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Dock3, a new member of the guanine nucleotide exchange factors, causes cellular morphological changes by activating the small GTPase
Racl. Overexpression of Dock3 in neural cells promotes axonal outgrowth downstream of brain-derived neurotrophic factor (BDNF)
signaling. We previously showed that Dock3 forms a complex with Fyn and WASP (Wiskott-Aldrich syndrome protein) family verprolin-
homologous (WAVE) proteins at the plasma membrane, and subsequent Rac1 activation promotes actin polymerization. Here we show
that Dock3 binds to and inactivates glycogen synthase kinase-33 (GSK-33) at the plasma membrane, thereby increasing the nonphos-
phorylated active form of collapsin response mediator protein-2 (CRMP-2), which promotes axon branching and microtubule assembly.
Exogenously applied BDNF induced the phosphorylation of GSK-33 and dephosphorylation of CRMP-2 in hippocampal neurons. More-
over, increased phosphorylation of GSK-33 was detected in the regenerating axons of transgenic mice overexpressing Dock3 after optic
nerve injury. These results suggest that Dock3 plays important roles downstream of BDNF signaling in the CNS, where it regulates cell
polarity and promotes axonal outgrowth by stimulating dual pathways: actin polymerization and microtubule assembly.

Introduction

The Rho-GTPases, including Racl, Cdc42, and RhoA, are best
known for their roles in regulating the actin cytoskeleton and are
implicated in a broad spectrum of biological functions, such as
cell motility and invasion, cell growth, cell polarity, and axonal
guidance (Schmidt and Hall, 2002). Activation signals from Racl
and Cdc42 are relayed to the actin-nucleating complex Arp2/3 by
a family of proteins that includes Wiskott—Aldrich syndrome
protein (WASP) and WASP family verprolin-homologous pro-
tein (WAVE) (Takenawa and Suetsugu, 2007).

Rho-GTPase activation is mediated by guanine nucleotide ex-
change factors (GEFs), which share two common motifs, the
double (Dbl)-homology (DH) domain and the pleckstrin homol-
ogy (PH) domain (Cerione and Zheng, 1996; Lemmon and Fer-
guson, 2000). Dockl (Dock180)-related proteins are a new
family of Rho-GEFs that lack the DH/PH domains. Instead, Dock
family proteins are characterized by two evolutionarily con-
served protein domains termed Dock homology regions 1 and 2
(DHR-1 and DHR-2) (Meller et al., 2005; C6té and Vuori, 2007).
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We recently detected a common active center of Dock1~4 within
the DHR-2 domain and reported that the DHR-1 domain is nec-
essary for the direct binding between Dockl~4 and WAVE1~3
(Namekata et al., 2010). We also found that overexpression of
Dock3 induced axonal regeneration after optic nerve injury in
vivo. We determined a mechanism underlying Dock3-induced
axonal outgrowth, in which Dock3 activates Racl and stimulates
spatially restricted actin dynamics through formation of a protein
complex with Fyn and WAVE downstream of brain-derived neu-
rotrophic factor (BDNF) signaling.

Recent studies have shown that assembly of actin filaments in
the growth cone is not a formal requirement for axonal growth.
Instead, microtubules have been attracting attention for their key
roles in axon structure and organelle transport (Conde and
Céceres, 2009). For example, microtubule assembly promoted by
collapsin response mediator proteins (CRMPs) that bind to tu-
bulin heterodimers leads to effective axonal formation (Inagaki et
al., 2001). In neurons, CRMPs are expressed in the lamellipodia
and filopodia of growth cones, in the shafts of axons, and in cell
bodies (Yoshimura et al., 2005). The importance of CRMPs in
axonal formation is highlighted by the evidence that axonal out-
growth is arrested when CRMPs are phosphorylated by some
kinases, such as glycogen synthase kinase-3 (GSK-3f), because
this phosphorylation causes dissociation of CRMPs from micro-
tubules (Eickholt et al., 2002; Yoshimura et al., 2005). In addi-
tion, adenomatous polyposis coli (APC), which promotes
microtubule assembly at the growth cone, is another downstream
target of GSK-3 (Zhou et al., 2004; Koester et al., 2007; Purro et
al., 2008), indicating the importance of GSK-3 in this dynamic
process. In this study, we show that Dock3 binds to GSK-38 and
inhibits its activity, thereby activating CRMP-2 and APC. Our
results suggest that Dock3 stimulates both actin rearrangement
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iments were performed using TrkBo¥flox
mice X GFAP-Cre mice (TrkB “™F KO mice) or
c-kit-Cre mice (TrkB ¥ KO mice) (Harada et
al,, 2011) and Dock3 transgenic mice (Name-
kata et al., 2010). TrkB deletion in the hip-
pocampus and retinal ganglion cells have been
confirmed in TrkBS¥* KO (Luikart et al.,
2005) and TrkB <X KO mice (Harada et al.,
2011), respectively. C57BL/6] mice were ob-
tained from CLEA Japan.

