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Movement and Neuronal Migration in the Developing
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Neuronal migration is an essential process for the development of the cerebral cortex. We have previously shown that LKB1, an evolu-
tionally conserved polarity kinase, plays a critical role in neuronal migration in the developing neocortex. Here we show that LKB1
mediates Ser9 phosphorylation of GSK3� to inactivate the kinase at the leading process tip of migrating neurons in the developing
neocortex. This enables the microtubule plus-end binding protein adenomatous polyposis coli (APC) to localize at the distal ends of
microtubules in the tip, thereby stabilizing microtubules near the leading edge. We also show that LKB1 activity, Ser9 phosphorylation of
GSK3�, and APC binding to the distal ends of microtubules are required for the microtubule stabilization in the leading process tip,
centrosomal forward movement, and neuronal migration. These findings suggest that LKB1-induced spatial control of GSK3� and APC
at the leading process tip mediates the stabilization of microtubules within the tip and is critical for centrosomal forward movement and
neuronal migration in the developing neocortex.

Introduction
The formation of the cerebral cortex is achieved by radial migra-
tion of postmitotic neurons from their birthplace in the ventric-
ular zone toward the pial surface. As cortical neurons migrate
along fibers of radial glia to reach their destination (Hatten, 1990;
Rakic, 1990), they undergo a series of highly organized cellular
events, including leading process extension toward the direction
of migration, centrosomal movement toward the leading process
tip, and nuclear translocation toward the centrosome (Solecki et
al., 2004; Tanaka et al., 2004; Tsai and Gleeson, 2005). These
subcellular behaviors require the establishment of cell polarity,
mediated itself by the asymmetric distribution and regulation of
cytoskeletal proteins. For instance, the microtubule network
linking the centrosome to the nucleus is maintained by several
centrosomal and/or microtubule-associated proteins, such as
Lis1, DCX, and FAK, and is key for the nuclear translocation to
the centrosome (Xie et al., 2003; Tanaka et al., 2004). At the

leading process tip, the actin cytoskeleton is rearranged during
neuronal migration, which may contribute to leading process
extension (Walsh and Goffinet, 2000; Lambert de Rouvroit and
Goffinet, 2001). In addition, F-actin and its motor Myosin II,
both concentrated near the centrosome, contribute to the coor-
dinated movement of the centrosome and nucleus (Solecki et al.,
2009).

Recent studies underscore the role of evolutionally conserved
polarity proteins such as Par (Partitioning defective) in neuronal
migration. Par6�, LKB1 (also known as Par4), and MARK2
(Par1) were originally identified as key regulators of the anterior/
posterior axis in one-cell embryos of Caenorhabditis elegans. In
addition, these proteins establish polarity in various cell types
from diverse organisms (Kemphues et al., 1988; Goldstein and
Macara, 2007). Noticeably, LKB1 and MARK2 are essential for
neuronal migration in the developing neocortex (Asada et al.,
2007; Sapir et al., 2008), and Par6� in migrating cerebellar gran-
ular neurons (Solecki et al., 2004). Although Par protein-
mediated polarity signaling likely regulates neuronal migration,
little is known about the signaling pathways and their subcellular
roles in migrating neurons.

In the present study, we show that LKB1 mediates Ser9 phos-
phorylation of glycogen synthase kinase 3� (GSK3�) and inacti-
vates it at the leading process tip of migrating neurons in the
developing neocortex. The inactivation of GSK3� allows adeno-
matous polyposis coli (APC), a microtubule-anchoring protein,
to localize at the distal ends of microtubules in the leading process
tip, and this consequently leads to microtubule stabilization in
the region. Importantly, disruption of either LKB1 activity, Ser9
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phosphorylation of GSK3�, or APC localization at the microtu-
bule plus-ends causes microtubule destabilization in the leading
process tip. Ultimately, this causes retardation of the centrosomal
forward movement and neuronal migration defects. Altogether,
we illustrate a model in which LKB1-mediated localized inactiva-
tion of GSK3� and the subsequent APC binding to the microtu-
bule plus-ends at the tip of the leading process leads to the
microtubule capture and stabilization, which contributes to pull-
ing of the centrosome up within the leading process of migrating
neurons. Our study unravels the importance of LKB1-controlled
signaling in the polarization of microtubules and centrosomal
forward movement required for neuronal migration.

Materials and Methods
Plasmids. The pCAGEN and pCAG-IRES-GFP plasmids were kindly pro-
vided by T. Matsuda (Harvard Medical School, Boston, MA). Human
GSK3� S9A in the pCS4 plasmid was kindly provided by Y. Gotoh (Uni-
versity of Tokyo, Tokyo, Japan), and the plasmid coexpressing GSK3�
S9A and GFP (pCAG-GSK3� S9A-IRES-GFP plasmid) was generated by
subcloning of the open reading frame (ORF) of GSK3� S9A into the
pCAG-IRES-GFP plasmid, which directs subcloned gene expression
from the CAG promoter and EGFP expression through the internal ri-
bosomal entry site. The plasmids encoding full-length and C-terminal-
deleted mutant of Xenopus APC were kindly provided by Y. Kiyosue
(KAN Research Institute, Kobe, Japan). The RNAi vector for mouse
LKB1 was generated as described previously (Asada et al., 2007). The
target sequence for LKB1 RNAi was as follows: 5�-GGGTCAGAAT-
GGACAGAGCCA-3� (Asada et al., 2007).

Cell culture, transfection, coimmunoprecipitation, and kinase assay.
HEK293T cells were maintained in DMEM with 10% fetal bovine serum
(FBS) and antibiotics. Plasmids were transfected into HEK293T cells
using Lipofectamine 2000 (Invitrogen). After 48 h incubation, cells were
lysed in lysis buffer [20 mM HEPES, 100 mM NaCl, 1.0% Triton X-100, 10
mM NaF, 2 mM Na3VO4, and protease inhibitor cocktail (Complete,
EDTA-free; Roche Molecular Biochemicals); pH 7.4]. Following 15 min
incubation on ice, the cell lysates were centrifuged for 15 min at 20,000 �
g, and the resultant supernatant was collected. The cell extracts were then
precleared by incubation with 20 �l of Protein G-Sepharose (GE Health-
care) for 30 min, and incubated with goat anti-LKB1 antibody (2 �g;
D-19; Santa Cruz Biotechnology) or mouse anti-GFP antibody (2 �g;
clone 1E4; MBL) for 24 h at 4°C, followed by incubation with 20 �l of
Protein G-Sepharose for 3– 4 h. For coimmunoprecipitation assay, the
beads were washed four times with the lysis buffer and were then sub-
jected to immunoblotting (Asada et al., 2007). For immuno-
precipitation-kinase assay (IP-kinase assay), the beads were washed three
times with the lysis buffer and then washed once with the Triton X-100-
free lysis buffer. The resultant immunoprecipitate was mixed with the 8
�l of recombinant GSK3� (New England Biolabs) (0.01 �g) and 12 �l of
GSK-3 reaction buffer (New England Biolabs) (final 1� concentration)
supplemented with ATP (final concentration, 1 mM), NaF (10 mM),
Na3VO4 (2 mM), and protease inhibitor cocktail (Complete, EDTA-free).
After 30 min incubation at 30°C, the mixture was subjected to immuno-
blotting (Asada et al., 2007). Before using recombinant GSK3� in the
assay, GSK3� was treated with protein phosphatase 1 (PP1) (10 U/�g of
GSK3�) (New England Biolabs) in NEBuffer for PMP (New England
Biolabs) supplemented with MnCl2 (final concentration, 1 mM) and pro-
tease inhibitor cocktail (Complete, EDTA-free) for 60 min at 30°C. The
reaction was then terminated by the addition of protein phosphatase
inhibitor 2 (I-2) (New England Biolabs) (final concentration, 1 �M) and
incubated for 15 min before the IP-kinase assay.

