mouse brains at six differ-
ent postnatal stages (P0, P3, P7, P12, P21, and P56) by
immunoblotting analysis (Figure 2A). The tyrosine-phos-
phorylated Cas (YP-Cas) was immunodetected by an anti-
body that recognizes the tyrosine-phosphorylated YDxP
motifs of Cas (Miyake et al., 2005). In the cerebella, Cas
protein expression was up-regulated to a peak level at
around P21 and then slightly down-regulated, which almost
paralleled the mRNA expression profile (Figure 1B). In con-
trast to this developmental profile of Cas expression, YP-Cas

Figure 1. Expression of Cas mRNA in developing mouse cerebella.
(A) Semiquantitative RT-PCR analysis of Cas mRNA expression in
P7 or P21 mouse tissue. (B) RT-PCR analysis of Cas mRNA expres-
sion in postnatal cerebella at six different postnatal stages. RT-PCR
for GAPDH was used as an internal control. (C–H) In situ hybrid-
ization analysis of Cas distribution in the P7 (C, D, and G) and P21
(E, F, and H) mouse brains. C, P7 brain; D, P7 cerebellum; E, P21
brain; F, P21 cerebellum; G, P7 cerebellar cortex; H, P21 cerebellar
cortex. EGL, external granule cell layer; ML, molecular layer; IGL,
internal granule cell layer; PL, Purkinje cell layer; WM, white
matter.

Figure 2. Expression and tyrosine phosphorylation of Cas protein
in developing mouse cerebella. (A) Immunoblotting of Cas and
YP-Cas in the postnatal cerebella. Approximately equal amounts of
protein lysates from six different postnatal stages (P0, P3, P7, P12,
P21, and P56) were subjected to immunoblotting analysis by an
antibody against Cas or YP-Cas. (B) Immunoprecipitation with the
Cas antibody followed by immunoblotting with the phospho-ty-
rosine antibody 4G10. (C–E) Immunohistochemical staining of Cas
in the P7 (C and c�), P12 (D and d�), and P21 (E) mouse cerebella
sections. (F and G) Immunohistochemical analysis of YP-Cas de-
tected by the specific antibody (red) in P7 (F) and P12 (G) mouse
cerebella. Purkinje cells were immunostained with anti-calbindin
antibody (green). iEGL, the inner half of EGL.
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rapidly increased after birth to reach a peak level at P7 and
then sharply decreased. This steep increase of YP-Cas within
the first postnatal week was also confirmed by an immuno-
precipitation assay with the anti-Cas antibody followed by
immunoblotting with the anti-phospho-tyrosine antibody
4G10 (Figure 2B). In the cerebra, on the other hand, both Cas
and YP-Cas proteins were most abundant at P0 and then
markedly decreased (Figure 2, A and B).

We then immunohistochemically analyzed the cellular
distribution of Cas protein in the developing cerebella (Fig-
ure 2, C–E). In P7 cerebella, there was intense Cas immuno-
labeling in the ML and PL and weak immunolabeling in the
EGL, IGL, and WM (Figure 2C). In P12 cerebella, there was
high density labeling in the ML, PL, and WM and low
density labeling in the IGL (Figure 2D). In P21 cerebella,
there was strong Cas staining in the ML and PL and weak
staining in the WM (Figure 2E). On the other hand, YP-Cas
had characteristic cellular distribution patterns in the devel-
oping cerebella (Figure 2, F and G). Intense YP-Cas immu-
nolabeling was distributed primarily in the iEGL and ML at
P7 (F) and in the iEGL at P12 (G), and moderate labeling
was observed in the WM at P7 and P12 (unpublished
data). In the P12 ML, there was weak YP-Cas immunola-
beling around the growing dendrites of Purkinje cells,
which were coimmunostained for calbindin (a Purkinje cell
marker; Figure 2G). At P21, there was very weak immuno-
staining in the ML and IGL (unpublished data). These data
indicate that Cas is highly tyrosine-phosphorylated in post-
mitotic premigratory granule cells within the iEGL, in out-
growing Purkinje cell dendrites within the ML, and in the
WM (probably in Purkinje cell axons), at the first and second
postnatal stages.

