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Neuronal polarization is pivotal for neural network formation during brain development. Axon differentiation is a hallmark of initial
neuronal polarization. Here, we report that the leucine-rich repeat-containing protein netrin-G ligand-2 (NGL-2) as a polarity regulator
that localizes asymmetrically in rat hippocampal neurons and is required for differentiation of the future axon. NGL-2 was associated
with PAR complex, and this interaction resulted in local stabilization of axonal microtubules. Further study showed that the C terminal
of NGL-2 binds to the PDZ domain of PAR6, and NGL-2 interacts with PAR3 and atypical PKC (aPKC), with PAR6 acting as a bridge or
modifier. Then, NGL-2 regulates the local stabilization of microtubules and promotes axon differentiation by the aPKC/microtubule
affinity-regulating kinase 2 pathway. These findings reveal the critical role of NGL-2 in regulating axon differentiation in rat hippocampal
neurons and reveal a novel partner of the PAR complex.
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Introduction
Axon differentiation is the fundamental process that gives rise to
a complex morphology and physiology of neurons (Stiess and
Bradke, 2011). In hippocampal neurons, the PAR complex, consisting of PAR3, PAR6, and atypical PKC (aPKC), is required for
axon differentiation (Shi et al., 2003; Nishimura et al., 2004).
Both PAR3 and PAR6 contain PDZ (PSD-95/Dlg/ZO-1) domains, which may interact with other PDZ domains or with specific sequence motifs (Sheng and Sala, 2001; Shi et al., 2003).
PAR3 contains three PDZ domains; the first PDZ domain in
PAR3 interacts with the PDZ domain of PAR6, and the PAR3
C-terminal region binds to the kinase domain of aPKC (Lin et al.,
2000). PAR6 contains a single PDZ domain, which associates
with PAR3 and binds the regulatory domain of aPKC via its
N-terminal region (Noda et al., 2001). In this fashion, the combined use of interaction and catalytic domains assembles a complex that can be positioned at specific subcellular sites, and that
receives and transmits polarity signals (Wiggin et al., 2005). The
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downstream effectors of PAR complex in axon differentiation
have been examined. For example, aPKC directly phosphorylates
microtubule affinity-regulating kinase 2 (MARK2), in turn leads
to the dephosphorylation of tau, and, finally, promotes the assembly of stable microtubulins and axon differentiation (Chen et
al., 2006). The PAR complex is also associated with STEF/Tiam
and Cdc42, both of which are required for neuronal polarization
(Lin et al., 2000; Nishimura et al., 2005). The extensive interplay
between the PAR complex and other proteins suggests that the
PAR complex can change components dynamically to modulate
the outcome of signaling inputs as well (Aranda et al., 2008).
Netrin-G ligand-2 (NGL-2) is a receptor for netrin-G2, a
member of the neuronal cell adhesion molecule. NGL-2 and
netrin-G2 bind in an isoform-specific manner, and the
C-terminus PDZ binding domain of NGL-2 associates with
PSD-95 (Woo et al., 2009). NGL-2 regulates the formation of
excitatory synapses through the trans-synaptic netrin-G2–NGL2–PSD-95 adhesion fashion and selectively regulates excitatory
transmission at Schaffer collateral synapses in CA1 stratum radiatum of hippocampus (Woo et al., 2009; DeNardo et al., 2012).
NGL-2 is also expressed in horizontal cells (HCs) of the retina,
and localizes to the synapses between HC axons and rod photoreceptors, regulating presynaptic and postsynaptic specializations, and adjusting visual signal transmission (Soto et al., 2013).
NGL-2 is also named leucine-rich repeat C4 (LRRC4), which
plays an important role in the initiation and development of
glioma (Wu et al., 2008; Tang et al., 2011, 2012). Although NGL-2
has been recognized as a central component of synapse formation
in hippocampus and retina, there are still many interesting ques-
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tions that remain to be addressed, including the possible involvement of NGL-2 in axon differentiation of neurons.
Here, we found that the NGL-2 protein is enriched in the
axon, especially at the tip of rat hippocampal neurons. NGL-2
plays a critical role in axon differentiation. To achieve this,
NGL-2 forms a dynamic complex with PAR3/PAR6/aPKC.
NGL-2 is recruited by PAR6 and selectively localizes in future
axons. In the presence of PAR6, NGL-2 interacts with aPKC,
then stabilizes microtubules to promote axon differentiation
through the aPKC/MARK2 pathway.