For in vivo binding assay, forebrains were dissected out from embry-
onic day 16 (E16) mouse embryos (total 14 brains), followed by homog-
enization with the lysis buffer. Following 15 min incubation on ice, the
brain homogenates were centrifuged for 10 min at 20,000 � g, and the
resultant supernatant was collected. The brain extracts were then pre-
cleared by incubation with 25 �l of Protein G-Sepharose for 30 min, and
incubated with goat anti-LKB1 antibody (3 �g; D-19; Santa Cruz Bio-
technology) or goat control IgG (3 �g; Sigma) for 24 h at 4°C, followed by

incubation with 20 �l of Protein G-Sepharose for 3– 4 h. The beads were
washed three times and were then subjected to immunoblotting (Asada
et al., 2007).

Primary antibodies used were rabbit anti-GFP antibody (1:1000; In-
vitrogen), rabbit anti-GSK3� antibody (H-76; 1:500; Santa Cruz Bio-
technology), rabbit anti-Ser9-phosphorylated GSK3� antibody (1:1000;
Cell Signaling Technology), mouse anti-LKB1 antibody (clone 5c10;
1:1000; Millipore), rabbit anti-MO25 antibody (1:1000; Cell Signaling
Technology), and rabbit anti-STRAD antibody (1:100; Abcam).

In utero electroporation. In utero electroporation was performed as
described previously (Sanada and Tsai, 2005). For knockdown of
LKB1, the GFP-expressing plasmid (2 mg/ml, pCAG-IRES-GFP) was
coinjected with the RNAi construct (5 mg/ml). For analysis of roles of
GSK3� S9A, either the plasmid expressing GFP (2 mg/ml, pCAG-
IRES-GFP plasmid) or the plasmid coexpressing GSK3� S9A and GFP
(2 mg/ml, pCAG-GSK3� S9A-IRES-GFP) was injected. To label the
centrosome, DsRed2-CentrinII-expressing plasmid (5 mg/ml) were
coinjected. For mutAPC-overexpression experiments, the plasmid en-
coding either full-length APC- or mutAPC (3 mg/ml) was coinjected
with the GFP-expressing plasmid (3 mg/ml). After the plasmid injection
into the lateral ventricle of the embryos, electric pulses (four 50 ms square
pulses of 38 V with 950 ms intervals) were applied to the embryos once or
twice.

Immunohistochemistry. For immunostaining with antibodies against
Ser9-phosphorylated GSK3�, total GSK3�, and Pan-Cadherin, brains
were dissected from E16 (for Pan-Cadherin staining) or E17 embryos
(for Ser9-phosphorylated GSK3� and total GSK3� staining), and then
fixed with a HEM solution (80 mM HEPES, 5 mM EGTA, and 1 mM

MgCl2; pH 6.8) containing 3.7% formalin for 30 min at room tempera-
ture. The fixed brains were cryoprotected with PBS containing 25% su-
crose overnight at 4°C, and embedded in OCT compound (Sakura Tissue
Tek). The brain sections (15 �m thick for Ser9-phosphorylated GSK3�
and total GSK3� staining, or 30 �m thick for Pan-Cadherin staining)
prepared with a cryostat were subjected to antigen-retrieval treatment
with HistoVT One (Nacalai Tesque), blocked with PBS containing 5%
FBS, 3% BSA, and 0.2% Triton X-100, and then subjected to immuno-
staining as described previously (Sanada and Tsai, 2005).

For GFP staining, brains were fixed with 4% paraformaldehyde/PBS
overnight at 4°C. The brain sections [150 �m thick for supplemental Fig.
S5 (available at www.jneurosci.org as supplemental material), 60 �m
thick for other figures] were prepared with a vibratome, blocked with
PBS containing 5% FBS, 3% BSA, and 0.2% Triton X-100, and then
subjected to immunostaining as described previously (Asada et al.,
2007).

Primary antibodies used were rabbit anti-GSK3� antibody (H-76;
1:50; Santa Cruz Biotechnology), rabbit anti-Ser9-phosphorylated
GSK3� antibody (1:25; Cell Signaling Technology), rabbit anti-GFP an-
tibody (1:1000; Invitrogen), rat anti-GFP antibody (1:1000; Nacalai
Tesque), and mouse anti-Pan-Cadherin antibody (clone CH-19; 1:100;
Sigma).

Preparation of acute brain slices and time-lapse imaging. Acute brain
slices were prepared as described previously (Sanada and Tsai, 2005) with
slight modifications. Electroporated brains were dissected from E17 em-
bryos in ice-cold dissection media [DMEM/F12 supplemented with
D-glucose (final concentration 6.05 g/L)] that was previously oxygenized
and conditioned with 95% O2/5% CO2 for 20 min on ice. The brain slices
(300 �m in thickness) were prepared with a vibratome in the ice-cold and
preconditioned dissection media. The slices were then transferred onto
35 mm glass-bottom dishes (Matsunami Glass), and were overlaid with
collagen (Cellmatrix IA, type I Collagen; Nitta Gelatin) for immobiliza-
tion. The dishes were then placed in a humidified chamber (5% CO2/
95% air, 37°C) for 10 –20 min for gel solidification, and 1 ml of
prewarmed culture media (Neurobasal medium supplemented with B27,
5% horse serum, and 5% FBS) (Invitrogen) was added into the dish,
followed by incubation for 3 h in a humidified chamber.

GFP-labeled cells were viewed under 5% CO2/95% air at 37°C through
a 40� oil-immersion objective (NA 1.0) of a Axio observer inverted
microscope with a PM S1 incubator (Carl Zeiss Microimaging). Time-
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lapse images were collected with an AxioCam
cooled CCD camera (Carl Zeiss Microimag-
ing) every 20 min for 4 –5 h.

Lattice culture of neocortical neurons, immu-
nocytochemistry, and time-lapse imaging. Neo-
cortical cells were prepared from E14 mouse
embryos as described previously (Asada et al.,
2007). The prepared cortical neurons were
transfected with various combinations of plas-
mids encoding GFP, GSK3� S9A, DsRed2-
CentrinII, full-length APC, mutAPC, control
RNAi, and LKB1 RNAi by the Nucleofector de-
vice (Amaxa). Transfected neurons were then
plated at 4 � 10 5 cells/cm 2 on poly-D-lysine-
and laminin-coated coverslips in Neurobasal
medium supplemented with N2 supplements,
B27 supplements, and 10% horse serum (In-
vitrogen). After 3 h in culture, culture medium
was changed to serum-free medium. At 1 d in
vitro (DIV; the plating day is defined as 0 DIV),
lattice cultures were induced by supplementa-
tion of 5 kDa dextran sulfate (final concentra-
tion 10 �g/ml, Wako) into culture medium, as
described previously (Nichols et al., 2008). At 2
DIV the cultures were subjected to immunocy-
tochemistry or time-lapse imaging.