Expression plasmids. Farnesylation-signal-
attached Dock3 (F-Dock3) was generated as
described previously (Namekata et al., 2004).
WT Dock3, mutants of Dock3, WT GSK-38,
farnesylation-signal-attached GSK-3 8 (F-GSK-

binding
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myc were generous gifts from Dr. K. Kaibuchi
(Nagoya University, Aichi, Japan) (Yoshimura
et al, 2005). Adenomatous polyposis coli
(APC)-targeting siRNA was purchased from
Santa Cruz Biotechnology. RNA oligomers
containing 21 nucleotides for RNA interference for
Dockl~4 were synthesized in the sense and
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Figure1.

and microtubule assembly pathways, which are critical for axonal
outgrowth.

Materials and Methods

Animals. All procedures involving animals were approved by the Insti-
tutional Animal Care and Use Committees of the Tokyo Metropolitan
Institute of Medical Science in accordance with the Standards Relating to
the Care and Management of Experimental Animals in Japan. Exper-

Dock3 interacts with GSK-3 3. A, Schematic representation showing the WT and mutant Dock3 constructs used in the
pull-down assay (top). Lysates from Cos-7 cells transfected with indicated Dock3 deletion mutants were subjected to a His-tag
pull-down assay with an antibody against Dock3 (bottom). B, Coimmunoprecipitation (IP) of Dock3 and GSK-33 in mouse brain
lysate. ¢, Immunoblot analysis of Dock3 in lysates from Cos-7 cells transfected with indicated plasmids. Arrows indicate phosphor-
ylated Dock3. Phosphorylated Dock3 levels were quantified and shown in the histogram. D, Lysates from Cos-7 cells transfected
with the indicated plasmids were subjected to a GST-CRIB assay and Rac1 activity was quantified and shown in the histogram.

ACAACGCUUUU-3'; Dock2: 5'-GCAUCUCA
CGCUACAGAUUUU-3"; Dock3: 5'-GCAGAU
CAGUGAACGGUUUU-3"; Dock4: 5'-GCAAG
AGUGUGGCCAGAAAUU-3") (Namekata et
al., 2010). The negative control siRNA was pur-
chased from Invitrogen.

Cell culture and transfection. Transient trans-
fection was performed using Lipofectamine Plus
for Cos-7 cells and HEK293T cells (Invitrogen)
according to the manufacturer’s instructions. In
some experiments, cells were treated with
BEZ235 (Selleck Chemicals) to inhibit phos-
phoinositide 3-kinase (PI3K)/Akt signaling.
His-tagged GSK-3$ was cotransfected with
WT Dock3 or deletion mutants of Dock3.
CRMP-2 was cotransfected with F-Dock3 and
His-tagged GSK-3B. Primary cultured hip-
pocampal neurons were prepared as previ-
ously reported (Namekata et al., 2010) and
stimulated with or without BDNF (50 ng/ml).
Transfection of plasmids and siRNA into pri-
mary cultured hippocampal neurons was per-
formed using the Nucleofector System (Amaxa
Biosystems). Retinal explant culture was pre-
pared as previously described (Namekata et al.,
2010).

Immunoblotting, pull-down assay, and im-
munoprecipitation. After 24 h of transfection,
the cell lysate was incubated with TALON
resin (BD Biosciences) for 20 min at 4°C with
gentle agitation. After being washed, precip-
itated samples were subjected to SDS-PAGE
followed by immunoblot analysis as previ-
ously described (Namekata et al., 2008).
Membrane fractionation was performed as previously described (Na-
kamura et al., 2007). The following antibodies were used: anti-Dock3
antibody (Namekata et al., 2010), anti-myc antibody (Santa Cruz Biotech-
nology), anti-Racl antibody (BD Biosciences), anti-APC antibody (Cell Sig-
naling Technology), anti-phosphorylated-serine antibody (Rockland), anti-
GSK-3f3 antibody (BD Biosciences), anti-phosphorylated-GSK-33 (Ser9)
antibody (BD Biosciences), anti-CRMP-2 antibody (MBL, Nagoya,
Japan), anti-pT514-CRMP-2 antibody (Yoshimura et al., 2005), and



266 + J. Neurosci., January 4, 2012 - 32(1):264-274

anti-pS522-CRMP-2 antibody (ECM Biosci-
ence). Immunoprecipitation was performed
as previously described (Nakamura et al.,
2007).

Measurement of Racl and GSK-3[3 activities.
Racl activity was measured as described previ-
ously (Namekata et al., 2004). Briefly, gluta-
thione S-transferase (GST)-fused CRIB (Cdc42/
Rac interactive binding motif)-bound Racl was
purified from the bacterial lysate using
glutathione-agarose (GE Healthcare). After 24 h
of transfection, Cos-7 cells were washed twice
with PBS, lysed in the lysis buffer (1% Triton
X-100, 50 mm Tris, pH 7.4, 150 mm NaCl, 10%
glycerol and 10 mm MgCl, containing protease
inhibitor mixture), and centrifuged for 15 min at
10,000 X gat 4°C. Racl bound to GST-CRIB was
resolved by SDS-PAGE and assessed by immuno-
blot analysis. GSK-33 activity was measured us-
ing an immune complex in vitro kinase assay
(Huang and Guo, 2006). Hippocampal neurons
were treated with BDNF (100 ng/ml) for 5 min
and GSK-3f3 was immunoprecipitated using an
anti-GSK-3 antibody. Kinase activity of immu-
noprecipitated GSK-33 was assayed using GST-
tau as a substrate in an assay buffer (40 mm
HEPES, pH 7.2, 5 mm MgCl,, 5 mm EDTA, 200
um ATP, 50 ug/ml heparin). The mixture was
incubated at 30°C for 1 h. Phosphorylation of
tau at Ser396 was determined by immunoblot
analysis using an anti-tau (pS396) antibody
(Invitrogen).

