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The SH2 domain is crucial for function of Fyn in neuronal 
migration and cortical lamination
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Neurons in the developing brain form the cortical plate (CP) in 
an inside-out manner, in which the late-born neurons are lo-
cated more superficially than the early-born neurons. Fyn, a 
member of the Src family kinases, plays an important role in 
neuronal migration by binding to many substrates. However, 
the role of the Src-homology 2 (SH2) domain in function of 
Fyn in neuronal migration remains poorly understood. Here, 
we demonstrate that the SH2 domain is essential for the action 
of Fyn in neuronal migration and cortical lamination. A point 
mutation in the Fyn SH2 domain (FynR176A) impaired neuronal 
migration and their final location in the cerebral cortex, by in-
ducing neuronal aggregation and branching. Thus, we provide 
the first evidence of the Fyn SH2 domain contributing to neu-
ronal migration and neuronal morphogenesis. [BMB Reports 
2015; 48(2): 97-102]

INTRODUCTION

The mammalian neocortex is composed of a birthdate-depend-
ent inside-out alignment of six layers of neurons. During corti-
cogenesis, new-born neurons derive from the ventricular zone 
(VZ)/subventricular zone (SVZ) pass through a multipolar stage 
to become bipolar and then undergo radial glia-dependent mi-
gration to their final destination. The migration of bipolar neu-
rons requires elaborate coordination of leading process ex-
tension and somal translocation (1, 2). Defects in neuronal mi-
gration and cell morphogenesis in the cerebral cortex cause 
specific neurological syndromes, such as epilepsy, schizo-
phrenia, and Alzheimer’s disease (3-5).

Fyn is a non-receptor protein tyrosine kinase that belongs to 
Src family kinases (SFK) and plays a key role in regulating cell 
proliferation, differentiation, and cell migration (6, 7). The 
double knockout mouse of Fyn and Src shows a reeler-like 

phenotype (8). Fyn is involved in the Reelin-dependent ty-
rosine phosphorylation of Dab1, which controls the position-
ing of radially migrating neurons in the cerebral cortex (9, 10). 
Fyn has also been identified as a signal factor in the organ-
ization of the cytoskeleton (11). Neuronal migration requires 
the coordination of dynamics of F-actin, microtubule, and 
nucleokinesis. However, the underlying molecular mecha-
nism(s) of Fyn controlling neuronal migration remain(s) poorly 
understood.

Fyn is composed of multiple domains. The short N-terminal 
region has a unique function and is most divergent among dif-
ferent SFK members. Following the N-terminal is the Src ho-
mology 3 (SH3) domain (85-142 aa), which binds to target pro-
teins through sequences containing proline and hydrophobic 
amino acids (the classic ‘PXXP’ consensus). The Src homology 
2 (SH2) domain (147-237 aa) recognizes the pYEEI consensus 
and the kinase domain (271-520 aa) is responsible for the en-
zymatic activity (12-15). The SH2 domain can bind to phos-
photyrosine motifs that play an essential role in Fyn signal 
transduction. 

An intriguing question is whether the SH2 domain of Fyn is 
essential for regulating neuronal migration during brain 
development. Here, we show that the SH2 domain of Fyn is 
required for neuronal migration in vivo. SH2-phosphotyrosine 
recognition generally involves a highly conserved SH2 argi-
nine, forming an electrostatic interaction with the phosphate 
moiety of the ligand (16). Thus, we constructed a point muta-
tion (R176A) in the SH2 domain. Using in utero electro-
poration, we first identified that the FynR176A mutant showed 
impaired neuronal migration, in a dose-dependent manner. 
Furthermore, we observed numerous transfected neurons ag-
gregated in the cortical plate (CP) or intermediate zone (IZ). 
Finally, we found that the transfected neurons in the CP gave 
rise to many branches. Thus, our findings indicated that the 
SH2 domain of Fyn controlled many aspects of neuronal mi-
gration and neuronal morphogenesis.