Cas Is Enriched in the Growth Cones of Developing
Cerebellar Neurons
We performed subcellular fractionation of Cas protein from
P7 and P21 mouse cerebella. Cas immunoreactivity was
recovered in the precipitation fractions, PPt1 (nuclei and
cytoskeleton fractions) and PPt2 � 3 (membrane fraction
containing mitochondria and microsomes), and the super-
natant fraction Sup3 (cytosolic; Figure 3A, bottom). On the
other hand, YP-Cas immunoreactivity was enriched in the
precipitation fractions: in the PPt1 and PPt2 � 3 at P7 and in
the PPt2 � 3 at P21 (Figure 3A, top). Moreover, YP-Cas was
concentrated in the GCP fraction prepared from P7 cere-
bella, in which a growth cone marker, growth-associated
protein 43 (GAP43), was recovered (Figure 3B).

We next analyzed the subcellular localization of Cas pro-
tein in cultured cerebellar neurons (Figure 3, C–I). Cas was
detected in axons of granule cells at DIV1, and was largely
concentrated in their fanlike tips, growth cones (Figure 3,
C–L). Although the fine structure of granule cell growth
cones was difficult to observe because of their thin and tiny
morphology, Cas was localized in both the central and pe-
ripheral domains (Figure 3, F–I), and colocalized with actin
bundles (Figure 3, J–L�). In cultured Purkinje cells (DIV14),
Cas immunoreactivity was observed in the tips of the den-
dritic arbors as well as in their dendrites, axons, and soma
(unpublished data). These data indicate that Cas is subcel-
lularly localized in outgrowing neurites and growth cones of
cerebellar neurons. The subcellular fractionation analysis
implied that Cas in growth cones is highly tyrosine-phos-
phorylated.

RNAi Knockdown of Cas Inhibits Axon Extension of
Granule Cells
We examined whether interference of the endogenous Cas
by RNAi affects granule cell axon extension (Figure 4A). The
effectiveness of siRNAs was first evaluated in DLD-1 cells
(human colon tumor cells), in which more than 90% of Cas
protein expression was knocked down within 72 h after
transfection (Supplementary Figure 1A). Then, the siRNA
efficiency was confirmed by cotransfection of CasFL and Cas
siRNA in cerebellar primary cultures (Supplementary Fig-
ure 1, B and C). Because of the transfection ratio and the
difficulty in quantifying the Cas expression level changes in
the primary culture by immunoblotting, the number of cells
expressing the exogenous CasFL construct carrying the HA
epitope in each observation field was quantified by HA
immunostaining. HA-positive cells were decreased by co-
transfection of Cas siRNA (�3 in each field), in comparison
with that of the control LacZ (Escherichia coli �-galactosidase

Figure 3. Cas is enriched in the growth cones of cerebellar granule
cells. (A) Immunoblotting of Cas in subcellular protein fractions
from P7 and P21 mouse cerebella. (B) Immunoblotting of Cas and
YP-Cas in growth cone fractions from P7 mouse cerebella. Equal
amounts of proteins were loaded in each lane and immunoblotted
with antibodies against YP-Cas, Cas, and GAP43 (as a control of
growth cone proteins). (C–E) Confocal images of Cas (C) and Map2
(D) in the granule cells (DIV1). (E) Merged image of C and D. (F–I)
Phase-contrast images (F) of Cas (G) and Map2 (H) in the granule
cell growth cones. (I) Merged image of G and H. (J–L�), Immuno-
staining of Cas (J) and F-actin (by phalloidin staining; K) in granule
cells. (L) Merged image of J and K. (L�) Magnified views of the
growth cones. Arrows indicate colocalization of Cas and F-actin.
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gene) siRNA (�10 in each field), demonstrating that Cas
siRNA specifically knocked down Cas proteins in granule
cells.