Materials and Methods
Antibodies and constructs. The antibodies used for immunostaining or
immunoblotting were as follows: NGL-2, PAR3, PAR6, aPKC, and
phosphorylated (p)-aPKC from Santa Cruz Biotechnology; Tau-1 from
Millipore; MARK2, p-MARK2 (T595), Tau, and p-Tau (S262) from Cell
Signaling Technology; and acetylated ␣-tubulin, ␣-tubulin, Tuj1, Flag,
Myc, and HA from Sigma-Aldrich. Full-length rat NGL-2 (DQ119102,
amino acids 1– 652; from a brain cDNA library; Clontech) and NGL2‚PB (amino acids 1– 649) were subcloned into pEGFP-C1 or pCMVFlag (Clontech). PAR3, PAR6, and aPKC of rat were subcloned into
pDsRED-N1, pCMV-Myc, or pCMV-HA (Clontech), respectively. For
small interfering RNA (siRNA) knockdown, nucleotides 1488 –1506 of
rat NGL-2 (5⬘-GATATCACCTGAGGACATA-3⬘ DQ119102) was subcloned into pSUPER (Clontech). The mutant of NGL-2 (NGL-2M) was
subcloned into pCDNA 3.1 (Clontech). Double-stranded oligonucleotides targeting against PAR6 were synthesized by Shanghai GenePharma,
siRNA sequences were designed according to nucleotides 738 –760 of rat
PAR6 (5⬘-GCCTGCCAACCAGCGTAATAATG-3⬘; AY682587.1).
Neuronal culture and electroporation. Hippocampi of embryonic day
18 (E18) rat embryos (those of either sex were used) were digested with
0.125% trypsin-EDTA for 20 min at 37°C, followed by trituration with
pipettes in the plating medium (DMEM with 10% FBS and 10% F12
medium). Dissociated neurons were transfected by electroporation using
the Amaxa nucleofector device. Neurons were plated onto coverslips
coated with poly-D-lysine (0.1 mg/ml). After culturing for 4 h, media
were changed into neuronal culture medium (neurobasal media containing 1% glutamate and 2% B27 medium).
Immunocytochemistry. Neurons were washed with PBS, fixed in 4%
PFA at room temperature for 30 min, and incubated with 0.1% Triton
X-100 in PBS for 10 min. After blocking with 10% goat serum in PBS at
room temperature for 1 h or 4°C overnight, neurons were incubated in
primary antibodies at 4°C for 12 h and subsequently with Alexa Fluor
350-, FITC- or rhodamine-conjugated secondary antibodies. Coverslips
were mounted and examined using a Zeiss confocal microscope. Images
were taken with AxioVision microscopy software (Zeiss), and were analyzed with AxioVision (Zeiss), ImageJ, and Adobe Photoshop (Adobe).
Immunoprecipitation assay. For the immunoprecipitation assay of endogenous proteins, brains of E18 rat embryos (rats of either sex were
used) were extracted by the addition of lysis buffer (20 mM Tris-HCl, pH
7.5, 1 mM MEDTA, 150 mM NaCl, 1% NP-40, 50 g/ml PMSF, 10 g/ml
leupeptin, 2 g/ml aprotinin, and 1 g/ml pepstatin) and then clarified
by centrifugation at 10,000 ⫻ g for 20 min at 4°C. For the interaction
assay of exogenous NGL-2 and PAR3/PAR6/PKC, HEK293 cells were
transfected with the indicated plasmids and extracted by the addition of
lysis buffer. The soluble supernatants were incubated with the indicated
antibodies for 1 h at 4°C. The immunocomplexes were then precipitated
with protein A-Sepharose CL-4B (GE Healthcare). The immunocomplexes were washed three times with lysis buffer, eluted by boiling in
sample buffer for SDS-PAGE, and then subjected to immunoblot analysis with the indicated antibodies.
Pull-down assay. GST fusion proteins containing various deletions of
NGL-2 cytoplasmic domain or deletions of PAR6 were expressed in BL21
(DE3) Escherichia coli cells with pGEX-4T-2 vector (GE Healthcare) and
were purified. Brains of E18 rat embryos (either sex was used) were
homogenized and lysed in the lysis buffer with 1 mM EDTA and 0.5 mM
DTT. Then, the lysate was incubated for 1 h with GST-tagged proteins
and glutathione–Sepharose 4B beads (GE Healthcare). The beads were

subsequently washed three times in the lysis buffer containing 1 mM
EDTA and 0.5 mM DTT. Precipitates were separated by SDS-PAGE and
detected by Western blot analysis.
Statistical analysis. All statistical analysis was performed using Student’s t test. Error bars in graphs represent the SD.