Immunostaining. HEK293T cells were fixed
and incubated with an anti-Dock3 antibody,
anti-GSK-33 antibody, anti-phosphorylated-
GSK-38 antibody, and anti-pan-cadherin anti-
body (Abcam). Cultured hippocampal neurons
were incubated with antibodies against total
CRMP-2 and pT514-CRMP-2. Retinal explants
were stained with antibodies against Dock3 and
GSK-3B or phosphorylated-GSK-38. Samples
were viewed by epifluorescence on a light micro-
scope (BX51; Olympus) equipped with Plan
Fluor objectives and connected to a DP70 camera
(Olympus).

Opticnerveinjury. Mice were anesthetized with
sodium pentobarbital before optic nerve crush-
ing. Optic nerves were exposed intraorbitally and
crushed at ~0.5-1.0 mm from the posterior pole
of the eyeball with fine surgical forceps for 5 s
(Fischer et al., 2004; Namekata et al., 2010). Four-
teen days after surgery, protein expression levels
in the lesion site were measured by immunoblot
analysis with antibodies against total-GSK-33,
phosphorylated-GSK-33 and actin. Regenerat-
ing axons were double-stained with antibodies
against GAP43 (Millipore Bioscience Research
Reagents) and phosphorylated-GSK-3.

Image analysis and statistics. Hippocampal
neurons were fixed at 3 d in vitro, stained with an anti-tau antibody, and the
number of axonal branching and the rate of neurons with multiple neurites
were examined. To measure axon length, the longest axon of each neuron
was traced and calculated using National Institutes of Health Image]J soft-
ware (version 1.38). Approximately 50 neurons with axons were scanned
using a DP70 CCD camera (Olympus). The intensity of intracellular fluo-
rescence was analyzed using the same software as above. Data are presented
as means = SEs unless noted otherwise. Statistical analyses were per-
formed using two-tailed Student’s ¢ test or ANOVA with Dunnett’s post hoc
tests. Results were considered statistically significant if p < 0.05.
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Dock3-induced phosphorylation of GSK-33 is required for BDNF-mediated axonal outgrowth. A, Hippocampal neu-
rons transfected with WT Dock3 and Dock3 mutants were cultured in the presence or absence of BDNF for 3 d. Scale bar, 20 m. B,
Hippocampal neurons transfected and treated as shown on the x-axis were fixed at 3 d in vitro, and axon length was measured.n =
30 per experimental condition. €, Lysates from Cos-7 cells transfected as indicated above the immunoblot images were subjected
to a His-tag pull-down assay with antibodies against total and phosphorylated GSK-33. Phosphorylated GSK-33 (Ser9) levels
were quantified and shownin the histogram. D, Cytosolicand membrane fractions were prepared from Cos-7 cells transfected with
myc-tagged WT GSK-3 3 or F-GSK-3 3 and subjected to immunoblot analyses with antibodies against myc-tag (total GSK-33) and
cadherin. E, Lysates from Cos-7 cells transfected with WT GSK-33 or F-GSK-3 3 with or without PI3K inhibitor were subjected to
immunoblot analyses with antibodies against total and phosphorylated GSK-33. Phosphorylated GSK-3 3 levels were quantified
and shown in the histogram. Data are presented as means == SEs for each group from three independent experiments. *p << 0.05.

Results

Interaction of Dock3 and GSK-3f3 stimulates

axonal outgrowth

We first examined whether Dock3 binds to GSK-33 using a His-
tag pull-down assay. For this experiment, we used Cos-7 cells
transfected with His-tagged wild-type Dock3, i.e., WT Dock3 or
truncated mutants lacking the region of amino acids encompass-
ing residues 1-500 (500 Dock3), 1-1540 (1540 Dock3), 1-1777
(1777 Dock3), 1628-1777 (1628 Dock3), or the Racl binding site
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(ADHR-2 Dock3) (Fig. 1 A). We found that GSK-3 binds to WT
Dock3, 500 Dock3, 1540 Dock3 and ADHR-2 Dock3, while 1777
Dock3 and 1628 Dock3 failed to bind to GSK-3 (Fig. 1 A). These
results revealed that GSK-3 8 binds to Dock3 and that the binding
domain is located between amino acids 1628 —1777 of the Dock3
protein. For convenience, 1628 Dock3 is referred to as “AGSK
Dock3” thereafter. The interaction of endogenous Dock3 and
GSK-3 was also confirmed in mouse brain lysate by a coimmu-
noprecipitation assay (Fig. 1B). We previously reported that