The knockdown effect of Cas siRNA on neurite extension
of granule cells was analyzed by counting cells with an axon
length of more than 200 �m cotransfected with Cas siRNA
and enhanced green fluorescent protein (EGFP) in compar-
ison with controls. The control granule cells, which were
cotransfected with LacZ siRNA and EGFP, exhibited an
almost normal neurite pattern with long axons at 48 and 72 h
(Figure 4, A and C, respectively) after transfection. In con-
trast, cells cotransfected with the Cas siRNA and EGFP had
an impaired axon pattern at 48 and 72 h (Figure 4, B and D,
respectively) after transfection. Pax6 (a granule cell marker)-
positive cells coexpressing Cas siRNA and EGFP formed a
complex neurite pattern with short, branched axons (Figure
4, E–G), indicating that Cas knockdown affected the granule
cells. Long axons (�200 �m) extended from 65 and 72%
LacZ siRNA-expressing granule cells at 48 and 72 h after

transfection, respectively (Figure 4H). These ratios were al-
most comparable with those in cells expressing EGFP alone.
The number of long axons (�200 �m) was significantly re-
duced in Cas siRNA-expressing granule cells to 40 and 35% at
48 and 72 h after transfection, respectively (Figure 4H). This
Cas siRNA knockdown effect was observed even in granule
cells overexpressing exogenous CasFL protein (Supplemen-
tary Figure 1D). Therefore, our data suggest that Cas is
related to granule cell axon elongation.

Deletions of the YDxP Motifs or the Cas Substrate
Domain Impairs Axon Elongation of Granule Cells
Cas consists of three major protein-protein interaction do-
mains (Figure 5A): the N-terminal SH3 domain (binds to the
PxxP motif of Fak, Pyk2, PTP1B, etc.), the SD (consists of a
cluster of YxxP motifs that are tyrosine-phosphorylated by
PTKs, leading to binding to Crk, Nck, SHIP-2, etc.), and
SBD (containing motifs RPLPSPP [a.a.733–739] and YDYV
[a.a.762–765], which bind to Src family PTKs; Sakai et al.,
1994). To assess the structure and function relationship of
Cas protein in granule cell development, we constructed
four Cas mutants: three deletion mutants lacking the SH3
(�SH3), SD (�SD), or only YDxP motifs within the SD
(�YDxP), and a substitution mutant of the RPLPSPP and
YDYV motifs within the SBD to RLGSSPP and FDYV, re-
spectively (mSBD; Figure 5A). Either the full-length Cas
(CasFL) or mutant Cas was coexpressed with the EGFP
vector in cultured granule cells by transfection (Figure 5B).
Expressed EGFP fluorescence was generally widespread
over the soma and neurites of granule cells. Granule cells
transfected with the CasFL, �SH3, or mSBD exhibited a
representative morphology with single or bipolar long ex-
tending axons at this stage (DIV2; Ono et al., 1997; Powell et
al., 1997), whereas cells transfected with the �SD or �YDxP
tended to have significantly shorter, and sometimes branch-
ing, axons (Figure 5B), similar to that observed in Cas knock-
down cells by Cas siRNA (Figure 4, E–H). These short axons
were immunopositive for Tau-1 (unpublished data). The
average length of the longest axon, in cells expressing
CasFL, �SH3, or mSBD was nearly 250 �m, whereas that of
cells expressing the �SD (�58 �m) or �YDxP (�76 �m) was
very short (Figure 5C). Long axons (�200 �m) extended
from more than 70% of CasFL, �SH3, mSBD, and EGFP-
expressing cells, whereas they were observed in fewer than
40% of �SD or �YDxP-expressing cells (Figure 5D). These
results suggest that the SD containing the YDxP motifs is
involved in the axon elongation of granule cells and that the
�SD and �YDxP act as dominant negatives to endogenous
Cas in this process. The F-actins in the granule cells overex-
pressing Cas mutants were labeled (Supplementary Figure
4); however, there were no significant differences in the
quantity of F-actins in the growth cones of cells expressing
�YDxP and other mutants.