Results
Polarized distribution of NGL-2 in hippocampal neurons
To explore the role of NGL-2 in neuronal axon differentiation,
their expression and distribution were examined in cultured hippocampal neurons from E18 rats. NGL-2 was detected during the
polarization process (Fig. 1A). Immunostaining showed that
NGL-2 was evenly distributed in all of the multiple undifferentiated minor neurites in stage 2 neurons (Fig. 1 B, C). However, in
axon differentiation stage 3 neurons, NGL-2 was more abundant
at the tip of the longest neurite, which will become the axon (Fig.
1B–D). Moreover, the relative NGL-2 levels at the tip of the developing axon was significantly higher than in other neurites (Fig.
1E). Thus, the distribution of NGL-2 protein polarizes in the
axon, as hippocampal neurons differentiate.
NGL-2 regulates axon differentiation
To study the function of NGL-2 in neuron differentiation, hippocampal neurons were transfected with constructs carrying EGFPtagged NGL-2 or EGFP alone (Fig. 2A), and were analyzed for their
axon differentiation at 3 days in vitro (DIV3; Fig. 2B,C). It was concluded that the axons of neurons had completed differentiation
based on the following two criteria: (1) length of at least 100 m or
two times longer than other neurites; and (2) expression of the axonal marker Tau-1 (Guo et al., 2007). At DIV3 following the transfection with EGFP-NGL-2, 52.3 ⫾ 1.9% (n ⫽ 120) of neurons
displayed multiple (two or more) axon-like processes. As a comparison,
only 5.6 ⫾ 1.1% of neurons transfected with EGFP alone exhibit multipleaxons(Fig.2C).ThesedatasuggestthattheoverexpressionofNGL-2
increases axon formation in hippocampal neurons.
We next transfected constructs carrying NGL-2 shRNA or control shRNA in hippocampal neurons (Fig. 2D), and analyzed them
for axon differentiation at DIV3 (Fig. 2E,F). In NGL-2-deficient
neurons (as identified by GFP fluorescence), 55.5 ⫾ 3.2% (n ⫽ 120)
developed a single axon, 37.2 ⫾ 2.3% had no axons, and 7.3 ⫾ 2%
exhibited multiple axons. In contrast, the majority of neurons transfected with control shRNA exhibited normal polarization, with a
single axon in 80.1 ⫾ 3.5% (n ⫽ 120) neurons, and no axon found in
only 9.8 ⫾ 4.1% of neurons (Fig. 2F). To further confirm the effects
of NGL-2 on axon differentiation, an RNAi-resistant NGL-2M was
constructed (Fig. 2D). After hippocampal neurons were cotransfected with NGL-2 shRNA and NGL-2M, axon differentiation was
observed at DIV3. As shown in Figure 2, E and F, compared with
NGL-2 shRNA, NGL-2M significantly decreased the percentage of
neurons without axons (27.41 ⫾ 6% in neurons transfected with 1
g of NGL-2M; 8.7 ⫾ 5.4% in neurons transfected with 3 g of
NGL-2M) and increased the percentage of neurons with multiple
axons (9.8 ⫾ 4% in neurons transfected with 1 g of NGL-2M;
31.9 ⫾ 3.3% in neurons transfected with 3 g of NGL-2M). These
results indicate that NGL-2 promotes the differentiation of neurites
into axons in hippocampal neurons.
NGL-2 interacts with PAR complex by PAR6
It has been demonstrated that PAR3/PAR6/aPKC complex is
required for axon differentiation (Shi et al., 2003; Chen et al.,
2013). The colocalization of NGL-2 with PAR3 (Fig. 3A), PAR6
(Fig. 3B), or aPKC (Fig. 3C) at the tip of developing axons of
stage 3 hippocampal neurons, implies a potential NGL-2–PAR
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Figure 1. Distribution of NGL-2 in cultured hippocampal neurons. A, Expression of NGL-2 in primary neurons. Hippocampal neurons were isolated and cultured for different DIV. Cell lysates of
primary neurons were subjected to immunoblotting with antibodies against NGL-2. B, Distribution of NGL-2 in stage 2 (left) and stage 3 (right) cultured hippocampal neurons. Hippocampal neurons
at different stages were double stained with mouse anti-NGL-2 and rabbit anti-Tuj1 antibodies, which were visualized by FITC-conjugated goat anti-mouse antibody and rhodamine-conjugated
anti-rabbit antibody, respectively. Arrowhead indicates the tip of axon. Arrow indicates the tip of dendrites. Scale bar, 25 m. C, Profiles of NGL-2 immunofluorescence intensity in the processes of
stage 2 and stage 3 neurons. Fluorescence intensities were plotted against the distance from soma, as shown in B. D, The higher-magnification pictures of stage 3 neurons, as shown in B, right.
Arrowheadindicatesthetipoftheaxon.Arrowindicatesthetipofdendrites.NGL-2stainingwasmoreabundantatthetipoftheaxonthanotherneurites.E,NGL-2/TuJ1ratiosinneuritetipsofstage3neurons.
The NGL-2/TuJ1 ratio in dendrites was normalized to 1.00 ⫾ 0.11 (n ⫽ 50). The relative ratio in axons was 3.92 ⫾ 0.17 (n ⫽ 20). The error bars represent the SD. **p ⬍ 0.01, Student’s t test.

complex interaction. We then performed coimmunoprecipitation experiments with the homogenates from rat brains to test the
possible interaction between NGL-2 and PAR3 (Fig. 3 D, E),
PAR6 (Fig. 3 F, G), and aPKC (Fig. 3 H, I ). In HEK293 cells
transfected with Myc-tagged PAR6 and Flag-tagged NGL-2, these
two proteins coimmunoprecipitated from the cell lysates,
whereas Myc-tagged PAR3 or Myc-tagged aPKC did not coimmunoprecipitate with Flag-tagged NGL-2 (Fig. 3J ), suggesting
that NGL-2 is incapable of directly interacting with PAR3 and
aPKC. As PAR3, PAR6, and aPKC are known to form the evolutionarily conserved PAR complex in mammals, NGL-2 may
interact with PAR3 and aPKC via PAR6. To test this possibility,
HEK 293 cells were cotransfected with Myc-tagged PAR3, Flag-