For immunocytochemistry, lattice cultures
were fixed with 4% paraformaldehyde/PBS for
30 min at 37°C, and then permeabilized and
quenched with PBS containing 0.1 M glycine
and 0.1% Triton X-100 for 30 min. Cultures
were then blocked with PBS containing 5%
FBS, 3% BSA, and 0.2% Triton X-100, and sub-
jected to immunostaining as described previ-
ously (Asada et al., 2007). Primary antibodies
used were rabbit anti-GSK3� antibody (H-76;
1:50; Santa Cruz Biotechnology), rabbit anti-
Ser9-phosphorylated GSK3� antibody (1:25;
Cell Signaling Technology), rabbit anti-GFP
antibody (1:1000; Invitrogen), rat anti-GFP
antibody (1:1000; Nacalai Tesque), rat anti-
Nestin antibody (1:200; BD Transduction Lab-
oratories), mouse anti-�-tubulin antibody
(clone B-5-1-2; 1:1000; Sigma), rabbit anti-
APC antibody (C-20; 1:50; Santa Cruz Biotech-
nology), rabbit anti-Glu-tubulin antibody
(1:200; Sigma), and mouse anti-EB1 antibody
(1:200; BD Transduction Laboratories).

Time-lapse images were collected every 3
min for 30 – 60 min as described above.

Results
Role of LKB1 in neuronal migration
We have previously demonstrated that
LKB1 regulates neuronal migration in the
developing neocortex (Asada et al., 2007).
To inspect the effect of LKB1 knockdown
on the overall morphology of migrating
neurons as well as the position of the cen-
trosome, we electroporated E14 mouse
embryonic cortices with a LKB1 RNAi
construct (Asada et al., 2007) together
with the GFP-expressing plasmid and DsRed-tagged CentrinII (a
marker of centrosome) plasmid (Tanaka et al., 2004). Consistent
with our previous reports, knockdown of LKB1 severely retarded
neuronal migration in vivo (Fig. 1 A). Intriguingly, LKB1-
impaired migrating neurons displayed significantly longer lead-

ing process (LKB1 RNAi: 76.4 � 1.7 �m; control: 45.6 � 1.6 �m)
and distance between centrosome and leading process tip (LKB1
RNAi: 70.4 � 2.0 �m; control: 40.6 � 1.9 �m) (Fig. 1B,C). In
addition, the LKB1-knockdown neurons had the centrosome po-
sitioned far away from the nucleus (6.9 � 0.8 �m) as compared to

Figure 1. Effect of LKB1 knockdown on migrating neurons. A, B, Either control RNAi or LKB1 RNAi plasmid was electroporated
into E14 mouse embryonic cortices together with plasmids encoding GFP and DsRed2-CentrinII. Brains were fixed at E17, and brain
sections were immunostained with anti-GFP antibody. Nuclei were stained with DAPI. High-magnification images of the repre-
sentative GFP-labeled migrating neurons in the upper IZ are shown in B. Arrowheads indicate the position of the centrosome
labeled by DsRed2-CentrinII. GFP-labeled cells are outlined with dashed lines. Scale bars: 100 �m (A), 5 �m (B). C, The leading
process length, the nucleus– centrosome distance, and the leading process tip– centrosome distance of GFP-positive migrating
neurons in the upper IZ and lower CP were measured and plotted as the mean � SEM [leading process length: n � 29 cells from
4 embryos (control) and 27 cells from 4 embryos (RNAi); nucleus– centrosome distance: n � 23 cells from 4 embryos (control) and
26 cells from 4 embryos (RNAi); leading process tip– centrosome distance: n � 21 cells from 4 embryos (control) and 25 cells from
4 embryos (RNAi)]. ***p � 0.001 versus control by two-tailed Welch’s t test. D, Either control RNAi or LKB1 RNAi plasmid was
transfected into neocortical neurons derived from E14 mouse embryos, together with the plasmids encoding GFP and DsRed2-
CentrinII. Transfected neurons were then subjected to lattice cultures. At 2 DIV, neurons apposed to fiber fascicles in lattice cultures
were monitored by using 3 min time-lapse intervals. Time is denoted as hours:minutes in the top of each panel. The position of the
centrosome is indicated by an arrow in the panels of time � 0:00. Scale bar, 5 �m. E, The graphs show the representative
centrosomal tracings in control cells (left) and LKB1-knockdown cells (right).
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control neurons (2.1 � 0.3 �m) (Fig. 1B,C). Furthermore, when
LKB1 mutant, which contains two silent mutations within the
RNAi target sequence, was coexpressed, the defects of LKB1
RNAi-induced neurons were almost completely reversed in
terms of neuronal positioning, leading process length, distance
between nucleus and centrosome, and distance between leading
process tip and centrosome (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material) (Asada et al.,
2007). These results suggest that LKB1 contributes to multiple
aspects of neuronal migration in the developing neocortex.

To further define the role for LKB1 in neuronal migration, we
used lattice cultures of neocortical cells (Nichols et al., 2008) (see
Materials and Methods). In this culture system, the aggregation
of cells is interconnected by a lattice of fiber fascicles. Most of
neurons that apposed to the fiber fascicles are known to exhibit
the morphology and gene expression characteristic of in vivo
radially migrating pyramidal neurons (Nichols et al., 2008) (sup-
plemental Fig. S2, available at www.jneurosci.org as supplemen-
tal material). Importantly, the fiber-apposed neurons migrate
along the fibers in a fashion similar to radial migration of neurons
in brain slices (Nichols et al., 2008). We then transfected cortical
cells with GFP and DsRed-CentrinII and subjected them to the
lattice culture. When we imaged the cells that were apposed to the
fiber fascicles and were sufficiently away from the cell aggregate
formed the lattice, �90% of the fiber-apposed neurons exhibited
unidirectional migration. The centrosome in fiber-apposed neu-
rons moved forward with a relatively continuous motion, and in
most cases, the cell soma showed a saltatory movement (see Fig.
5A; supplemental Movie 1, available at www.jneurosci.org as sup-
plemental material). In some cases, the centrosome and the cell
soma moved with a relatively continuous motion (data not
shown). The observed subcellular behaviors are reminiscent of
those from radially migrating neurons in brain slices (Tsai et al.,
2007; Nichols et al., 2008). When cortical neurons were trans-
fected with the LKB1 RNAi construct together with the plasmids
encoding GFP and DsRed-tagged CentrinII and were then sub-
jected to the lattice culture, LKB1-impaired and fiber-apposed
neurons possessed abnormally long leading process (see Figs. 2E,
6C,D). Time-lapse imaging of these neurons showed that the
centrosome in LKB1-knockdown neurons was restricted at the
base of the leading process and did not exhibit normal forward
movement (Fig. 1D,E; supplemental Movie 2, available at www.
jneurosci.org as supplemental material). On the other hand, con-
trol shRNA-introduced neurons exhibited directional and
continuous movement of the centrosome (Fig. 1D,E), suggesting
that LKB1 contributes to the centrosomal forward movement in
migrating neurons.