Cas Is the Substrate of Src Family Tyrosine Kinases in the
Developing Mouse Cerebella
In fibroblasts, Cas binds to both Src and Fak family PTKs
and is consequently phosphorylated by them (Nakamoto et
al., 1996; Cary et al., 1998). To elucidate the molecular basis
of Cas tyrosine phosphorylation during mouse cerebellar
development, we investigated the association of Cas with
nine PTKs belonging to the Src or Fak family (Figure 6).
Seven Src family (Src, Fyn, Lyn, Yes, Hck, Lck, and Zap70)
and the two Fak family (Fak and Pyk2) PTKs tested were
expressed in the mouse cerebella (unpublished data). Only
Src family PTKs, however, coimmunoprecipitated with Cas
in P7 cerebellar extracts (Figure 6A), suggesting that the Src

Figure 4. RNAi knockdown of Cas impairs axon extension of
cerebellar granule cells. (A–D) Confocal images of cerebellar gran-
ule cells transfected with Cas siRNA or LacZ siRNA. Cerebellar
granule cells were cotransfected soon after cell dissociation by either
Cas siRNA or LacZ siRNA with pCAG-EGFP. Cells were fixed and
observed 48 or 72 h after the transfection. (A) LacZ siRNA 48 h; (B)
Cas siRNA 48 h; (C) LacZ siRNA 72 h; (D) Cas siRNA 72 h. Scale
bar, 200 �m. (E–G) Granule cells (stained by anti-Pax6 antibody; F)
with multiple short axons observed in Cas siRNA transfection (E).
(H) Percentage of cells with axons longer than 200 �m within each
observation field 48 or 72 h after transfection. Data are presented as
mean 	 SEM. Values in the parentheses above the column indicate
the number of observation fields from at least three independent
experiments. ***p � 0.001, compared with the EGFP control (t test).
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family, but not the Fak family, associates with Cas in the
mouse cerebella at the early stage. This result was confirmed
by in vitro experiments using a Src family PTK inhibitor
PP2. In contrast to the ineffective structural analog PP3, PP2
inhibited the tyrosine phosphorylation of Cas in cultured
cerebellar cells (Figure 6B). YP-Cas was reduced to an almost
undetectable level by treatment with 25 �M PP2, indicating
that Src family PTKs are responsible for the tyrosine phos-
phorylation of Cas in these cells. Src and Fyn were enriched
in the GCP fraction of the P7 cerebella (Supplementary
Figure 2A), and their tyrosine phosphorylation levels were
high in the P3–P7 cerebella (Supplementary Figure 2B). Im-
munocytochemical analysis of cultured granule cells (DIV1)
revealed colocalization of Cas with Src and Fyn in the
growth cones (Figure 6C). In addition, Cas was colocalized
with Src, Fyn, or Yes in the cerebellar cortex at P12 (Supple-
mentary Figure 2C). Moreover, there was a punctate accu-
mulation pattern of the mSBD along the neurites (Supple-
mentary Figure 3A). There were similar phenotypes in cells
expressing �SBD (unpublished data). Although the under-
lying mechanism of punctuate distribution on neurites is
unclear, it might be related to tyrosine phosphorylation,

because exogenously expressed CasFL had a similar punc-
tate accumulation pattern when PTK activity was inhibited
with PP2 for 1 h (Supplementary Figure 3B).

Developmental Stage-specific Interaction of the
Tyrosine-phosphorylated Cas with Adaptor Protein Crk in
the Mouse Cerebellum
Crk is an adaptor protein that regulates actin cytoskeleton
organization and cell migration (Klemke et al., 1998). CrkII
directly binds with YP-Cas in PC12 cells stimulated with
nerve growth factor (Ribon and Saltiel, 1996). Our previous
study indicated that YDxP motifs within the SD domain of
Cas are involved in binding to CrkII in fibroblasts (Zhou et
al., 1993; Huang et al., 2002). We examined whether there is
an interaction between Cas and Crk in developing mouse
cerebella (Figure 7, A and B). Crk protein was almost con-
stantly expressed throughout cerebellar development (Fig-
ure 7A). Cas protein, however, was more efficiently coim-
munoprecipitated with anti-Crk antibody from cerebellar
extracts at P7 than from those at other stages tested (Figure
7B, top). In addition, the coimmunoprecipitated Cas was
tyrosine phosphorylated (Figure 7B, middle). This P7 stage,