tagged NGL-2, and HA-tagged PAR6 or Myc-tagged aPKC,
Flag-tagged NGL-2, and HA-tagged PAR6; the Myc-tagged PAR3
or Myc-tagged aPKC was precipitated by Flag-tagged NGL-2
from the cell lysates (Fig. 3 K, L). These results suggest that
NGL-2, PAR3, PAR6, and aPKC can form a complex, and PAR6
serves as a scaffold mediating the physical interaction of NGL-2
with PAR3 and aPKC.
C terminus of NGL-2 binds to the PDZ domain of PAR6
We next sought to determine the regions of PAR6 and NGL-2
responsible for their physical interaction. The extracellular region of NGL-2 contains nine LRRs, and a C2-type Ig domain.
These domains are followed by a single transmembrane domain
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Figure 2. The effect of NGL-2 on axon differentiation. A, The transfection efficiency of NGL-2. Primary neurons were transfected with pEGFP-NGL-2 or pEGFP-empty vector. The level of NGL-2 was
assessed by immunoblotting. B, Increase in axon numbers in neurons overexpressing NGL-2. Hippocampal neurons were transfected with pEGFP-NGL-2 or pEGFP-empty vector. Transfected neurons
were identified by EGFP and stained with axonal marker Tau1. Scale bar, 25 m. C, Quantitative analysis of axon differentiation transfected by NGL-2. Transfected neurons were classified into the
following three groups: none, neurons with short neurites in similar length; single, neurons with one process that was positive for Tau1 staining, and ⬎100 m and at least twice as long as the
second longest process; and multiple, neurons with two or more processes positive for Tau1 staining and ⬎100 m or twice as long as other neurites. The error bars represent the SD. ***p ⬍ 0.001,
Student’s t test. D, The efficiency of NGL-2 knockdown. Primary neurons were transfected with control shRNA, NGL-2 shRNA or cotransfected with an RNAi-resistant NGL-2M and NGL-2 shRNA. The
level of NGL-2 was assessed by immunoblotting. E, The axon formation transfected by NGL-2 shRNA. Hippocampal neurons transfected with control shRNA, NGL-2 shRNA or cotransfected with
NGL-2M and NGL-2 shRNA were identified by GFP and cultured for 72 h. Axons were identified by anti-Tau1 antibodies. Scale bar, 25 m. F, Quantitative analysis of axon differentiation transfected
by NGL-2 shRNA. The error bars represent the SD. *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001, Student’s t test.

and a cytoplasmic region, which ends with a PDZ binding domain (Kim et al., 2006; Fig. 4A). The PDZ binding domain is a
specific domain consisting of Ser/Thr-X-Val/Leu/Ile at the C terminus. This domain binds to PDZ domain-containing molecules
(Xia et al., 2003; Excoffon et al., 2004; Shano et al., 2008).
A series of GST fusion proteins with different fragments of
NGL-2 were constructed (Fig. 4A), and pull-down assays were
performed. The results showed that a PDZ binding domain of
NGL-2 was essential for interacting with PAR6 (Fig. 4B,C). This

region was therefore defined as the PAR6 binding domain of NGL-2.
At the same time, we used various PAR6 deletion mutants to map the
domains required for the interaction with NGL-2. PAR6 is a scaffolding protein that contains PDZ, PB1 (Phox Bem1), and semiCRIB (Cdc42 Rac interacting binding) domains (Fig. 4D; Aranda et
al., 2008). GST pull-down assays showed that the PDZ domain interacted directly with NGL-2, but that PB1 or CRIB failed to bind
NGL-2 (Fig. 4E,F). These data suggest that the C terminal of NGL-2
is physically associated with the PDZ domain of PAR6.
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Figure 3. NGL-2 interacts with PAR complex by means of PAR6. A–C, Colocalization of NGL-2 and PAR complex in hippocampal neurons. A–C, Hippocampal neurons at stage 3 were double stained
with anti-NGL-2 and anti-PAR3 (A), anti-PAR6 (B), or anti-aPKC (C) antibodies. Arrowhead indicates the tip of the axon. Scale bar, 25 m. D–I, Interaction between endogeneous NGL-2 and PAR
complex proteins in rat brain; homogenates (500 g of protein) of E18 rat brains were incubated with antibodies against PAR3 (D), PAR6 (F ), aPKC (H ), or NGL-2 (E, G, I ). Control IgGs (con IgG)
were used as controls. Resulting immunocomplexes were subjected to immunoblotting with indicated antibodies. Five percent of lysates (25 g of protein) were loaded as input. J, Interaction
between NGL-2 and PAR6, PAR3, or aPKC proteins in HEK 293 cells. HEK 293 cell lysates expressing the indicated proteins were incubated with anti-Flag antibody. The bound proteins and
coimmunoprecipitates were analyzed by immunoblotting with anti-Myc antibody. K, Formation of NGL-2/PAR6/PAR3 ternary complex. HEK 293 cells were cotransfected with Flag-NGL-2 and
Myc-PAR3 with or without HA-PAR6. Immunoprecipitates with anti-Flag antibody were subjected to immunoblotting with anti-Myc antibody. Lysates were also probed for the expression of
Myc-PAR3, Flag-NGL-2, and HA-PAR6. L, Formation of NGL-2/PAR6/aPKC ternary complex in HEK 293 cells. HEK 293 cells were cotransfected with Flag-NGL-2 and Myc-aPKC with or without
HA-PAR6. Immunoprecipitates with anti-Flag antibody were subjected to immunoblotting with anti-Myc antibody. Lysates were also probed for the expression of Myc-aPKC, Flag-NGL-2, and HA-PAR6.