LKB1 mediates Ser9 phosphorylation of GSK3� in
migrating neurons
One candidate for the downstream effectors of LKB1 is the
glycogen synthase kinase 3� (GSK3�). We have previously
demonstrated that in primary differentiating neurons, Ser9
phosphorylation (inactivation) of GSK3� at the axon tip is
mediated by LKB1 (Asada et al., 2007). To examine the possi-
bility that LKB1 regulates Ser9 phosphorylation of GSK3� in
migrating neurons, we first assessed the distribution of Ser9-
phosphorylated GSK3� and total GSK3� in the developing
neocortex. Immunohistochemical analysis demonstrated that
both total GSK3� and Ser9-phosphorylated GSK3� were en-
riched in the cortical plate (CP) as well as in the intermediate
zone (IZ) where migrating neurons are abundant (Fig. 2 A).
Detailed confocal microscopic analysis of migrating neurons

showed that Ser9-phosphorylated GSK3� was distributed in
the leading process (Fig. 2 B). To further define the subcellular
localization of Ser9-phosphorylated GSK3� in migrating neu-
rons, we performed immunocytochemistry of fiber-apposed
neurons in the lattice culture. As shown in Figure 2C, Ser9-
phosphorylated GSK3� was localized in the leading process,
whereas total GSK3� is uniformly distributed throughout the
cell soma and leading process (Fig. 2C). To inspect the detailed
distribution of total GSK3� and its Ser9-phosphorylated
form, we measured the fluorescence intensities of Ser9-
phosphorylated GSK3�, total GSK3�, and GFP in the leading
process. Similar to the distribution pattern of GFP, the fluo-
rescence intensity of total GSK3� in the leading process tip
was less than that in the shaft (Fig. 2C), and the total GSK3�/
GFP ratio in the tip and shaft was similar to each other (Fig.
2 D). On the other hand, Ser9-phosphorylated GSK3� was
relatively evenly distributed in the tip and shaft (Fig. 2C), and
the Ser9-phosphorylated GSK3�/GFP ratio in the tip was sig-
nificantly higher than that in the shaft (Fig. 2 D). Thus, there is
an increased Ser9-phosphorylated/inactivated fraction of total
GSK3� in the leading process tip of migrating neurons. These
observations indicate a reduction in total amount of active
GSK3� in the tip when compared to the shaft, and underscore
the localized inactivation of GSK3� at the leading process tip
of migrating neurons.

We then investigated the potential involvement of LKB1 in the
Ser9 phosphorylation of GSK3�. To test this, neocortical neurons
were transfected with the GFP- and LKB1 shRNA-expressing
plasmids, subjected to lattice cultures, and immunostained with
anti-Ser9-phosphorylated GSK3� antibody at 2 DIV. In control
neurons, Ser9-phosphorylated GSK3� was distributed in the
leading process of migratory neurons (Fig. 2E). On the other
hand, in LKB1 shRNA-introduced cultures, the immunoreactiv-
ity in the leading process of GFP-labeled migratory neurons was
substantially diminished as compared to that of GFP-negative
neurons on the same coverslip (Fig. 2E,F). We then examined
the relevance of this phenotype in vivo. For this purpose, we
electroporated the LKB1 shRNA- and GFP-expressing plasmids
into E14 mouse embryonic cortices and analyzed the immunore-
activity for Ser9-phosphorylated GSK3� in the GFP-positive,
LKB1-impaired migrating neurons in the IZ at E17. LKB1-
knockdown neurons possessed abnormally long leading process
(Fig. 2G, see also Fig. 1B). We then measured the immunofluo-
rescence intensity of Ser9-phosphorylated GSK3� in the leading
process of GFP-labeled neurons and that in the neighboring re-
gion where GFP-negative neurons reside. For control neurons,
the mean value of the fluorescence intensity in the leading process
was about twice as high as that in the neighboring region (process
region/ neighboring region: 1.939 � 0.101, n � 30 neurons). In
contrast, intensity values in the process and the neighboring re-
gion were similar in the case of LKB1-knockdown neurons
(1.108 � 0.034, n � 30 neurons; p � 0.001 by two-tailed Welch’s
t test), suggesting a marked reduction of the fluorescence signals
of Ser9-phosphorylated GSK3� in the leading process. Together,
these results suggest that LKB1 mediates the Ser9 phosphoryla-
tion of GSK3� in the leading process of in vivo migrating neu-
rons. In addition, to examine the in vivo interaction between
GSK3� and LKB1, we performed a coimmunoprecipitation assay
using mouse forebrain lysates prepared at E16 when radial mi-
gration is most active. GSK3� coimmunoprecipitated with LKB1
using LKB1 antibodies (Fig. 2H), supporting the idea that GSK3�
is an in vivo target and effector of LKB1.
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Figure 2. LKB1 mediates Ser9 phosphorylation of GSK3� in the leading process of migrating neurons. A, Coronal brain cryosections from E17 mouse embryos were immunostained with either
anti-GSK3� antibody or anti-Ser9-phosphorylated GSK3� antibody. Nuclei were stained with DAPI. Scale bar, 50 �m. VZ, Ventricular zone. IZ, Intermediate zone. CP, Cortical plate. B, GFP-
expressing plasmid was electroporated into E14 mouse embryonic cortices, and the brains were fixed at E17. The brain sections were immunostained with antibodies against GFP and Ser9-
phosphorylated GSK3�. The representative confocal images of a GFP-positive migrating neuron in the upper IZ are shown. Left six panels (a– c) are high-magnification images (single z-sections)
of the boxed regions in the right panel. The GFP-labeled neuron is outlined with dashed lines. Scale bars: 2 �m (left), 5 �m (right). The signals for Ser9-phosphorylated GSK3� were clearly detected
in the process (a, b), but less in the nucleus (c). C, Neocortical cells from E14 mouse embryos were transfected with the GFP-expressing plasmid, and then (Figure legend continues.)
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Ser9 phosphorylation of GSK3� is important for
neuronal migration
Since LKB1 mediates inactivation of GSK3� through Ser9 phos-
phorylation, GSK3� likely contributes to neuronal migration.
However, to date, no clear evidence of an involvement of GSK3�
in neuronal migration has been provided. Hence, we determined
a potential role for Ser9 phosphorylation of GSK3� in neuronal
migration. For this, a plasmid (pCAG-GSK3� S9A-IRES-GFP)
encoding GSK3� S9A mutant (Ser9 is replaced with alanine; Ser9

phosphorylation resistant and constitutively active kinase) was
introduced into E14 mouse neocortices, and the distribution of
GFP-labeled cells was analyzed at E17, E18, and P4 (postnatal day
4; the birth date is defined as P0). At E17, the majority of GSK3�
S9A-expressing neurons (73.3 � 5.8%) was distributed in the IZ,
and a small population of neurons was found in the CP (26.7 �
5.9%) (Fig. 3A). In marked contrast, most of control neurons
have readily migrated into the CP (84.6 � 7.2% in the CP; 15.4 �
2.6% in the IZ) at that time (Fig. 3A). At E18, a certain population