Dock3 promotes membrane recruitment and phosphorylation of GSK-33. A, HEK293T cells transfected with WT
GSK-3 8 or F-GSK-3 3 were double-labeled with antibodies against total GSK-3 3 (green) and phosphorylated GSK-3 3 (p-GSK-33;
red) or cadherin (red). Arrowheads indicate p-GSK-33 localized to the plasma membrane. Scale bar, 10 wm. B, HEK293T cells
cotransfected with WT GSK-33 and myc-tagged Dock3 mutants were double-labeled with antibodies against myc-tag (F-Dock3;
green) and p-GSK-33 (red). Arrowheads indicate p-GSK-3 3 localized to the plasma membrane. Scale bar, 10 wm.
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phosphorylation of Dock3 at the plasma
membrane regulates its interaction with
WAVE (Namekata et al., 2010). Because
phosphorylated Dock3 was detected as an
upper mobility band in SDS-PAGE in the
previous study, immunoblot analysis was
applied again to determine the phosphor-
ylation state. To assess whether GSK-383
phosphorylates Dock3, lysates from Cos-7
cells transfected with GSK-38 and F-
Dock3, which contains a farnesylation
signal sequence for plasma membrane lo-
calization, were subjected to immuno-
blot analysis. However, GSK-3 failed to
increase F-Dock3 phosphorylation (Fig.
1C). We next examined endogenous Racl
activity in these cells. Racl activity was in-
creased by Dock3, but GSK-33 showed no
additional effect (Fig. 1D).

GSK-3 has important roles in axonal
initiation and elongation in neurons
(Zhou and Snider, 2005; Hur and Zhou,
2010). To evaluate whether the interac-
tion between Dock3 and GSK-3p affects
axonal outgrowth, we transfected primary
cultured hippocampal neurons with a
plasmid encoding WT Dock3 or AGSK
Dock3 and treated them with or without
BDNF. As previously reported, overex-
pression of WT Dock3 significantly in-
creased axonal length, but AGSK Dock3
had no synergistic effects (Fig. 2A,B).
These results suggest that the interaction
of Dock3 and GSK-38 promotes BDNF-
dependent axonal outgrowth without af-
fecting the phosphorylation state or GEF
activity of Dock3.

Dock3 induces phosphorylation of
GSK-3f at the plasma membrane

We next examined the possibility that
Dock3 affects GSK-3f3 activity by chang-
ing its phosphorylation state. We cotrans-
fected Cos-7 cells with His-tagged
GSK-38 and WT Dock3 or F-Dock3 and
purified GSK-38 by a His-tagged pull-
down assay. Precipitants were subjected
to immunoblot analyses with an antibody
against phosphorylated GSK-383 (Ser9);
phosphorylation at this site inhibits its ki-
nase activity (Beaulieu et al., 2009). Im-
munoblot analyses revealed that F-Dock3,
but not WT Dock3, increased GSK-33
phosphorylation at Ser9 (Fig. 2C). In ad-
dition, F-AGSK Dock3, in which a farnesylation signal sequence
for enforcing plasma membrane localization is attached to AGSK
Dock3, failed to stimulate GSK-38 phosphorylation (Fig. 2C).
These results led us to speculate that the interaction between
Dock3 and GSK-3f at the plasma membrane promotes the phos-
phorylation (i.e., inactivation) of GSK-3. To further explore the
possibility of this interaction, we prepared F-GSK-3f, in which a
farnesylation signal sequence is attached to WT GSK-33. When
transfected with Cos-7 cells, F-GSK-38 was concentrated in the
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membrane fraction, whereas WT-GSK-33
was mainly detected in the cytosolic fraction
(Fig. 2D). We next examined whether the
GSK-38 phosphorylation level is increased
at the plasma membrane. As predicted, the
phosphorylation rate of F-GSK-38 was
much greater than that of WT GSK-33 (Fig.
2E). In addition, the phosphorylation of
F-GSK-3p was suppressed by a PI3K inhib-
itor, indicating that PI3K/Akt signaling is
involved in GSK-3f3 phosphorylation at the
plasma membrane (Fig. 2 E).

We further examined the localiza-
tion of total and phosphorylated GSK-33
in HEK293T cells transfected with WT
GSK-3 or F-GSK-3 . Immunocytochem-
ical analyses revealed that F-GSK-3(3, but
not WT GSK-3, was phosphorylated, and
such phosphorylated F-GSK-3 was colo-
calized with cadherin, indicating that
GSK-3B phosphorylation occurs exclu-
sively at the plasma membrane (Fig. 3A, ar-
rowheads). We also found that F-Dock3
recruits GSK-33 to the plasma membrane
and induces its phosphorylation (Fig. 3B).
In contrast, WT Dock3 and F-AGSK Dock3
failed to induce the phosphorylation of
GSK-3B. These results suggest that mem-
brane recruitment of the Dock3-GSK-3f3
complex stimulates GSK-33 phosphoryla-
tion, which may lead to axonal outgrowth
via microtubule assembly (Eickholt et al.,
2002; Yoshimura et al., 2005).