RESULTS

FynR176A impaired neuronal migration
Several studies have reported that Fyn is required for neuronal 
migration (8-10, 17). We hypothesized that the SH2 domain of 
Fyn might play an important role in cortical neuronal mig-
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Fig. 1. FynR176A mutant impairs neuronal migration. (A) Coronal 
sections of P1 brains that had been transfected with GFP plasmid 
and FynR176A mutant plasmid at E15.5. The GFP-positive cells 
showed the transfected cells; many neurons were arrested in the 
low-CP and IZ in the FynR176A group. (B) the ratio of neurons in 
PCZ to CP of the two groups (FynR176A group compared with GFP 
control group using the t-test. *P ＜ 0.05). (C) Average fluorescent
intensity in each layer was analyzed. Neurons in IZ showed sig-
nificantly stronger fluorescent intensity (***P ＜ 0.001). Bars in-
dicate mean ± SEM. (A) Scale bar = 100 μm.

Fig. 2. Over-expression of FynR176A induced neuronal aggregation 
in the DCP and IZ. (A, B) Sections of P1 brain transfected with 
FynR176A at E15.5 showed many aggregations formed in the DCP 
and IZ. (A’, B’) Higher magnification of FynR176A positive neurons 
formed aggregations in the DCP and IZ. The arrow points to the 
GFP+/DAPI+/Brn2+ (red). (A, B) Scale bar = 100 μm, (A’) Scale 
bar = 20 μm, (B’) Scale bar = 10 μm.

ration. To examine this, we transfected the FynR176A plasmid in-
to the newly generated neurons in the neocortex at E15.5 and 
analyzed 5 days later (at P1), while the pCAG-MCS-GFP plas-
mid was used as a control. As expected, many transfected cells 
were mislocated beneath the primitive cortical zone (PCZ), 
while most of them were located in the PCZ in the control 
group (Fig. 1). In the FynR176A-transfected group, many neurons 
were in the CP and IZ, where very few GFP-positive neurons 
were found in the control group. Statistical analysis showed 
that the ratio of neurons in PCZ to CP was significantly differ-
ent between the two groups. These findings suggested that 
point mutation of the Fyn SH2 domain impaired migration and 
the final location of the cortical neurons.

FynR176A impaired neuronal migration in a dose-dependent 
manner
In the FynR176A-transfected group, some neurons also reached 
the PCZ at P1. Why were only some arrested? We further ana-
lyzed the expression of Fyn in different layers, such as the up-
per CP (UCP), deeper CP (DCP), and IZ. We used GFP as a re-
porter to indicate the expression of Fyn. To determine average 
fluorescence intensity of the different layers of the cortex at P1, 
the fluorescence intensities of GFP-positive cells were meas-
ured with ZEN 2011 across a 300 μm-wide column and nor-
malized with the number of cells. The statistical analysis 
showed the average fluorescence intensity of the IZ (299.1 ± 
35.69) was significantly higher than the UCP (116.5 ± 17.39) 
and DCP (132.2 ± 9.238). These data indicated that FynR176A 
impaired neuronal migration in a dose-dependent manner. The 
neurons expressing this mutant at a high level were arrested in 
the lower layer, while those expressing it at a lower level mi-
grated correctly to the PCZ (Fig. 1). Thus, we demonstrated 
that Fyn is necessary for neuronal migration, because the SH2 

domain mutant resulted in a change in Fyn activity.

FynR176A induced neuronal aggregation in the CP and IZ
Our study showed that overexpression of the SH2 domain mu-
tant form of Fyn also induced neuronal aggregation in the CP 
and IZ of mouse cerebral cortex (Fig. 2). The upper layer neu-
ronal marker ‘Brn2’ staining suggested that the aggregated neu-
rons in the CP/IZ belonged to layer II/III. The aggregation zone 
was packed densely with cells and clearly demarcated from 
the surroundings. There was an average of six aggregations in 
every section. The average cell number in the aggregation 
zone was 18.6 ± 4.32. The average fluorescence intensity of 
aggregated neurons, normalized to the number of aggregated 
cells, was 231.1 ± 14.49. These results indicated that Fyn 
could promote neuronal aggregation and adhesion, even when 
its SH2 domain was inactive.