4

(Figure legend continued.) subjected to lattice cultures. At 2 DIV, neurons in lattice cultures were fixed and immunostained with antibodies against GFP/total GSK3� (left panels) or GFP/Ser9-
phosphorylated GSK3� (right panels). Confocal images of neurons apposed to fiber fascicles are shown. The fluorescence intensities of GFP (green line) and total GSK3� (magenta line) along the red
arrow are plotted in the left graph, and those of GFP (green line) and Ser9-phosphorylated GSK3� (magenta line) along the red arrow are plotted in the right graph. Scale bars: 5 �m (large panels),
2 �m (small panels). D, The ratio of immunofluorescence intensities of total GSK3� to GFP in the tip and that in the shaft of individual cells is quantified. The relative values are plotted as the mean�
SEM, with the mean value in the shaft set as 1.0 (n � 30 cells). Same quantification was performed for Ser9-phosphorylated GSK3� (n � 30 cells). *p � 0.05 by two-tailed Welch’s t test. n.s., Not
significant, p�0.4 by two-tailed Welch’s t test. E, Either control RNAi or LKB1 RNAi plasmid was transfected into neocortical neurons derived from E14 mouse embryos, together with GFP-expressing
plasmid. Transfected neurons were then subjected to lattice cultures. At 2 DIV, neurons were fixed and immunostained with antibodies against GFP, tubulin, and Ser9-phosphorylated GSK3�.
Representative images of fiber-apposed neurons are shown (Scale bar, 5 �m). The fibers indicated by an asterisk are scaffold fibers. F, The immunofluorescence intensities (per pixel in the cells) of
Ser9-phosphorylated GSK3� in GFP-labeled and GFP-negative apposed neurons in LKB1 shRNA-introduced cultures (on the same coverslip) were measured. Box-and-whisker plots indicate the
mean (cross within the box), 25th percentile (bottom line of the box), median (middle line of the box), 75th percentile (top line of the box), and minimum and maximum measurements (whiskers).
The relative values are shown in the graph, with the mean value in GFP-negative group set as 1.0 (n � 18 and 20 cells for GFP-negative and GFP-positive, respectively). ***p � 0.001 versus
GFP-negative cells by two-tailed Welch’s t test. G, Either control RNAi or LKB1 RNAi plasmid was electroporated into E14 mouse embryonic cortices together with GFP-expressing plasmid, and brains
were fixed at E17. The brain sections were immunostained with antibodies against GFP and Ser9-phosphorylated GSK3�. The representative confocal images of GFP-positive migrating neurons in
the upper IZ are shown. High-magnification images of the distal part of the leading process of the neurons are also shown. The GFP-labeled leading processes are outlined with dashed lines. Scale
bars, 5 �m. H, E16 forebrain lysates (lysate) and lysis buffer (buffer) were subjected to immunoprecipitation with an anti-LKB1 antibody (LKB1 pAb) or control IgG (control IgG). The immunopre-
cipitates were then immunoblotted with antibodies against GSK3� and LKB1. Input is 1% or 2.5% of the starting material. The two bands for GSK3� are due to alternative splicing.

Figure 3. Ser9 phosphorylation of GSK3� is required for neuronal migration in vivo. A, B, Either the control plasmid (pCAG-IRES-GFP) or GSK3� S9A-expressing plasmid (pCAG-GSK3�
S9A-IRES-GFP) was electroporated into E14 embryos, and brains were fixed at E17 (A) and E18 (B). Brain sections were immunostained with anti-GFP antibody. Nuclei were stained with DAPI. The
percentage of GFP-labeled cells in the IZ and CP of the E17 (A) and E18 (B) brain sections was calculated and plotted as the mean � SEM [n � 5 embryos (total 560 neurons analyzed) for control at
E17, and 6 embryos (total 1268 neurons analyzed) for GSK3� S9A at E17; n � 4 embryos (total 579 neurons analyzed) for control at E18, and 5 embryos (total 989 neurons analyzed) for GSK3� S9A
at E18]. *p � 0.05, **p � 0.01, ***p � 0.001 versus control by two-tailed Welch’s t test. Scale bars, 100 �m (A, B).
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of GSK3� S9A-expressing neurons en-
tered the CP (68.6 � 10.6%) (Fig. 3B),
and at P4, almost all of the neurons re-
side in the CP (supplemental Fig. S3,
available at www.jneurosci.org as sup-
plemental material). These results indi-
cate that GSK3� S9A-introduced neurons
show severe retardation of neuronal mi-
gration. In addition, wild-type GSK3�-
introduced neurons showed almost
normal migration, indistinguishable from
control neurons (supplemental Fig. S4,
available at www.jneurosci.org as supple-
mental material). Thus, Ser9 phosphory-
lation of GSK3� is required for proper
neuronal migration in vivo.

Ser9 phosphorylation of GSK3� is
required for centrosomal
forward movement
To examine as to how disruption of Ser9
phosphorylation of GSK3� affects neuro-
nal migration, we electroporated E14 em-
bryos with the DsRed-tagged CentrinII
plasmid together with the GSK3� S9A-
expressing plasmid (pCAG-GSK3� S9A-
IRES-GFP). In the control brains at E17,
GFP-positive neurons in the upper IZ ex-
tended �47-�m-long leading process
(46.6 � 1.7 �m) (Fig. 4A), and displayed
centrosome positioned at the apical side
of the nucleus (1.9 � 0.3 �m from nu-
cleus; 43.9 � 2.0 �m from leading process
tip) (Fig. 4B). On the other hand, GSK3�
S9A-expressing neurons within the upper
IZ exhibited significantly longer processes
(91.1 � 4.2 �m) (Fig. 4A), and a mark-
edly increased distance between centro-
some and leading process tip (91.8 � 3.7
�m) (Fig. 4B), similar to LKB1-knock-
down neurons (Fig. 1B,C). In GSK3�
S9A-expressing neurons, the centrosome
was positioned at close proximity of the
nucleus (1.5 � 0.3 �m), with no statisti-
cally significant differences when com-
pared the control neurons (Fig. 4B).

We then analyzed by time-lapse imag-
ing the centrosomal movement of fiber-
guided migrating neurons transfected
with the GSK3� S9A plasmid and DsRed-
tagged CentrinII plasmid. GSK3� S9A-
expressing and fiber-apposed neurons
possessed abnormally long leading pro-
cess (see Fig. 6A,B), consistent with the
morphology of GSK3�-S9A-introduced
migrating neurons in vivo (Fig. 4A). The
centrosome of GSK3� S9A-expressing
neurons was restricted to the perinuclear
area and slightly moved back and forth
[Fig. 5A; supplemental Movie 1 (available at www.jneurosci.org
as supplemental material) for control, supplemental Movie 3A
(available at www.jneurosci.org as supplemental material) for
GSK3� S9A], indicating that GSK3� S9A impairs the directional

centrosomal movement toward the leading process tip. To fur-
ther confirm this result, we inspected centrosomal movement in
migrating neurons in living brain slices. For this experiment,
either the control or GSK3� S9A plasmid was electroporated with