BDNEF-Dock3 pathway regulates GSK-
3B-dependent microtubule assembly
BDNF-TrkB receptor signaling stimulates
membrane recruitment of Dock3 and in-
duces axonal outgrowth by stimulating
actin reorganization (Namekata et al.,
2010). Because Dock3 may also enhance ax-
onal outgrowth by stimulating microtubule
assembly via regulation of GSK-3f3 activity,
we examined the effect of BDNF on the
phosphorylation state of GSK-33. BDNF
stimulated GSK-3 3 phosphorylation in hip-
pocampal neurons from WT but not from
TrkB ™" KO mice (Fig. 4A). GSK-33
phosphorylation at Ser9 prevents subse-
quent phosphorylation of CRMP-2 at
Thr514, which induces axon elongation
via stimulation of microtubule assembly
(Yoshimura et al., 2005). BDNF consis-
tently suppressed CRMP-2 phosphoryla-
tion (pT514-CRMP-2) in hippocampal
neurons from WT but not from TrkB “*?
KO mice (Fig. 4B).

Because Dock3 induces GSK-33 phos-
phorylation at Ser9 (Figs. 2C, 3B), we next
examined whether Dock3 alters the phos-
phorylation state of CRMP-2. For this pur-
pose, we transfected Cos-7 cells with WT
CRMP-2, WT GSK-3f and F-Dock3 and

Namekata et al. @ Dock3 Stimulates Microtubule Assembly

A TrkBGFAP B TrkBGFAP
WT KO WT KO
gL 24 gL 24
< [a] IS o < (o] IS [a]
8 m 8 m 8 a 8 m

p-GSK-3f EI |:| pT514-CRMP-2

[ o]
ftal GSK3p EI [==]  cwcrweo =

) .
83 e 1.0
Sz Sq 08
x® 2 Yo
0 os 06
(0] + 0
209 1 G 04
I ES 0.2
2o e o
C His-GSK-3p
CRMP-2
el F-Dock3
F-Docks [ &8
p-GSK-3p [~ —= ]
total GSK-3f [—=— |
pT514-CRMP-2 [— — — |
total CRMP-2
D E —_
= *
3.0 * 12
) =10
22 Eg
55 S 0.8
o
8% gz 08
cl’_(.') 31
T ﬁ(—) 0.4
©
= %02
0
- — F-Dock3 - — F-Dock3
GSK-3p GSK-3p
CRMP-2 CRMP-2
3.0
Dock3 - - + 5 25
Cdk5 - + + Ne
o
N 2.0
— oS 15
pS522-CRMP-2 NI
NO
0= 1.0
[——] 2§
205
total CRMP-2 '
0 - - + Dock3
- 4+  + Cdks5

Figure4.  Dock3 suppresses CRMP-2 phosphorylation via GSK-3 3 phosphorylation. 4, B, Immunoblot analysis of GSK-3 3 and (RMP-2
after BDNF stimulation in cultured hippocampal neurons from WT or TrkB ™7 KO mice. Phosphorylated GSK-3/3 (p-GSK-3/3) and CRMP-2
(pT514-CRMP-2) were detected using specificantibodies against phosphorylated GSK-3 3 (ser9) and pT514-CRMP-2, respectively. Expres-
sion levels of p-GSK-3/3 and pT514-CRMP-2 were quantified and shown in the histogram. Data are presented as means = SEs for each
group from three independent experiments. *p << 0.05. €, A fixed amount of plasmids encoding His-GSK-3 3 and CRMP-2 and an increas-
ing amount of the plasmid encoding F-Dock3 were transfected into Cos-7 cells. Lysates from Cos-7 cells were subjected to immunoblot
analyses with antibodies against Dock3, p-GSK-3 3, total GSK-3 3, pT514-CRMP-2, and total CRMP-2. D, E, Expression levels of p-GSK-3 3
and pT514-CRMP-2 were quantified and shown in the histogram. Data are presented as means = SEs for each group from three indepen-
dent experiments. *p << 0.05. F, Lysates from Cos-7 cells transfected as shown at the top of the images were subjected to immunoblot
analyses with antibodies against pS522-CRMP-2 and total CRMP-2. Expression levels of pS522-CRMP-2 and total CRMP-2 were quantified
and shown in the histogram. Data are presented as means = SEs for each group from three independent experiments.
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subjected the cell lysates to immunoblot
analyses. We found that F-Dock3 induces
dephosphorylation of CRMP-2, as well
as phosphorylation of GSK-33, in a con-
centration-dependent manner (Fig. 4C-E).
These results suggest that Dock3 activates
CRMP-2 indirectly via GSK-3 3 phosphory-
lation. CRMP-2 can be phosphorylated by
Cdk5 at Ser522, and by recognizing this
priming phosphorylation, GSK-33 phos-
phorylates CRMP-2 at Thr514 (Cheung et
al.,, 2007). Thus, Cdk5-induced phosphory-
lation of CRMP-2 at Ser522 (pS522-
CRMP-2) may be required for the
induction of pT514-CRMP-2 by GSK-38.
We examined whether Dock3 also influ-
ences the Cdk5-mediated induction of
pS522-CRMP-2; however, overexpression
of Dock3 had no effect on its expression
level (Fig. 4F). These results suggest that
Cdk5-mediated induction of pS522-
CRMP-2 is independent of Dock3-medi-
ated CRMP-2 dephosphorylation by
GSK-3 inactivation.