NGL-2 was recruited by PAR6 and polarized distribution at
the tip of axon
Having observed the physical interaction between NGL-2 and
PAR6, we next asked whether such an association is necessary for
the polarized distribution of NGL-2 in neurons. To test this, we
inhibited PAR6 expression in hippocampal neurons by using

PAR6 siRNA. The expression and distribution of NGL-2 was
examined in neurons by immunocytochemistry. As shown in
Figure 5A–C, the polarized distribution of NGL-2 in neurons was
significantly compromised after PAR6 inhibition.
To further confirm the involvement of PAR6 in the subcellular location of NGL-2, EGFP-tagged NGL-2 (EGFP-NGL-2) or
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Figure 4. PDZ binding domain of NGL-2 binds to PDZ domain of PAR6. A, Domain structure and deletion constructs of NGL-2. SP, Signal peptide; NT, LRRN-terminal domain; CT, LRR C-terminal
domain; Ig, Ig domain; TM, transmembrane domain; PB, PDZ domain binding domain; ETQI*, the last four amino acid residues of NGL-2. B, Mapping of the region in NGL-2 that is required for binding
to PAR6. Lysate of E18 rat brain was incubated with NGL-2 deletions immobilized on glutathione-Sepharose beads. Bound proteins were subjected to immunoblotting with anti-PAR6 antibody. PDZ
binding domain of NGL-2 was essential for pulling down PAR6. C, The GST fusion proteins used are indicated by Coomassie Brilliant Blue staining. D, Domain structure and deletion constructs of PAR6.
PB1, Phox and Bem1; CRIB, Cdc42/Rac interactive binding; PDZ, PSD-95/Dlg/ZO-1. E, Mapping of the region in PAR6 that is required for binding to NGL-2. GST protein-immobilized beads were
incubated with E18 rat brain lysate. The bound proteins were analyzed by immunoblotting with anti-NGL-2 antibody. Only the PDZ domain binds directly with NGL-2. F, The GST fusion proteins used
are indicated by Coomassie Brilliant Blue staining.

DsRed-tagged PAR6 (DsRed-PAR6), respectively, was transfected in HEK 293 cells. EGFP-NGL-2 localized along the cytomembrane and showed nonpolarized distribution (Fig. 5 D, E).
However, DsRed-PAR6 was highly concentrated at one side of
the cell and exhibited a polarized distribution (Fig. 5 F, G).
When HEK 293 cells were cotransfected with EGFP-NGL-2
and DsRed-PAR6, EGFP-NGL-2 protein colocalized with
DsRed-PAR6 signals (Fig. 5 H, I ). The results suggested that
the interaction of NGL-2 and PAR6 is critical for the subcellular distribution of NGL-2. Furthermore, in HEK 293 cells
cotransfected with DsRed-PAR6 and EGFP-NGL-2‚PB in
which PDZ binding domain was deleted, EGFP-NGL-2‚PB
was distributed along the cytomembrane, distinct with the
location of PAR6 (Fig. 5 J, K ). We also found that, compared
with the polarized distribution of NGL-2 in normal neurons
(Fig. 1B), EGFP-NGL-2‚PB is not particularly abundant at
the tip of an axon, but showed punctated distribution in nearly
all neurites in both stage 2 and stage 3 neurons (Fig. 6 A, B).
Unlike neurons expressing EGFP-NGL-2 (Fig. 2 B, C), axon
differentiation was not affected by expression of EGFP-NGL-2
⌬PB (Fig. 6C,D). These observations suggest that PAR6 recruits NGL-2 to exhibit the polarized subcellular distribution,
and PDZ binding domain is an important domain for the
association of NGL-2 with PAR6. In addition, the distribution
of PAR3 and aPKC was also examined, and NGL-2 did not
significantly alter its subcellular localization in HEK 293 cells
with the expression of DsRed-tagged PAR3 or DsRed-tagged
aPKC (data not shown).