Figure 5. Overexpression of the Cas mutant
lacking Crk binding ability inhibits axon elon-
gation of granule cells. (A) Cas mutants with
domain deletion or mutation. �SH3, deletion
of the SH3 domain; �SD deletion of a cluster
of tyrosine phosphorylation sites; �YDxP, de-
letion of YDxP motifs; mSBD, double mutations
RLGSSPP and FDYV at the Src binding domain.
(B) Confocal images of cerebellar granule cells
expressing Cas mutants. Cerebellar granule cells
were double-transfected by electroporation with
a Cas mutant with an EGFP vector soon after
dissociation of cerebellar cells. The cells were
stained with the antibody against HA 48 h after
plating. Bar, 100 �m. (C) Average length of
the axons in the EGFP and Cas mutants coex-
pressing cells. (D) Percentage of transfected
cells with axon length more than 200 �m.
Cerebellar granule cells (DIV1) were trans-
fected with Cas mutants using the calcium
phosphate method. Cells were fixed, stained
with the antibody against HA, and observed
at DIV2. Data are indicated as mean 	 SEM.
Values in the parentheses above the column
indicate the number of the transfected cells
from at least three independent experiments.
***p � 0.001, compared with the EGFP control
(t test).
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in which there is a tight interaction between Cas and Crk,
was consistent with the peak stage for tyrosine phosphory-
lation of Cas (Figure 2A). Moreover, both Cas and Crk
immunolabels were codistributed in growth cones and neu-
rites of cultured granule cells and were colocalized with
actin bundles at the peripheral and central domains of
growth cones (Figure 7C).

Because there is a direct interaction between CrkII and
JNK1 (c-Jun N-terminal kinase 1; Girardin and Yaniv, 2001),
we next investigated the Crk-JNK1 association. JNK1 ex-
pression was up-regulated with a peak at P7 and then down-
regulated during mouse cerebellar development (Figure
7A). In immunoprecipitates with anti-Crk antibody, JNK1
was abundant in the early stages (P3–P7; Figure 7B). Taken
together, these results suggest that the YP-Cas-Crk-JNK1

protein interaction is involved in the signaling pathway
regulating actin organization of growth cones in granule
cells.

Association of Cas with N-Cadherin and NCAM in the
Developing Mouse Cerebellum
There are three major classes of CAMs in the nervous sys-
tem: integrin, cadherin, and the IgG superfamily of CAM
(IgCAM), which serve as plasma membrane sensors for
extracellular cues, leading to the activation of intracellular
signaling events related to the cytoskeleton (Walsh and
Doherty, 1997). Cas is tyrosine-phosphorylated by Fak or Src
family PTKs after integrin stimulation (O’Neill et al., 2000).
Therefore, we examined whether Cas is associated with
CAMs in the mouse cerebella. Anti-Cas antibody coimmu-
noprecipitated with N-cadherin, NCAM, and L1, but not
�-integrin, from P7 cerebellar extracts (Supplementary Fig-
ure 2D). The specific antibody for N-cadherin and NCAM
coimmunoprecipitated with Cas protein from cerebellar ex-
tracts in the early developmental stage (Figure 8A). N-cad-
herin and NCAM140/180 mRNA were expressed in the EGL
and IGL in postnatal mouse cerebella at P7 (Supplementary
Figure 5), which coincides with the expression of Cas mRNA
(Figure 1). Both N-cadherin and NCAM protein were en-
riched in the GCP fraction of P7 cerebella (Supplementary
Figure 2A). Moreover, N-cadherin and NCAM colocalized
with Cas in the growth cones and neurites of cultured gran-
ule cells (Figure 8B). Taken together, our data suggest that

Figure 6. Cas is a substrate of Src family tyrosine kinases in the
developing mouse cerebella. (A) Coimmunoprecipitation of Cas
with the Src family PTKs in the mouse cerebella. An equal quantity
of protein lysates from P7 cerebella was first immunoprecipitated by
Src, Fyn, Yes, Lyn, Hck, Lck, Zap70, Fak, or Pyk2 antibodies and
then immunoblotted by the Cas antibody. (B) Src family PTK inhib-
itor PP2 inhibited tyrosine phosphorylation of Cas in cerebellar
neurons. Primary cultured cerebellar neurons were treated with
dimethyl sulfoxide, PP2, or a noninhibitory analog, PP3, at the
indicated concentrations for 20 min, and the cell lysates were im-
munoblotted for YP-Cas. The same membrane was reblotted to
indicate the quantity of Cas in each lane. (C) Cas (red) colocalizes
with Src or Fyn (green) in the growth cones of cultured cerebellar
granule cells. Cerebellar granule cells were fixed at DIV1, stained,
and imaged using confocal microscopy.