To evaluate the role of GSK-383 and
CRMP-2 in BDNF-induced axonal out-
growth, we transfected primary hippocam-
pal neurons with plasmids encoding
WT Dock3 and WT GSK-383 or CRMP-2
T514D, which mimics CRMP-2 phosphor-
ylated at Thr514 by GSK-33 (Yoshimura et
al., 2005). We found that overexpression of
either WT GSK-33 or CRMP-2 T514D sup-
pressed BDNF-Dock3 pathway-mediated
axonal outgrowth (Fig. 5A, B). In addition,
we confirmed that overexpression of
GSK-3 increased the expression of pT514-
CRMP-2 that suppresses microtubule as-
sembly (Fig. 5C). Another downstream

<«

Scale bar, 20 wm. B, Hippocampal neurons transfected and
treated as shown at the x-axis were fixed at 3 d in vitro, and
axon length was measured. n = 30 per experimental condi-
tion. Data are presented as means = SEs of three independent
experiments. *p << 0.05. C, Hippocampal neurons transfected
with WT GSK-3 B were subjected toimmunoblot analyses with
antibodies against pT514-CRMP-2 and total CRMP-2. Expres-
sion levels of pT514-CRMP-2 and total CRMP-2 were quanti-
fied and shown in the histogram. Data are presented as
means == SEs for each group from three independent experi-
ments. *p < 0.05. D, Lysates obtained from hippocampal
neurons, stimulated with BDNF, were immunoprecipitated
with an anti-APC antibody. The immunoprecipitates were
probed with anti-phosphorylated serine antibody. Expression
levels of phosphorylated APC (p-APC) were quantified and
shown in the histogram. Data are presented as means = SEs
for each group from three independent experiments. *p <
0.05. E, F, Hippocampal neurons transfected and treated as
shown at the x-axis were fixed at 3 din vitro, and the number of
branching tips per axons and the rate of neurons with multiple
neurites were measured. n = 30 per experimental condition.
Data are presented as means == SEs of three independent ex-
periments. *p << 0.05.
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target of GSK-3f3 is adenomatous polyposis coli (APC), which pro-
motes microtubule assembly at the growth cone when dephospho-
rylated (Zhou et al., 2004; Koester et al., 2007; Purro et al., 2008). We
found that knockdown of APC also suppressed Dock3-mediated
axonal outgrowth after BDNF treatment (Fig. 5B), and that BDNF
induced APC dephosphorylation, which in turn would promote mi-
crotubule assembly (Fig. 5D). Since BDNF is known to influence
neuronal cell polarity (Arimura and Kaibuchi, 2007), we examined
whether Dock3 is involved in this process in hippocampal neurons.
We found that overexpression of Dock3 increases the number of
axon branching and neurons with multiple neurites (Fig. 5E,F).
These results suggest that, in addition to Racl activation, Dock3-
dependent GSK-38 phosphorylation (i.e., inactivation) plays a role
in the BDNF-mediated axonal outgrowth and cell polarity (Kim et
al., 2006; Zhao et al., 2009).

To examine the effect of endogenous Dock GEFs on GSK-3f3
activity in the growth cone, we performed an RNA interference ex-
periment to knockdown Dockl~4 in hippocampal neurons. We
measured GSK-3 activity by quantifying CRMP-2 phosphoryla-
tion levels. We found that BDNF induces CRMP-2 dephosphoryla-
tion, whereas combinational knockdown of Dockl~4, but not
Dock3 alone, suppresses BDNF-induced CRMP-2 dephosphoryla-
tion (Fig. 6A,B). The negative control siRNA had no effect on
BDNF-induced CRMP-2 dephosphorylation. Our observations
demonstrate Dockl~4 are necessary for GSK-3B3-mediated
CRMP-2 dephosphorylation. The lack of effect by Dock3 knock-
down alone can be explained by the compensatory mechanisms
exerted by Dockl, 2 and 4, as they share a common active center
(Namekata et al., 2010). To determine GSK-3f3 activity more
directly in hippocampal neurons, we performed an in vitro kinase
assay using GST-tau as a substrate (Huang and Guo, 2006).
BDNF reduced the kinase activity of GSK-3f3, and combina-
tional knockdown of Dockl~4 suppressed this BDNF-induced
GSK-3 inactivation (Fig. 6C). Consistently, BDNF-dependent
GSK-38 phosphorylation was suppressed by the combina-
tional knockdown of Dockl~4 (Fig. 6 D). The negative con-
trol siRNA had no effect on BDNF-induced GSK-3 activation
nor phosphorylation.