NGL-2 controls the spatial polarization of stabilized
microtubules to promote axon differentiation by
aPKC/MARK2 signaling pathway
Previous studies (Witte et al., 2008; Chen et al., 2013) have shown
that microtubules are preferentially stabilized in the designated
future axon, and this polarized microtubule stability is both necessary and sufficient to drive axon differentiation. Consistent
with this, we found that in polarizing hippocampal neurons expressing EGFP, the expression level of acetylated ␣-tubulin, a
mark of stabilized microtubules, was significantly higher in the
emerging axon than other neurites (Fig. 7 A, B). As shown in Figure 2E, NGL-2 overexpression promoted multiple axons. In neurons overexpressing EGFP-NGL-2, high levels of acetylated
␣-tubulin were found in multiple neurites (Fig. 7 A, B). Whereas,
in neurons transfected with NGL-2 shRNA, the expression level
of acetylated ␣-tubulin was significantly lower in all neurites, and
NGL-2-deficient neurons also failed to be polarized (Fig. 7C,D).
These results suggest that, during neuron development, NGL-2
stabilizes microtubules and controls the spatial polarization of
stabilized microtubules.
How does NGL-2 stabilize microtubules? NGL-2 activated
p-aPKC in hippocampal neurons, but there was no effect on
total aPKC. The activated p-aPKC after NGL-2 overexpression
was accompanied by an elevated phosphorylation of MARK2 at a
specific site Thr 595, which was known to result in inhibition of
MARK2 kinase activity and dephosphorylation of Tau. Conversely, knockdown of the endogenous NGL-2 resulted in a decrease of p-MARK2 and an increase of p-Tau (Fig. 8 A, B).
Dephosphorylated Tau could bind, bundle, and stabilize micro-
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Figure 5. NGL-2 is recruited by PAR6 and polarized distribution at the tip of axon. A, The effect of the knockdown of PAR6 on NGL-2 distribution. Hippocampal neurons were transfected
with PAR6 siRNA or control siRNA. Arrowhead indicates the tip of the axon. Scale bar, 25 m. B, Profiles of NGL-2 immunofluorescence intensity in the processes of stage 2 and stage 3
neurons. Fluorescence intensities were plotted against the distance from soma, as shown in A. C, NGL-2/Tuj1 ratios in axon tips of stage 3 neurons. The NGL-2/Tuj1 ratio in the axon tip
of neurons transfected with control siRNA was 3.81 ⫾ 0.89 (n ⫽ 50). The NGL-2/Tuj1 ratio in the axon tip of neurons transfected with PAR6 siRNA was 1.2 ⫾ 0.26 (n ⫽ 50). The error
bars represent the SD. ***p ⬍ 0.001, Student’s t test. D–I, PAR6 recruits NGL-2 to one side of the HEK 293 cells. HEK 293 cells were transfected with EGFP-NGL-2 without or with
DsRed-PAR6. After 48 h, cells were fixed. Scale bar, 10 m. The immunofluorescence intensity of EGFP-NGL-2 and DsRed-PAR6 signals were measured by ImageJ. J, K, HEK 293 cells were
cotransfected with EGFP-NGL-2‚PB and DsRed-PAR6. After 48 h, cells were fixed. Scale bar, 10 m. The immunofluorescence intensity of NGL-2 and PAR6 signals was measured by
ImageJ.
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Figure 6. Distribution and function of NGL-2‚PB in hippocampal neurons. A, Hippocampal neurons were transfected with pEGFP-NGL-2‚PB. After 24 h (stage 2) or 48 h (stage 3), cells were
fixed and stained with neuron marker Tuj1. Scale bar, 25 m. B, Profiles of NGL-2‚PB immunofluorescence intensity in the processes of stage 2 and stage 3 neurons. Fluorescence intensities were
plotted against the distance from the soma, as shown in A. C, The effect of NGL-2‚PB overexpression on axon differentiation. Hippocampal neurons were transfected with pEGFP-NGL-2‚PB or
pEGFP-empty vector. Transfected neurons were identified by EGFP and stained with axonal marker Tau1. Scale bar, 25 m. D, Quantitative analysis of axon differentiation transfected by
NGL-2‚PB. N.S., Not significant (Student’s t test).

tubules, leading to the differentiation of the axon (Chen et al.,
2006). The notion that NGL-2-driven differentiation is mediated
by aPKC was further supported by the finding that in neurons
transfected with NGL-2 shRNA and DsRed-aPKC, 73 ⫾ 2%
(n ⫽ 40) developed axon-like processes positive for Tau1. In contrast, in neurons transfected with NGL-2 shRNA and DsRed-PAR6,
40 ⫾ 5% (n ⫽ 42) exhibited normal polarization (Fig. 8C–F), suggesting that reduced axon differentiation resulting from the downregulation of NGL-2 could be prevented by aPKC, but not by
PAR6. All of these results indicated that NGL-2 promotes axon differentiation via the aPKC/MARK2 signaling pathway.

Discussion
Neurons undergo different developmental stages during their
polarization. This process follows well described morphological
changes: neurons transform from round cells bearing lamellipo-