Figure 7. YP-Cas forms a complex with Crk-JNK1 in P7 mouse
cerebella. (A) Immunoblotting of Crk and JNK1 protein in the
mouse cerebella at different development stages. (B) Coimmunopre-
cipitation of Crk with Cas and JNK1 in developing mouse cerebella.
An equal quantity of cerebella protein lysates from P3, P7, P12, and
P21 mice were immunoprecipitated with the anti-Crk antibody and
then immunoblotted with the antibody against Cas, YP-Cas, or
JNK1. (C) Colocalization of Cas (blue), Crk (green), and F-actin (red,
phalloidin staining) in the growth cones of cultured cerebellar gran-
ule cells (DIV1). Arrows indicate the colocalized structure.
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N-cadherin and NCAM interact with the Cas-mediated sig-
naling complex and act as a cell surface signaling complex in
granule cell neuritogenesis.

DISCUSSION

Cas acts as an indispensable scaffold for the signaling pro-
teins involved in tyrosine phosphorylation–coupled actin
cytoskeleton reorganization pathways and regulates cell
morphology and migration in fibroblasts (Honda et al., 1998;
Huang et al., 2002). The function of Cas in the nervous
system, however, is unclear. Cas-deficient mice are embry-
onic lethal at 11.5–12.5 d after coitum because of impaired
heart development (Honda et al., 1998), making it difficult to
investigate its role in the brain, which functionally develops
later. The present findings demonstrate the functional im-
portance of Cas as a signaling interface among the proteins
involved in axon elongation of cerebellar granule cells dur-
ing postnatal development.

The neural circuitry of the cerebellum develops through a
coordinated program of neuronal migration, neurite out-
growth, and synaptic interconnections (Hatten and Heintz,
1995). To accomplish this circuit development, both granule
cells and Purkinje cells undergo drastic morphological
changes, in which actin cytoskeletal reorganization is very
active (Ono et al., 1997). The results of the present study
demonstrated that both Cas mRNA and protein predomi-
nate in the cerebellum during this postnatal period in mice.
Cas is enriched in the neurites and growth cones of devel-
oping granule cells and Purkinje cells. The specific binding
of Cas to Src PTKs and consequent tyrosine phosphoryla-
tion, by which Cas acquires the critical ability to bind with

downstream signaling proteins, peak in the early postnatal
stage. This developmental profile of YP-Cas apparently co-
incides with the time window during which neurite exten-
sion of the granule cells and Purkinje cells are more active. In
addition, YP-Cas is largely distributed around the iEGL,
where postmitotic granule cells start to differentiate by ax-
onal extension and migration, and the ends of Purkinje cell
dendrites are actively sprouting. These results indicate that
tyrosine phosphorylation of Cas is closely associated with
the postnatal development of cerebellar neurons.

In fibroblasts, Cas interacts with Fak family PTKs through
the N-terminal SH3 domain and also directly binds to Src
family PTKs via the C-terminal SBD, which contains the
YDYV and RPLPSPP motifs (Sakai et al., 1994; Ruest et al.,
2001), resulting in the tyrosine-phosphorylation of Cas, the
production of YP-Cas. Src family PTKs are highly expressed
in the cerebellum and their expression and activity is devel-
opmentally regulated (Fults et al., 1985; Cartwright et al.,
1988; Maness et al., 1988; Sudol et al., 1988, 1989; Chen et al.,
1996; Omri et al., 1996). A previous study indicated that Fak
has important roles in axon extension and polarization of
cerebellar Purkinje cells (Rico et al., 2004). There are no
reports, however, of a role for Fak in cerebellar granule cell
development. Our study demonstrated that Cas has no tight
association with Fak and Pyk2 compared with Src family
PTKs in early postnatal developing cerebella. Cas associates
with Src family PTKs in developing mouse cerebella and
colocalizes with Src and Fyn in the growth cones of granule
cells. Moreover, the Src family PTK inhibitor PP2 almost
completely blocks the tyrosine phosphorylation of Cas in in
vitro cerebellar cell cultures. These findings support the idea
that Src, but not Fak, family PTKs are responsible for the
tyrosine phosphorylation of Cas in cerebellar neurons.