Figure 4. Introduction of GSK3�S9A increases the leading process length and the distance between centrosome and leading process
tip. A, B, Either the control plasmid (pCAG-IRES-GFP) or the GSK3� S9A-expressing plasmid (pCAG-GSK3� S9A-IRES-GFP) was electropo-
rated into E14 embryos together with the DsRed2-CentrinII-expressing plasmid. Brains were fixed at E17, and the brain sections were then
immunostained with anti-GFP antibody. Nuclei were stained with DAPI. A, The leading process length of GFP-positive migrating neurons in
the upper IZ and lower CP was analyzed and plotted as the mean � SEM (n � 32 cells from 4 embryos, and 31 cells from 8 embryos for
control and GSK3� S9A, respectively). Dots in the graph correspond to the leading process length for individual neurons. ***p � 0.001
versus control by two-tailed Welch’s t test. Scale bar, 5 �m. B, Arrowheads indicate the position of the centrosome labeled by DsRed2-
CentrinII. GFP-labeled cells are outlined with dashed lines. The distances between the nucleus and the centrosome, and between the
leading process tip and the centrosome of GFP-positive migrating neurons in the upper IZ and lower CP were measured and plotted as the
mean � SEM (nucleus– centrosome distance: n � 26 cells from 4 embryos, and 23 cells from 8 embryos for control and GSK3� S9A,
respectively; leading process tip– centrosome distance: n � 24 cells from 4 embryos, and 24 cells from 8 embryos for control and GSK3�
S9A, respectively). ***p � 0.001 versus control by two-tailed Welch’s t test. Scale bar, 5 �m.
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Figure 5. Ser9 phosphorylation of GSK3� is required for centrosomal forward movement. A, Either the control plasmid (pCAG-IRES-GFP) or GSK3� S9A-expressing plasmid (pCAG-GSK3�
S9A-IRES-GFP) was transfected into neocortical neurons from E14 mouse embryos together with the DsRed2-CentrinII-expressing plasmid. Transfected neurons were then subjected to lattice
cultures. At 2 DIV, time-lapse imagings of neurons that are apposed to fiber fascicles were performed at 3 min intervals. Time is denoted as hours:minutes in the top of the each panel. The position
of the centrosome is indicated by an arrow in the panels of time � 0:00. The graphs indicate the representative tracings of the centrosomal movement in (Figure legend continues.)
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the DsRed-tagged CentrinII plasmid into the E14 mouse neocor-
tices, and the coronal slices prepared at E17 were subjected to
time-lapse imaging. Control neurons within the IZ radially mi-
grated in a typical saltatory manner, with unidirectional and con-
tinuous movement of the centrosome (Fig. 5B). In contrast,
GSK3� S9A-expressing neurons showed severe retardation of
centrosomal movement and neuronal migration during 4 h ob-
servations (Fig. 5B; supplemental Movie 3B, available at www.
jneurosci.org as supplemental material). Together, these
observations indicate that Ser9 phosphorylation of GSK3�, just
like LKB1, is required for centrosomal forward movement in
migrating neurons.

Both LKB1 and Ser9 phosphorylation of GSK3� are required
for proper APC localization and microtubule stabilization at
the leading process tip
APC is a microtubule plus-end binding protein and one of the
known substrates of GSK3� (Rubinfeld et al., 1996; Mimori-
Kiyosue et al., 2000; Bienz, 2002; Etienne-Manneville and Hall,
2003). In migratory neurons in lattice culture, APC protein was
distributed at the distal part of the leading process (Fig. 6A).
More precisely, it was most frequently detected at the very end of
microtubules (67.7%, 134 of 198 plus-ends of microtubules in 30
neurons) (Fig. 6A), suggesting that APC binds to the plus-ends of
microtubules in the leading process tip. We then asked whether
GSK3� activity is important for APC localization. In lattice cul-
tures of neurons expressing GSK3� S9A, APC was abnormally
distributed in the proximal leading process and cell soma, and
rarely detected at the microtubule plus-ends in the leading pro-
cess tip (24.9%, 47 of 189 plus-ends of microtubules in 30
neurons; p � 0.001 by � 2 test) (Fig. 6A). In addition, GSK3�
S9A-expressing neurons contained very low levels of Glu-tubulin
(detyrosinated tubulin, a marker for stabilized microtubules)
(Gundersen et al., 1984; Westermann and Weber, 2003) in the
leading process tip when compared to control neurons with
higher levels of Glu-tubulin-positive microtubules in the tip as
well as in the process shaft (fluorescence intensity/pixel: GSK3�
S9A, 11.1 � 1.5 a.u., n � 30 neurons; control, 25.8 � 3.2 a.u., n �
30 neurons; p � 0.001 by two-tailed Welch’s t test). Similarly to
GSK3� S9A-expressing neurons, LKB1-impaired neurons
showed delocalization of APC from the microtubule plus-ends in
the leading process tip (24.6%, 46 of 187 plus-ends of microtu-
bules in 30 neurons; p � 0.001 vs control neurons by � 2 test) (Fig.
6C), and loss of microtubule stabilization in the region (Glu-
tubulin fluorescence intensity/pixel: 13.6 � 1.5 a.u., n � 30 neu-
rons; p � 0.01 vs control neurons by two-tailed Welch’s t test)
(Fig. 6D). Altogether, these observations suggest that LKB1 and
Ser9 phosphorylation of GSK3� influences APC localization and
microtubule stabilization at the leading process tip of migrating
neurons.

Proper localization of APC to microtubules is necessary for
microtubule stabilization in the leading process tip,
centrosomal forward movement, and neuronal migration
To explore a role for APC in neuronal migration, we used an APC
construct lacking the C-terminal microtubule- and EB1-binding
sites (mutAPC). The mutAPC is known to be transported nor-
mally to the distal part of microtubules (Mimori-Kiyosue et al.,
2000; Zhou et al., 2004) via the N-terminal armadillo domain
(Jimbo et al., 2002), but does not associate with individual mi-
crotubule plus-ends (Zhou et al., 2004). In addition, the mutAPC
exerts a dominant-negative effect on APC’s ability to associate
with microtubules (Shi et al., 2004; Zhou et al., 2004), as it binds
to the endogenous APC and interferes with its interaction to the
microtubules. When mutAPC- and GFP-expressing plasmids
were introduced into neurons in lattice culture, GFP-positive
migratory neurons extended abnormally long leading process
(Fig. 7A,B), just like LKB1-knockdown neurons and GSK3�
S9A-introduced neurons. Importantly, immunostaining of
mutAPC-expressing neurons with anti-APC antibody revealed
that APC appears to be sequestered from the distal ends of mi-
crotubules, despite its existence in the leading process tip (38.6%,
71 of 184 plus-ends of microtubules in 30 neurons; p � 0.001 vs
control neurons by � 2 test) (Fig. 7A, see also Fig. 6A). Consis-
tently, the immunofluorescence intensity of APC at the very end
of microtubules in mutAPC-expressing neurons were quite lower
than that in control neurons (fluorescence intensity/pixel: mu-
tAPC, 46.6 � 4.9 a.u., n � 40; Control, 60.0 � 3.6 a.u., n � 40,
p � 0.05 by two-tailed Welch’s t test). In addition, Glu-tubulin
staining in the leading process tip was reduced (Glu-tubulin im-
munofluorescence intensity/pixel: 17.7 � 2.3 a.u., n � 30 neu-
rons; p � 0.05 vs control neurons by two-tailed Welch’s t test)
(Fig. 7B, see also Fig. 6B), as observed in LKB1-impaired neurons
and GSK3� S9A-transfected neurons. We then introduced the
DsRed-tagged CentrinII plasmid and the GFP-expressing plas-
mid together with either the wild-type APC- (wtAPC-) or
mutAPC-expressing plasmid into neurons, and the lattice cul-
tures were subjected to time-lapse imaging at 2 DIV. The majority
of wtAPC-expressing neurons showed directional and continu-
ous centrosomal movement (Fig. 7C,D). In contrast, in mutAPC-
expressing neurons, the centrosomal movement was severely
impaired (Fig. 7C,D, supplemental Movie 4, available at www.
jneurosci.org as supplemental material). Finally, we introduced
the mutAPC-expressing and GFP-expressing plasmids into E14
mouse neocortices, and analyzed the morphology and distribu-
tion of GFP-positive cells at E17. Similarly to LKB1 shRNA- and
GSK3� S9A-introduced neurons, mutAPC-transfected neurons
possessed significantly longer leading processes (wtAPC, 53.7 �
1.9 �m; mutAPC, 71.6 � 2.5 �m) (Fig. 7E). Furthermore, a large
number of wtAPC-transfected neurons migrated into the CP
(70.4 � 5.3%) at E17 (Fig. 7F), while a significantly smaller pop-
ulation of mutAPC-expressing neurons were in the CP (49.8 �
4.3%) (Fig. 7F). Thus, mutAPC-expressing neurons show phe-
notypes similar to those found in both LKB1-knockdown neu-
rons and GSK3� S9A-introduced neurons. The neuronal
migration defect observed in mutAPC-expressing neurons was
unlikely attributed to the disruption of radial glial scaffold, as the
mutAPC-expressing radial glial cells showed normal radial fibers
reaching the pia, and normal apical localization of Cadherin
(supplemental Fig. S5, available at www.jneurosci.org as sup-
plemental material). Altogether, our results indicate that ap-
propriate APC localization is required for the Glu-tubulin
accumulation in the leading process tip, centrosomal forward
movement, and neuronal migration.