FynR176A promoted the branching of migrating neurons
As a member of the non-receptor tyrosine kinases, Fyn plays 
an essential role in actin cytoskeletal organization and cell mi-
gration (18-20). The results above show that overexpression of 
FynR176A arrested neuronal migration. We hypothesized that 
Fyn impaired neuronal migration by controlling actin cytoske-
leton dynamics and neuronal morphogenesis. To assess this, 
we examined the morphology of the migrating neurons in the 
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Fig. 4. FynR176A induced reorganization of F-actin and focal accumulation of vinculin CHO cells were cultured in F12K medium containing 
10% FBS and transfected with GFP or FynR176A. (A, B) CHO cells were stained with phalloidin and DAPI, FynR176A induced the depolyme-
rization of F-actin. (C, D) CHO cells were stained with tubulin; no difference was observed between the GFP group and FynR176A group. 
(E, F) CHO cells were stained with vinculin, and FynR176A partially colocalized with vinculin and induced focal accumulation of vinculin. 
(G) Western blotting analysis of vinculin, tubulin, and actin in the GFP group and FynR176A group; no difference was observed between 
these two groups. Scale bar = 20 μm

Fig. 3. Expression of FynR176A mutant induced the branching of 
cortical neurons. The brains were transfected with GFP or 
FynR176A at E15.5 and analyzed at E18.5. (A, A’) Normal morphol-
ogy of migratory neurons in the GFP control group. (B, B’)
Branching of cortical neurons in the FynR176A group. (C) Ratio of 
neurons with branches in the FynR176A mutant group compared 
with the GFP control group. Bars represent means ± standard de-
viation (*P ＜ 0.05). (A, B) Scale bar = 100 μm, (A’ and B’)
Scale bar = 10 μm.

CP. Compared with the GFP control group, striking morpho-
logical changes occurred in the neurons transfected with 
FynR176A. As shown in Fig. 3 the transfected migrating neurons 

extended many branches and some of them lost the ‘classical’ 
neuronal morphology. The ratio of neurons having branches in 
the FynR176A expression group reached 19.67 ± 3.47%, while 
the GFP control group showed 6.13 ± 3.08%. Thus, our find-
ings demonstrated that FynR176A impaired neuronal migration 
by controlling neuronal morphogenesis.

FynR176A causes reorganization of F-actin and focal 
accumulation of vinculin
We expressed FynR176A in CHO cells and stained cytoskeletal 
components, microtubules and F-actin, as well as the focal ad-
hesion molecule, vinculin. We also transfected 293T cells for 
Western blot analysis. As shown in Fig. 4G, the expression of 
FynR176A did not affect the total amount of tubulin, actin, or 
vinculin. Immunochemistry results showed that FynR176A in-
duced the depolymerization of F-actin. Well-organized F-actin 
was detected in the control group, while very little typical 
F-actin was found in the FynR176A group (Fig. 4). Expression of 
FynR176A also induced focal accumulation of the adhesion mol-
ecule, vinculin. As shown in Fig. 4, FynR176A partly colocalized 
with bundled vinculin, while no ‘typical’ bundled vinculin 
was observed in the control group (Fig. 4E). The expression 
and organization of another cytoskeletal component, micro-
tubules, was not affected by the expression of FynR176A. Thus, 
we further demonstrated the mechanism by which FynR176A 
controls neuronal aggregation, adhesion, and branching.
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DISCUSSION

The conserved arginine in the phosphotyrosyl-binding pocket 
of the SH2 domain forms essential electrostatic interactions 
with the bound phosphorylated tyrosine (16). It is typically the 
case that mutation of this arginine to other residues will greatly 
weaken the interaction with the ligand but otherwise be tol-
erated structurally (21). This indicates that a ‘negative’ mutant 
may or may not influence the activation of Fyn.