Cas is constitutively tyrosine-phosphorylated after bind-
ing to the Src family PTKs, and the major tyrosine phosphor-
ylation sites are the SD, including four YQxP motifs and nine
YDxP motifs in fibroblasts (Pellicena and Miller, 2001; Ruest
et al., 2001). We previously reported that Cas null fibroblasts
have defective actin stress fiber organization and that the
�YDxP Cas mutant fails to restore the actin stress fiber
organization (Huang et al., 2002). In the present study,
knockdown of Cas protein expression with the Cas siRNA
impaired axonal growth, and dominant-negative effects of
Cas mutants, �SD and �YDxP, in axon elongation were also
observed. Granule cells expressing exogenous �SD or
�YDxP have abnormally truncated axonal protrusions,
whereas no abnormal axon elongation was observed in cells
expressing the other mutants �SH3 and mSBD, indicating
the importance of the interaction of Cas with the SD-binding
proteins for axon extension of granule cells. On the other
hand, the overexpressed mSBD mutant tended to distribute
in a punctate pattern in the dendrites and soma (Supple-
mentary Figure 3), suggesting that a defect in the binding of
Cas to Src family PTKs affects the subcellular distribution of
Cas proteins. Loss of the dominant negative effect of mSBD
on axon extension might be due to its aberrant subcellular
accumulation. Taken together, these results indicate that Cas
has an important role in the signaling of axon elongation
through interactions with its binding partners via the ty-
rosine-phosphorylated YDxP motifs.

Phospho-tyrosines within the YDxP motifs are essential
for binding Cas to the SH2 domain of the adaptor protein
Crk (Zhou et al., 1993; Huang et al., 2002), which subse-
quently regulates the actin reorganization during fibroblast
migration (Klemke et al., 1998). A recent study reported that
Crk is recruited to the lipid rafts in growing neurites and
mediates lamellipodia formation in PC12 cells (Haglund et

Figure 8. Cas and YP-Cas are developmentally associated with
N-cadherin, NCAM120, or NCAM140/180 in mouse cerebella. (A)
Cas and YP-Cas were coimmunoprecipitated with N-cadherin and
NCAM in postnatal developing mouse cerebella. Equal amounts of
protein lysate from the P0, P3, P7, P12, and P21 mouse cerebella
were immunoprecipitated by antibodies against N-cadherin,
NCAM120, or NCAM140/180. The immunoprecipitants were im-
munoblotted by the antibody against Cas. The same immunopreci-
pated protein blots were reused for immunoreaction with the anti-
body against YP-Cas. (B) Confocal images of colocalization of Cas
(Red) with N-cadherin and NCAM140/180 (green) in the growth
cones of cultured cerebellar granule cells (DIV1).
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al., 2004). Our present data indicate that the interaction
between Cas and Crk occurs within the time window when
Cas is highly tyrosine-phosphorylated during cerebellar de-
velopment. In addition, Cas and Crk are subcellularly colo-
calized with F-actin bundles in the peripheral region of
growth cones of cultured granule cells. These results suggest
that the impaired axon elongation induced by Cas knock-
down with siRNA or overexpression of the �YDxP mutant
in granule cells might be due to a deficiency in the regulation
of the actin-cytoskeletal organization through the YP-Cas-
Crk interaction.