4

(Figure legend continued.) control cells (left) and GSK3� S9A-expressing cells (right). Scale
bar, 5 �m. B, Either the control plasmid or GSK3� S9A-expressing plasmid was electroporated
into E14 embryonic cortices together with the DsRed2-CentrinII-expressing plasmid. At E17,
coronal slices were prepared and subjected to time-lapse imaging with 20 min intervals over a
period of 4 h. Time is denoted as hours:minutes in the top of each panel. The position of the
centrosome is indicated by an arrow in the panels of time � 0:00. The graphs indicate the
representative centrosomal tracings in control cells (left) and GSK3� S9A-expressing cells
(right). Scale bar, 5 �m.
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Figure 6. LKB1 and Ser9 phosphorylation of GSK3� are required for proper APC localization and microtubule stabilization at the leading process tip. A, Either the control plasmid (pCAG-IRES-GFP)
or GSK3� S9A-expressing plasmid (pCAG-GSK3� S9A-IRES-GFP) was transfected into neocortical neurons derived from E14 mouse embryos. Transfected neurons were then subjected to lattice
cultures. At 2 DIV, neurons that are apposed to fiber fascicles in the lattice cultures were fixed, and immunostained with antibodies against GFP, �-tubulin, and APC. Small panels on the bottom are
high-magnification images of the tip of the leading process of neurons in the upper panels (single focal plane images for control, and projection images for GSK3� S9A). The �-tubulin-labeled fibers
indicated by an asterisk in the control panel are scaffold fibers. APC is localized to the distal ends of the microtubules (indicated by arrowheads in control magnified panels). Scale bars: 2.5 �m (upper
panels), 2 �m (bottom panels). B, Neurons transfected with control plasmid (pCAG-IRES-GFP) or GSK3� S9A-expressing plasmid (pCAG-GSK3� S9A-IRES-GFP) in the (Figure legend continues.)
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Discussion
In the present study, we demonstrate that Ser9-phosphorylated
GSK3� is detected in the leading process of migrating neurons in
the lattice culture as well as in the developing neocortex. Specif-
ically, there is a reduced pool of active GSK3� in the leading
process tip compared to the shaft, leading to the conclusion that
GSK3� is highly inactivated in the leading process tip (Fig. 2B–
D). Importantly, Ser9 phosphorylation of GSK3� is diminished
by LKB1 knockdown (Fig. 2E–G), indicating that LKB1 controls
Ser9 phosphorylation of GSK3� and spatially localizes the inac-
tive kinase in migrating neurons. Of note, LKB1 interacts with
GSK3� in the developing neocortex (Fig. 2H). Furthermore,
when LKB1 and GSK3� was transiently transfected in HEK293T
cells, GSK3� was coimmunoprecipitated with LKB1 (supple-
mental Fig. S6, available at www.jneurosci.org as supplemental
material). Moreover, when LKB1 was immunoprecipitated from
HEK cells transfected with either wild-type or kinase-dead LKB1
and subjected to in vitro kinase assays using recombinant GSK3�
as a substrate, the Ser9 phosphorylation of GSK3� was signifi-
cantly increased by wild-type LKB1, but not by kinase-dead mu-
tant (D194A) (supplemental Fig. S7, available at www.jneurosci.
org as supplemental material). Together, these observations
support the idea that LKB1 directly associates with and phos-
phorylates GSK3� in the leading process. Alternatively, LKB1-
associated kinase(s) may relay LKB1 signaling to GSK3�
phosphorylation. It has been reported that LKB1-dependent
phosphorylation of members in AMPK-related kinases is en-
hanced by binding of STRAD and MO25 to LKB1 (Lizcano et al.,
2004). We examined whether Ser9 phosphorylation of GSK3�
and LKB1-GSK3� interaction is increased by STRAD and MO25.
However, unlike AMPK-related kinases, phosphorylation of
GSK3� and LKB1-GSK3� interaction were not enhanced (sup-
plemental Figs. S6, S7, available at www.jneurosci.org as supple-
mental material), indicating that GSK3� is a LKB1 substrate
whose Ser9 phosphorylation is hardly affected by LKB1’s binding
to STRAD and MO25. It is also known that LKB1 is spatially
activated in the axon of primary hippocampal neurons through a
process involving neurotrophic factor BDNF (Barnes et al., 2007;
Shelly et al., 2007). Therefore, we speculate that extracellular cues
released from the direction of migration induce a spatially re-
stricted activation of LKB1 at the leading process tip, which
would cause localized-inactivation of GSK3� at the same site
during neuronal migration.

In this study, we also found that a key consequence of LKB1-
mediated inactivation of GSK3� is the association of APC with
the microtubule plus-ends (Fig. 6). It is well established that the
APC binding to the plus-end is abolished by the phosphorylation

of APC by GSK3� (Rubinfeld et al., 1996; Zumbrunn et al., 2001).
We supposed that LKB1-induced inactivation of GSK3� enables
APC to associate with the plus-ends of microtubules during neu-
ronal migration. Importantly, we showed that interfering with
APC binding to microtubules leads to a spatially restricted loss of
microtubule stabilization at the leading process tip (Fig. 7). Fur-
ther, the proper microtubule association of APC and the localized
stabilization of microtubules are dependent on LKB1 and Ser9
phosphorylation of GSK3� (Fig. 6). We thus conclude that APC
acts as an important component that transduces spatially regu-
lated LKB1-GSK3� signaling to the localized control of microtu-
bules at the leading process tip. It is noteworthy that LKB1
knockdown results not only in loss of microtubule stabilization,
but also in an increase of the distance between the nucleus and
centrosome (�6.9 �m distance) as compared to control (�2.1
�m distance) (Fig. 1B,C). This would suggest that LKB1 regu-
lates the nucleus– centrosome coupling (Tanaka et al., 2004). In-
terestingly, the abnormality in the nucleus– centrosome coupling
was not observed in GSK3� S9A-introduced neurons (�1.5 �m
distance) (Fig. 4B). Thus, it is hypothesized that molecules other
than GSK3� may relay the LKB1 signaling to regulate the nucle-
us– centrosome coupling in migrating neurons.