Neuronal migration requires the elaborate coordination of 
many molecules in multiple steps (1, 22, 23). Previous studies 
have shown that Fyn acts as an intracellular signal molecule of 
Reelin, an extracellular matrix protein known to be essential 
for brain development (10). By binding to its two receptors, 
VLDLR and ApoER2, Reelin induces the tyrosine phosphor-
ylation of the cytoplasmic protein Dab1 via SFKs (9). Fyn, a 
member of the SFKs, binds to the phosphorylated Dab1 with 
its SH2 domain to promote Dab1 phosphorylation. Phosphory-
lated Dab1 transduces the signal to downstream molecules (9). 
Our results showed that expression of FynR176A disturbed neu-
ronal migration, and many neurons were arrested in the CP or 
IZ. As FynR176A is the SH2 domain mutant form, it may disturb 
the interaction between Fyn and downstream molecules, such 
as Dab1, Lis1, and FAK. These perhaps contribute to the de-
fects in cortical neuronal migration.

Many FynR176A overexpressing neurons arrested in the CP or 
IZ aggregated to form a big column. Brn2 staining demon-
strated that they were later-born neurons, belonging to the up-
per layers. Previous studies have shown that Fyn interact with 
many adhesion molecules including integrin β1, neural cell 
adhesion molecule (NCAM), and FAK (20, 24, 25). Fyn is a 
molecule downstream of NCAM, and is enriched in lipid rafts 
for the interactions of NCAM with both signaling and cytoske-
letal components (26-28). Detailed analyses on the expression 
level of FynR176A showed that the aggregated neurons strongly 
expressed Fyn protein; these neurons were the major group of 
the migration-defective neurons. These results indicated that 
Fyn probably promotes neuronal adhesion to control neuronal 
migration in a dose- and activity-dependent manner. Also, 
overexpression of the FynR176A mutant induced the branching 
of migrating neurons. It is crucial for migrating neurons to 
keep the dynamics of F-actin organization in the growth cone 
of the leading process, and Fyn-regulated reorganization of the 
actin cytoskeleton is probably involved in the process. Fyn reg-
ulates F-actin dynamics through Rac1, Cdc42, RhoA, Arp2/3, 
N-WASP, and Cofilin, which induces the formation of filopo-
dia and lamellipodia (29-31). These indicate the importance of 
the non-receptor tyrosine kinase Fyn in Reelin-induced neuro-
nal branching in the MZ. 

The SH2 domain has been found to participate in pro-
tein-protein interactions involving phosphotyrosine motifs. 
However, the aggregation and branching suggest that the inter-
action of Fyn with other proteins was not abolished. The SH2 
domain functions mainly in signal transduction, even though 

the SH2-negative form of Fyn still can induce neuronal ag-
gregation and branching. An in vitro analysis also showed that 
FynR176A can introduce the reorganization of F-actin and the 
adhesion molecule, vinculin. These results confirmed that in-
activation of the SH2 domain did not completely prevent the 
activation of Fyn.

In summary, we have shown that the SH2 domain of Fyn 
plays an essential role in Reelin signaling transduction, and an 
SH2 domain mutant disturbs neuronal migration in a dose-de-
pendent manner. We found that SH2 domain mutant per-
turbed neuronal final localizations and induced neuronal 
aggregation. A detailed analysis revealed that Fyn impaired 
neuronal morphology. Thus, Fyn regulates neuronal migration 
by controlling neuronal morphogenesis in a SH2 domain-de-
pendent manner.

MATERIALS AND METHODS

Animals
C57BL/6J mice were housed in our lab. All animals were fed 
in clean environment with food and water available freely. All 
animal experiments were performed according to the institu-
tional guidelines for animal experiments.

Plasmid construction
Fyn coding sequences were cloned from mouse brain cDNA 
using PCR. The specific primers used were Fyn-wt-forward 
(5’-CGGAATTCATGGGCTGTGTGCAA-3’) and Fyn-wt-reverse 
(5’-ACGCGTCGACTCACAGGTTTTCACCG-3’); EcoR I and Sal 
I sites were added to the primers, respectively. We used the 
pCAG-MCS-Fyn-wt vector as a template to enable preparation 
of the Fyn mutant using the MutanBEST Kit system (TaKaRa, 
Japan). The specific primers for FynR176A were FynR176A-forward 
(5’-TACATTCTCAGCAATTACG-3’), and FynR176A-reverse (5’- 
ACCAGTTTCCCCGGTTGTC-3’).