Our data demonstrate that JNK1 interacts with the YP-
Cas-Crk complex in mouse cerebellum during the early
postnatal stage. JNK1 interacts with the SH3 domain of CrkII
(Girardin and Yaniv, 2001) and is involved in signaling of
neuronal microtubule dynamics through the phosphoryla-
tion of microtubule-associated proteins (Chang et al., 2003;
Bjorkblom et al., 2005). Another downstream effector of Crk
is a small GTPase Rac1 that mediates the actin cytoskeletal
dynamics during axonal outgrowth (Luo, 2002). Rac1 is
activated by DOCK180, a Crk SH3-binding protein, leading
to the lamellipodia formation by fibroblasts (Tanaka et al.,
1997; Kiyokawa et al., 1998). It is notable that high Rac
activity is present in early postnatal cerebellum (Arakawa et
al., 2003). In our primary dissociation cultures, the growth
cones of granule cells were very tiny and unstable, and they
grew out very rapidly soon after plating on culture dishes.
Even if there are subtle changes, it would be very difficult to
observe actin dynamics within the growth cone after incu-
bating to obtain effective cellular levels of recombinant Cas
proteins, which are exogenously expressed by cDNA trans-
fection. Therefore, we primarily analyzed the length of extend-
ing neurites after transfection experiments. Similarly, we did
not focus our study on fillopodia and lamellipodia, which are
more dynamic structures within the growth cones.

NCAMs actively participate in neurite elongation and
dendritic and axonal arbor pathfinding (Walsh and Doherty,
1997; Rougon and Hobert, 2003). The importance of the
CAMs, including NCAM, N-cadherin, and L1 for axonal
growth was established by a large number of antibody per-
turbation experiments (Lindner et al., 1983; Hoffman et al.,
1986; Walsh and Doherty, 1997; Sakurai et al., 2001; He and
Meiri, 2002). A recent study demonstrated that mice defi-
cient for both Nr-CAM and L1 exhibit severe cerebellar folial
defects and reduced IGL thickness (Sakurai et al., 2001),
indicating that Nr-CAM and L1 have a role in cerebellar
granule cell development. Although, to our knowledge, there
are no reports of NCAM or N-cadherin knockout mice with
defects in cerebellar granule cell development, this might be
due to a CAM redundancy. Our data indicate that the devel-
opmental expression of N-cadherin and NCAM140/180 mRNA
in postnatal mouse cerebella at P7 coincides with that of Cas
in the EGL and IGL at the same developmental stage. YP-
Cas associates with N-cadherin and NCAMs in the early
stage (P3–P12) of cerebellar development, and NCAM and
N-cadherin are concentrated in the growth cones of granule
cells. Integrin, however, did not coimmunoprecipitate with
Cas, which seems to be consistent with a recent study in
which NCAM and L1, but not �1 integrin, were detected in
the detergent-resistant membranes of cerebellar granule
cells (Nakai and Kamiguchi, 2002). NCAM and L1 are im-
plicated in the underlying signaling cascades via the activa-
tion of Src and Fyn (Beggs et al., 1994; Ignelzi et al., 1994;
Beggs et al., 1997). Whether Cas is tyrosine-phosphorylated
after association with CAMs or Cas is tyrosine-phosphory-
lated before the association with CAMs remain unclear. Cell
surface signals via CAMs might activate Src family PTKs,

followed by Src PTK binding to and subsequent tyrosine-
phosphorylation of Cas protein, leading to the axonal out-
growth of granule cells.

Although Cas mRNAs are localized in both the outer
(mitotic) and inner (postmitotic) layer of the EGL, Cas pro-
teins, including phosphorylated form, predominantly dis-
tribute in the inner EGL where postmitotic granule cells are
settled and begin with their differentiation before cell migra-
tion toward the ML. Therefore, we think that Cas is mainly
involved in the differentiation of granule cells rather than in
the proliferation of their precursors. It is possible, however,
that a small amount of Cas protein is involved in granule cell
growth.

In conclusion, our data provide functional evidence that
the tyrosine-phosphorylated docking protein Cas acts as a
signaling interface from the protein tyrosine phosphoryla-
tion toward the axonal outgrowth in cerebellar granule cells.
The present findings demonstrate that Cas is most abundant
in developing mouse cerebellum and is highly tyrosine-
phosphorylated in the early postnatal stage, probably by
its binding partner Src PTKs. YP-Cas binds Crk, which
further recruits downstream proteins such as JNK1. This
sequential signaling event likely regulates granule cell ax-
onal outgrowth.
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