dia (stage 1) into multipolar cells with several minor neurites
(stage 2). At this stage, the neuron still has an unpolarized morphology. Neuronal symmetry breaks when one of the minor neurites extends rapidly to differentiate into an axon (stage 3), while
the other neurites remain short and develop into dendrites at
later stages (stage 4). This is followed by functional maturation,
and the formation of dendritic spines and synapses (stage 5; Tahirovic and Bradke, 2009; Neukirchen and Bradke, 2011b).
NGL-2 has been identified as a trans-synaptic adhesion molecule
regulating the development and plasticity of synapses in hippocampal neurons (Kim et al., 2006; Woo et al., 2009; DeNardo et
al., 2012; Soto et al., 2013). But in other stages, especially during
axon differentiation, the function of NGL-2 is not well understood. Our study demonstrated that NGL-2 plays a critical role in
axon differentiation in hippocampal neurons. Enhanced expres-
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Figure 7. NGL-2 controls the spatial polarization of stabilized microtubules. A, NGL-2 overexpression increased the relative intensity of acetylated ␣-tubulin in multiple neurites of neurons.
Hippocampal neurons were transfected with pEGFP-NGL-2 or pEGFP-empty vector. Transfected neurons were identified by EGFP. Cells were fixed and stained with anti-acetylated ␣-tubulin
antibodies, a stabilized microtubule marker, and anti-␣-tubulin. Scale bar, 25 m. B, Quantification of the relative fluorescence intensity of acetylated ␣-tubulin vs ␣-tubulin. The error bars
represent the SD. *p ⬍ 0.001, Student’s t test. N.S., Not significant. C, NGL-2 shRNA decreased the relative fluorescence intensity of acetylated ␣-tubulin in all neurites of neurons. Hippocampal
neurons transfected with NGL-2 shRNA or control shRNA were identified by GFP. Cells were fixed and stained with anti-acetylated ␣-tubulin antibodies and anti-␣-tubulin. Scale bar, 25 m. D,
Quantification of the relative intensity of acetylated ␣-tubulin vs ␣-tubulin. The error bars represent the SD. *p ⬍ 0.001, Student’s t test. N.S., Not significant.

sion of NGL-2 promotes axon formation in neurons, whereas
knockdown of NGL-2 blocks the axon formation and neuron
polarization. The function of NGL-2 in neurons relies on the
interaction with PAR complex, which is mediated by PAR6.
PAR complex of PAR3, PAR6, and atypical PKC has emerged
as a central player in the mechanisms that regulate cell polarity in
the different cell types of various organisms ranging from worms
to mammals (Aranda et al., 2008). Many binding partners for this
complex have been implicated in regulating the polarity of cells,
such as the small GTPase Cdc42 (Joberty et al., 2000), the kinesin
motor protein KIF3A (Nishimura et al., 2004), the guanine exchange factor Tiam1/STEF (Nishimura et al., 2005), the lipid and
protein phosphatase PTEN (Feng et al., 2008), the GTPase activating protein (GAP) p190RhoGAP (Zhang and Macara, 2008),
the tumor suppressor lethal giant larvae (Lgl) (Plant et al., 2003),
the ubiquitin ligases Smurf1 and Smurf2 (Schwamborn et al.,
2007), and the transforming growth factor receptor 1 (Ozdamar
et al., 2005). For the first time, we have demonstrated that NGL-2
can interact with PAR complex. Such a physical association with
PAR complex is necessary for the polarized subcellular distribution of NGL-2, as well as the axon-promoting capacity of NGL-2.
Endogenous NGL-2 was coprecipitated with PAR3, PAR6,
and aPKC, respectively, in the homogenates from the rat brain.
But, in fact, the coprecipitation phenomena between NGL-2 and