In utero electroporation
In utero electroporation was performed as previous described 
(32). Briefly, pregnant mice were anesthetized with sodium 
pentobarbitone (50 mg/g), and the uterine horns were ex-
posed. Plasmid DNA at a concentration of 5 μg/μl, with Fast 
Green solution (0.1%) to monitor the injection, was injected 
into the embryos’ lateral ventricle with a glass micropipette. 
For electroporation, five pulses separated by 950 ms were ap-
plied at 35 V. The uterine horns were placed back into the ab-
dominal cavity to allow the embryos to continue normal 
development.

Slice preparation and staining
At postnatal day 1 (P1) or embryo day 18.5 (E18.5), the brains 
were fixed with 4% paraformaldehyde (PFA) for 48 h at 4oC. 
Brains were cut in 50 μm sections with a Leica VT 1000S vi-
bratome (Leica Microsystems). The tissue sections were in-
cubated with blocking solution (containing 0.1 M PBS, 5% se-
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rum, 1% BSA and 0.2% Triton X-100) at RT for 2 h. The sec-
tions were incubated with the rabbit-anti-GFP (1：1,000, Milli-
pore) and goat-anti-Brn2 (1：1,000, Santa Cruz Biotechnology 
Inc.) overnight at 4oC. After rinsing in 0.1 M PBS, the sections 
were incubated with donkey-anti-rabbit 488 (1：300, Milli-
pore) and donkey-anti-goat 555 (1：300, Millipore) for 3 h at 
RT. Then, the sections were counterstained with DAPI for 20 
min and rinsed in 0.1 M PBS for 1h. The sections were mount-
ed in Dako Fluorescent Mounting Medium on glass slides and 
placed overnight at 4oC.

Cell culture and immunochemistry
After transfecting with the plasmid pCAG-MCS-GFP and the 
FynR176A plasmid, CHO cells were plated on glass coverslips in 
a 24-well dish. When confluency reached 50-60%, the cells 
were fixed with 4% paraformaldehyde and immunostained 
with mouse anti-tubulin (1：1,000, Millipore), mouse anti-vin-
culin (1：1,000, Millipore), or TRITC-phalloidin (1：1,000, 
Millipore) at 4oC overnight. The cells were then rinsed and 
stained with donkey anti-mouse 568 (1：300, Invitrogen) di-
luted in 2% BSA for 2 h in the dark, then counterstained with 
DAPI (1：500, Invitrogen). Following three additional rinses, 
coverslips were mounted with Dako fluorescent mounting me-
dium and photographed by a structured-illumination micro-
scope (Zeiss observer Z1).

Immunoblotting
After transfecting with the plasmid pCAG-MCS-GFP and the 
FynR176A plasmid, soluble 293T cell lysates (equivalent to 5 × 
106 cells/condition) were subjected to immunoblotting with 
the following antibodies: mouse anti-vinculin (1：1,000, 
Millipore), mouse anti-β-actin (1：2,000, Sigma), mouse anti- 
tubulin (1：5,000, Sigma), and mouse anti-GAPDH (1：5,000, 
Sigma). Antibody complexes were detected with horseradish 
peroxidase-conjugated goat anti-mouse immunoglobulin 
(1：2,000, Cell signaling Technology) and enhanced chem-
iluminescence (ECL) reagents.

Statistical analyses
At least six slices from three brains in separate experiments 
were analyzed for each group. Image analysis/cell counting 
was done with the ZEN 2011 program. Statistical differences 
were analyzed with unpaired t-tests, using GraphPad Prism 5. 
In all cases, confidence intervals were set at 95% and P values 
less than 0.05 were considered significant.
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