GSK-3p activity during axonal regeneration in Dock3
transgenic mice

To examine whether Dock3 also alters GSK-3 activity in vivo, we
used transgenic (Tg) mice overexpressing WT Dock3. Increased
Dock3 expression has been detected in many tissues, especially in the
retina and optic nerve (Namekata et al., 2010). Therefore, we pre-
pared retinal explants from WT and Dock3 Tg mice and examined
the intracellular localization of GSK-3f3 after BDNF stimulation.
Compared with WT explants, BDNF treatment resulted in accumu-
lation of GSK-3f3 at the peripheral region of the growth cone in
Dock3 Tg explants (Fig. 7A, arrowheads and arrows), suggesting an
enhanced GSK-3f recruitment to the plasma membrane (Fig. 7B).
Double-labeling immunocytochemistry revealed that Dock3 and
phosphorylated-GSK-38  (p-GSK-38) were colocalized at the
plasma membrane after BDNF stimulation (Fig. 7C,D, arrowheads).
Our observations confirmed that membrane recruitment of the
Dock3-GSK-38 complex stimulates GSK-38 phosphorylation in
neural growth cones as well as in HEK293T cells (Fig. 3).

Because optic nerve regeneration was enhanced in Dock3 Tg
mice (Namekata et al., 2010), we prepared the optic nerve micro-
crush model and examined the GSK-3 phosphorylation level in
the regenerating axons. Immunoblot analysis revealed that the
GSK-383 phosphorylation rate in Dock3 Tg mice was much
greater than that in WT and TrkB <" KO mice (Fig. 84). Immu-
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Figure6.  BDNF decreased the phosphorylation levels of CRMP-2in the axonal growth cones.
A, Hippocampal neurons treated with 50 ng/mI BDNF for 15 min were fixed and immunostained
with antibodies against pT514-CRMP-2 and total CRMP-2. The fluorescence intensities were
measured in the growth cones and shafts. Scale bar, 5 um. B, Expression levels of pT514-
CRMP-2 and total CRMP-2 were quantified and shown in the histogram. n = 20 per each
experimental condition. Data are presented as means == SEs. *p << 0.05. (, D, Hippocampal
neurons transfected and treated as shown at the x-axis were subjected to in vitro kinase assay
using GST-tau as a substrate (€) and immunoblot analysis with an antibody against phosphor-
ylated GSK-33 (D). Data are presented as means = SEs for each group from three independent
experiments. *p << 0.05.
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CRMP-2 and APC to tubulin dimmers and
thus, promotes microtubule polymeriza-
tion and induces axonal outgrowth.

We have shown that Dock3 inactivates
GSK-33, suggesting Dock3 plays an impor-
tant role in the regulation of microtubule
assembly by affecting a number of GSK-33
downstream signaling pathways. In some
cases, we measured CRMP-2 phosphoryla-
tion levels to quantify GSK-3f3 activity for
demonstrating the association with the mi-
crotubule assembly pathway for axonal out-
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Figure7.  Overexpression of Dock3 induces membrane recruitment and phosphorylation of GSK-3 3. 4, Growth cones of retinal

explant cultures from WT and Dock3 Tg mice were immunostained with an antibody against GSK-33 after BDNF stimulation.
Graphs plot the fluorescence intensity of immunolabeled GSK-33 in the lines shown in each growth cone image. Scale bar, 5 um.
B, Ratio of growth cones in which GSK-3 3 was recruited to the plasma membrane. n = 20 for each experimental condition. Data
are presented as means = SEs for each group from three independent experiments. *p << 0.05. €, D, Immunostaining of the
growth cones of retinal explant cultures from Dock3 Tg mice. Arrowheads indicate colocalization of Dock3 (green) and GSK-33
(red) or phosphorylated GSK-3 3 (p-GSK-3 3; red) at the plasma membrane after BDNF treatment. Scale bars, 5 m.

nohistochemical analysis of GAP43 and p-GSK-38 in injured
optic nerves revealed that their coexpression was increased in
regenerating axons of Dock3 Tg mice (Fig. 8 B, C). These results
suggest that Dock3 promotes axonal regeneration by stimulating
GSK-3 phosphorylation in the CNS in vivo.

Discussion

Here we revealed that Dock3 binds to GSK-383 and enhances
BDNF-dependent axonal outgrowth by inactivating GSK-33. We
demonstrated a BDNF-Dock3-GSK-3f3 pathway in which Dock3
promoted membrane recruitment of GSK-3 and induced its phos-
phorylation at the plasma membrane that leads to GSK-33 inactiva-
tion. GSK-3f3 is emerging as a master regulator of microtubule
dynamics in growth cones; it phosphorylates several substrates
including CRMPs, APC and cytoplasmic linker-associated pro-
teins (CLASPs) (Yoshimura et al., 2005; Kim et al., 2006; Ku-
mar et al., 2009). GSK-38 phosphorylation inhibits binding of