PAR3 or NGL-2 and aPKC cannot be detected in HEK 293 cells
except by the presence of PAR6. These results suggested that
PAR6 is the essential element among the components of the complex to interact with NGL-2, and NGL-2 binds directly to PAR6,
which is required for the interaction of NGL-2 with PAR3 and
aPKC. In our results, the polarity accumulation of PAR6 recruited NGL-2 to the same sites in both HEK 293 cells and hippocampal neurons. Knockdown of PAR6 expression disturbed
the polarity distribution of NGL-2. Therefore, polarized distribution of NGL-2 depends on the presence of PAR6. Previous studies
showed that the evolutionarily conserved NGLs proteins share
the same PDZ binding domain in their C terminal, which interacts with the first two PDZ domains of PSD-95 protein, and are
interdependent with PSD-95 for synaptic localization (Kim et al.,
2006). We found that the PDZ binding domain of NGL-2 bound
the PDZ domain of PAR6. Deletion of the PDZ binding domain
also disturbs the polarity distribution of NGL-2. These results
further demonstrate that NGL-2 first binds to PAR6, then is recruited by PAR6 to be involved in the axon differentiation, and
the PDZ binding domain is the critical domain for the polarized
distribution of NGL-2. In the presence of PAR6, NGL-2 interacts
with PAR3 and aPKC in HEK 293 cells and brain.
Over the past decade, PAR6 has emerged as a key player in a
plethora of cellular polarity processes in organisms ranging from
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Figure 8. NGL-2 promotes axon differentiation by the aPKC/MARK2 signaling pathway. A, B, NGL-2 regulates tau phosphorylation by aPKC/MARK2 singaling pathway. A, Hippocampal
neurons transfected by pEGFP-NGL-2 (left) or NGL-2 shRNA (right) were lysed and analyzed by Western blotting with indicated antibodies. Blotting with anti-GAPDH antibody showed equal amount
of loading. B, The relative protein expression was normalized to GAPDH. The error bars represent the SD of three experiments. **p ⬍ 0.01, ***p ⬍ 0.001, Student’s t test. N.S., Not significant. C–E,
Overexpression of aPKC counteracts the polarity defect caused by NGL-2 suppression. Hippocampal neurons cotransfected with NGL-2 shRNA and DsRed-aPKC or DsRed-PAR6 were identified by
GFP and DsRed. Axons were identified by anti-Tau1 antibodies. Scale bar, 25 m. F, Quantification of the percentage of neurons that are polarized with a single axon [control shRNA, 82 ⫾ 3% (n ⫽
40); NGL-2 shRNA, 35 ⫾ 4% (n ⫽ 40); NGL-2 shRNA ⫹ DsRed-aPKC, 73 ⫾ 2% (n ⫽ 40); NGL-2 shRNA ⫹ DsRed-PAR6, 40 ⫾ 5% (n ⫽ 42)]. The error bars represent the SD. *p ⬍ 0.001, Student’s
t test. N.S., Not significant.
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worms to humans (Henrique and Schweisguth, 2003). PAR6 is a
hub and embedded in an extensively interconnected network of polarity complex interactions, such as PAR6 –PAR3–Cdc42–aPKC
complex and PAR6 –Lgl–Scrb complex (Bose and Wrana, 2006).
Our unpublished data identified that Cdc42 was also a protein that
interacted with NGL-2 by a liquid chromatography-tandem mass
spectrometry shotgun analysis and coimmunoprecipitation. So, the
spatial conformation of PAR6 protein provided an interaction platform for PAR3, NGL-2, Cdc42, and aPKC to communicate, share
information, and collaborate.
Initial neuronal polarization has been described as a “tug of
war” in which each neurite aims to become the axon (Craig and
Banker, 1994). In this model, an intracellular re-enhancing feedback loop singles out one neurite to become the axon, while
intrinsic inhibitory cues repress the growth of the other neurites
(Neukirchen and Bradke, 2011a). In recent years, it has been
shown that the microtubule cytoskeleton could be part of this
proposed positive feedback loop in the future axon (Neukirchen
and Bradke, 2011a). Microtubules exhibit a higher stability along
the shaft of axons than do minor neurites. Consistently, local and
transient microtubule stabilization of one minor neurite stimulates
its maturation into an axon (Witte et al., 2008). Furthermore, modest pharmacological microtubule stabilization promotes the establishment of supernumerary axons (Neukirchen and Bradke, 2011b).
Recent studies (Shi et al., 2003; Chen et al., 2013) reported that
the PAR complex is required for axon differentiation. PAR3/
PAR6/aPKC were found in multiple undifferentiated minor
processes of nonpolarized stage 2 hippocampal neurons and were
abundant in the axon, being particularly concentrated at its tip in
polarized stage 3 hippocampal neurons (Shi et al., 2003). aPKC
negatively regulates MARK2 activity to prevent Tau phosphorylation and thereby to maintain the stability of microtubules in
axons (Chen et al., 2006). Our results showed that, similar to
PAR3/PAR6/aPKC, NGL-2 was evenly distributed in all of the
multiple undifferentiated minor neurites in stage 2 neurons.
NGL-2 was more abundant at the tip of the axon only in stage 3
neurons. Overexpression of NGL-2 in hippocampal neurons led
to increased levels of p-aPKC. Conversely, knockdown of the
endogenous NGL-2 resulted in a decrease of p-aPKC. These
findings led us to focus the microtubule stability regulation
mechanism of NGL-2 on the interaction between NGL-2 and
aPKC. The increased level of p-aPKC following NGL-2 overexpression was accompanied with elevated phosphorylation of
MARK2 and dephosphorylation of Tau. Moreover, the axon differentiation defect caused by the knockdown of NGL-2 was
rescued by aPKC overexpression. In contrast, PAR6 overexpression cannot prevent the phenotype. These observations suggested
that NGL-2 regulates microtubule stability and axon differentiation by activating the aPKC/MARK2 signaling pathway. From
the above, endogenous NGL-2 is an enhancer of the intracellular
re-enhancing feedback loop in normal hippocampal neuronal
polarization. The polarized accumulation of NGL-2 in single
neurites increased the local stabilization of microtubules and
made it a priority for growth in an axon. As we described in
Materials and Methods, exogenous NGL-2 was transfected into
hippocampal neurons before being plated onto coverslips. This
means that the effect of exogenous NGL-2 overexpression has
worked in stage 2 neurons. The interaction between exogenous
NGL-2 and endogenous PAR3/PAR6/aPKC complex increased
the stabilization of microtubules in multiple undifferentiated minor neurites in stage 2 neurons and broke the normal feedback
loop, promoting the establishment of multiple axons. This notion has been proven by an RNAi-resistant NGL-2 rescue exper-
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iment. An shRNA-resistant NGL-2M not only recovered the
percentage of normal neurons with a single axon but also increased the percentage of neurons with multiple axons.
Our study demonstrates that PAR6 is responsible for the polarized distribution of NGL-2 in the emerging axon. After being
recruited by PAR6, NGL-2 regulates microtubule stability to control axon differentiation by regulating aPKC. The binding to
PAR6 and the subsequent activation of aPKC is critical for the
function of NGL-2 in axon differentiation.
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