What is the basis for the microtubule stabilization via APC in
the leading process tip? In migrating wound-edge fibroblasts,
Glu-tubulin is detected within microtubules directed to the lead-
ing edge, and the Glu-tubulin accumulation is attributable to the
microtubule capture at the cell cortex (Cook et al., 1998; Palazzo
et al., 2001a; Gundersen, 2002; Wen et al., 2004). Noticeably,
APC is expected to mediate the microtubule capture and stabili-
zation in wound-edge fibroblasts. In fact, APC localizes at the
stable microtubule plus-ends facing the leading edges (Mimori-
Kiyosue et al., 2000; Wen et al., 2004) and associates with the
plasma membranes via proteins such as �-catenin and Dlg, to
anchor the microtubules to the cell cortex (Näthke et al., 1996;
Etienne-Manneville et al., 2005; Mimori-Kiyosue et al., 2007).
Further, it is known that APC can stabilize microtubules through
direct interaction (Munemitsu et al., 1994; Smith et al., 1994;
Zumbrunn et al., 2001). Considering that the disruption of
proper plus-end-binding of APC in migrating neurons leads to
microtubule destabilization at the leading process tip (Fig. 7), it is
conceivable that the LKB1-GSK3�-APC pathway in the leading
process tip of migrating neurons promotes the microtubule cap-
ture at the leading edge cortex, which, in turn, stabilizes the mi-
crotubules in the process tip (Fig. 8A).

In addition, we provided here the first evidence that Ser9
phosphorylation of GSK3� and microtubule-binding of APC are
critical for neuronal migration (Figs. 3, 7). Importantly, LKB1,
Ser9 phosphorylation of GSK3�, and proper APC binding to
microtubules are all required for directional centrosomal move-
ment (Figs. 1, 5, 7). It has been suggested that in various types of
cells (e.g., fibroblasts, primary astrocytes, MDCK cells) dynein/
dynactin complex at the cell cortex generates the traction force to
pull the stabilized microtubules captured at the cell cortex (Bus-
son et al., 1998; Etienne-Manneville and Hall, 2001; Palazzo et al.,
2001b; Dujardin and Vallee, 2002). In mitotic MDCK cells, this
leads to repositioning of the centrosome and then contributes to
appropriate orientation of the mitotic spindle (Busson et al.,
1998). In migrating wound-edge cells such as fibroblasts, the
traction force induces reorientation of the centrosome toward
leading edges and contributes to directional outgrowth of the cell
protrusion (Etienne-Manneville and Hall, 2001; Palazzo et al.,
2001b). Although an involvement of dynein/dynactin in the cen-
trosomal forward movement in migrating neurons remains to be

4

(Figure legend continued.) lattice cultures were fixed at 2 DIV, and immunostained with an-
tibodies against GFP, Glu-tubulin, and EB1. Small panels on the bottom are high-magnification
images of the distal part of the leading process of the neurons in the upper panels. Scale bars: 2.5
�m (upper panels), 2 �m (bottom panels). C, D, Neocortical neurons derived from E14 mouse
embryos were transfected with the GFP-expressing plasmid and LKB1 RNAi plasmid. The trans-
fected neurons were then subjected to lattice cultures. C, At 2 DIV, neurons in the lattice cultures
were fixed, and immunostained with antibodies against GFP, �-tubulin, and APC. Small panels
on the bottom are high-magnification images of the tip of the leading process of the neurons in
the upper panels. Scale bars: 2.5 �m (upper panels), 2 �m (bottom panels). D, At 2 DIV,
neurons in the lattice cultures were fixed, and immunostained with antibodies against GFP,
Glu-tubulin, and EB1. Small panels on the bottom are high-magnification images of the distal
part of the leading process of the neurons in the upper panels. The Glu-tubulin-labeled fibers
indicated by an asterisk are scaffold fibers. Scale bars: 2.5 �m (upper panels), 2 �m (bottom
panels).
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Figure 7. Proper localization of APC to microtubules is necessary for microtubule stabilization, centrosomal forward movement, and neuronal migration. A, B, Neocortical neurons derived from
E14 mouse embryos were transfected with GFP-expressing plasmid and mutAPC-expressing plasmid. The transfected neurons were then subjected to lattice cultures. A, At 2 DIV, neurons in the
lattice cultures were fixed, and immunostained with antibodies against GFP, �-tubulin, and APC. Small panels on the bottom are high-magnification images of the tip of the leading process of the
neurons in the upper panels. Immunoreactivities for APC are hardly detected at the distal ends of microtubules indicated by arrowheads. Scale bars: 5 �m (upper panels), (Figure legend continues.)
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elucidated, it is hypothesized that the stabilized microtubules an-
chored to the cell edge via APC may be pulled by dynein/dynactin
at the leading edge of migrating neurons, leading to unidirec-
tional and continuous movement of the centrosome (Fig. 8A). In
neurons in which either Ser9 phosphorylation of GSK3� or
proper localization of APC is impaired, anchorage of the micro-
tubule plus-ends to the leading edge is disrupted, and conse-
quently, the traction force to pull the centrosome forward may
become reduced (Fig. 8B).

In this study, we also establish the in vivo importance of LKB1-
GSK3� signaling in neuronal migration. Previous knock-out

study of LKB1 in the developing neocortex has reported that
genetic loss of LKB1 did not appear to affect neuronal migration
(Barnes et al., 2007). It is noteworthy that acute knockdown of
genes using RNAi and in utero electroporation in the developing
neocortex has been shown to circumvent the molecular compen-
satory responses that may be activated in genetic knock-out, as
demonstrated in the case of Doublecortin and MARK2 (Bai et al.,
2003; Sapir et al., 2008). Hence, although neuronal migration
defects have not been reported in LKB1 mutant mice, it is con-
ceivable that the acute reduction of LKB1 has enabled us to dis-
sect out its function in neuronal migration. Regarding GSK3�,
several recent studies have reported that GSK3� acts as a regula-
tor for proliferation of neural progenitors (Kim et al., 2009; Mao
et al., 2009) and polarization of differentiating neurons (Shi et al.,
2004; Jiang et al., 2005; Yoshimura et al., 2005). On these bases
and the present study, proper regulation of GSK3� appears to
govern various aspects of neuronal development.

In sum, the present study uncovers a novel spatially local-
ized signaling cascade that impacts the polarized control of the
microtubules and centrosomal forward movement, a key step
for neuronal migration. These findings underscore the impor-
tance of understanding spatially localized signaling pathways
to decipher the complex molecular mechanisms underlying
neuronal migration.
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