growth. Our results showed that Dock3
siRNA alone did not suppress CRMP-2
phosphorylation (Fig. 6B), but this can
most probably be explained by the compen-
satory mechanisms exerted by Dockl, 2 and
4, as they share a common active center
(Namekata et al., 2010). Since Dock3 is spe-
cifically expressed in the neural tissues
(Namekata et al., 2004), we believe that
Dock3 is a promising therapeutic target par-
ticularly for conditions such as axonal de-
generation. We previously reported that
Dock3 forms a complex with activated Fyn
and WAVE at the plasma membrane and
stimulates BDNF-dependent axonal out-
growth (Namekata et al., 2010). Together,
our observations suggest that the BDNF-
Dock3 pathway promotes axonal out-
growth by stimulating dual pathways: the
Racl-mediated actin polymerization path-
way and the GSK-3B-mediated microtu-
bule assembly pathway (Fig. 8D). In
addition to axon extension, we showed that
axonal branching is also influenced by
Dock3. The branching pattern of an axon is
very important as it defines the spatial dis-
tribution of its outputs, specifying the land-
scape for potential sites of connectivity with
postsynaptic partners. Axon branching
both establishes general targets of innerva-
tion and sculpts on a finer scale the field of
innervation within a specific target. The re-
striction of axon branches to appropriate lo-
cales is critical for normal neuronal
connectivity and is accomplished by regulating the formation and
patterning of branches (Yates et al., 2001; Yamahachi et al., 2009).
Thus, it would be interesting to investigate in future whether and
how Dock3 may be involved in the formation of neural circuits in
vivo.

BDNE-TrkB signaling is important for the formation of inhib-
itory and excitatory synapses in the CNS, including the hip-
pocampus (Aguado et al., 2003; Luikart et al., 2005). BDNF
deficient mice consistently exhibit a marked suppression of long-
term potentiation (LTP) (Korte et al., 1995; Patterson et al.,
1996). Previous studies have reported that cytoskeletal regulation
is also involved in synaptogenesis. For example, activation of
GSK-3B and loss of CRMP-1 inhibits LTP with synapse-
associated impairments (Zhou and Snider, 2005; Su et al., 2007,
Yamashita et al., 2007). In addition, Racl regulates dendritic
spine density and shape in rat and mouse pyramidal neurons
(Nakayama et al., 2000; Tashiro and Yuste, 2004). Because BDNF
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regulates the activity of GSK-33, CRMP-2 and Racl1 atleast partly
through Dock3 (Fig. 8 D), Dock3 may mediate multiple BDNF-
TrkB functions including the establishment of LTP. In addition
to having physiological functions, BDNF has recently been asso-
ciated with neurological diseases. For example, the Val66Met
functional polymorphism in human BDNF is involved in the
pathogenesis of attention-deficit hyperactivity disorder (ADHD)
(Egan et al., 2003; Friedel et al., 2005; Kent et al., 2005). Interest-
ingly, a pericentric inversion breakpoint in the DOCK3 gene has
been described in ADHD patients (de Silva et al., 2003), suggest-
ing a possible link between the BDNF-Dock3 pathway and
ADHD. On the other hand, GSK-3f activity has been associated
with many psychiatric and neurodegenerative diseases, such as
Alzheimer’s disease, schizophrenia and autism spectrum disor-
ders, and it has become increasingly apparent that GSK-3 8 might
be a common therapeutic target for different classes of psychiat-
ric drugs (Hur and Zhou, 2010). Intriguingly, Dock3 was initially
identified to bind to presenilin 1, a major causative gene of early-
onset familial Alzheimer’s disease (Kashiwa et al., 2000; Bertram
et al., 2010). In addition, Dock3 expression is significantly re-
duced in Alzheimer’s disease (Kashiwa et al., 2000). Because the
intracellular localization of Dock3 modulates GSK-3f activity
(Figs. 2C, 3B), the reduced Dock3 expression may be associated
with deregulation of GSK-3f3 activity in Alzheimer’s disease.

We also showed that GSK-33 phosphorylation was increased
in regenerating axons after optic nerve injury in Dock3 Tg mice in
vivo (Fig. 8 A—C). Based on our findings, we propose that Dock3
promotes GSK-3f recruitment to the plasma membrane, where
GSK-3f can be phosphorylated and inactivated in vivo. These
observations suggest that both Dock3 and GSK-38 could be po-
tential targets for regeneration therapy. In addition to stimulat-
ing the outgrowth of optic nerve axons, BDNF protects retinal
ganglion cells (RGCs) after retinal and optic nerve injury (Harvey
etal., 2009; Bessero and Clarke, 2010). Furthermore, GEF activity
is involved in cell survival and growth; this is currently primarily
studied in the field of cancer research (Lazer and Katzav, 2011).
Thus, our findings may be relevant for both RGC protection and
optic nerve regeneration. We are currently investigating a role of
Dock3 in the animal models of normal tension glaucoma (Harada et
al., 2007, 2010). Further studies are required to fully elucidate the
precise roles played by Dock family members during neural devel-
opment, neurodegeneration and axonal regeneration.
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