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Neurons have multiple dendrites and single axon. This 
neuronal polarity is gradually established during early 
processes of neuronal differentiation: generation of multiple 
neurites (stages 1-2); differentiation (stage 3) and maturation 
(stages 4-5) of an axon and dendrites. In this study, we 
demonstrated that the neuron-specific n-glycosylated 
protein NELL2 is important for neuronal polarization and 
axon growth using cultured rat embryonic hippocampal 
neurons. Endogenous NELL2 expression was gradually 
increased in parallel with the progression of developmental 
stages of hippocampal neurons, and overexpression of 
NELL2 stimulated neuronal polarization and axon growth. 
In line with these results, knockdown of NELL2 expression 
resulted in deterioration of neuronal development, 
including inhibition of neuronal development progression, 
decreased axon growth and increased axon branching. 
Inhibitor against extracellular signal-regulated kinase (ERK) 
dramatically inhibited NELL2-induced progression of neuronal 
development and axon growth. These results suggest that 
NELL2 is an important regulator for the morphological 
development for neuronal polarization and axon growth.

Keywords: axon growth, extracellular signal-regulated kinase, 
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INTRODUCTION

The secreted N-glycosylated protein NELL2 is specifically 

expressed in neural tissues (Matsuhashi et al., 1995; Oyasu 

et al., 2000). NELL2 contains a signal peptide and multiple 

functional domains such as a thrombospondin-1-like domain, 

six epidermal growth factor-like domains and Ca2+ binding 

domains, suggesting its multifunctional roles in neural cells 

(Matsuhashi et al., 1995; Rao et al., 1995). One possible 

NELL2 function in neural cell differentiation has been pro-

posed based on several findings: its spatial expression gener-

ally corresponds to regions of neurogenesis and it functions 

in neural cell differentiation during development (Jeong et 

al., 2008; Kim et al., 2002; Nelson et al., 2004). Our recent 

study showed that NELL2 regulates neuronal differentia-

tion of mouse embryonic carcinoma P19 cells via control of 

N-cadherin-mediated cell aggregation (Kim et al., 2014). 

In addition to this function, here we report a novel role for 

NELL2 in neural cell differentiation, specifically in the genera-

tion of neuronal polarity and axon growth.

	 Neurons typically consist of a single axon and multiple 
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dendrites. This structural polarity of neurons creates a cellu-

lar basis for neural networking and the unidirectional signal 

transduction from dendrites to axon. The polarity of neurons 

is established during early processes of neuronal differenti-

ation, which have been well studied using cultured hippo-

campal neurons (Dotti et al., 1988). First, the cells extend 

multiple neurites (stages 1-2); next, one of the neurites is 

selected to differentiate into the axon (stage 3), whereas oth-

ers give rise to dendrites, followed by maturation of the axon 

and dendrites at stages 4 and 5. This neuronal polarization is 

regulated by numerous factors and mechanisms (Shi et al., 

2003; Yan et al., 2006). In this study, we show that NELL2 

promoted axon development of neurons using hippocampal 

primary cultured neurons transfected with NELL2 expression 

vectors and small interfering RNA (siRNA) targeting NELL2.

MATERIALS AND METHODS

Hippocampal primary neuron culture
Whole brains were isolated from rats at embryonic day 18. 

Animal care and procedures were conducted according to 

the protocols and guidelines approved by the University of 

Ulsan Animal Care and Use Committee (UOUACUC-No. 

BJL-17-020). The hippocampi were digested with papain 

(Worthington Biochem, USA) at 37°C for 30 min, followed 

by trituration with pipettes in the plating media (minimal es-

sential medium [MEM] containing 10% fetal bovine serum, 

0.5% glucose, 1 mM sodium pyruvate, 25 μM glutamine, 

and 1× penicillin/streptomycin) (Shi et al., 2003). Dissociated 

neurons were plated onto 18 mm glass coverslips coated 

with poly-D-lysine (50 μg/ml; Sigma-Aldrich, USA) (5 slips/60 

mm culture dish) at density of 1.2 × 105 cells/dish. After 4 

h, the plating media were replaced with Neurobasal media 

(Thermo Scientific, USA) containing B27 supplement (Gibco, 

USA) and 0.5 mM Glutamax (Thermo Scientific). The media 

were replaced with Neurobasal media 4 h after plating. At 6 

h after plating, neurons were transfected with the pDS-GFP-

XB control vector (pDS-GFP-XB) or pDS-GFP-XB expression 

vector that encodes NELL2 (pDS-NELL2-GFP) using jetPRIME 

(Polyplus, USA) according to the manufacturer’s instructions. 

Cells were incubated with jetPRIME buffer (Polyplus) for 15 

min at room temperature before the mixture was added to 

the cells. To confirm involvement of NELL2 in the develop-

ment of neuronal polarity, hippocampal primary neurons 

were treated with human NELL2 protein (Cat. No. 13132-

H08B; Sino Biological, USA). To determine intracellular signal-

ing in NELL2-induced neuronal polarity, hippocampal neuro-

nal cells were incubated with extracellular signal-regulated 

kinase (ERK) inhibitor, U0126 (10 μM; Calbiochem, USA); 

phosphoinositide 3-kinase (PI3K) inhibitor, LY294002 (5 μM; 

Sigma-Aldrich); or mitogen-activated protein kinase (MAPK) 

inhibitor, SB203580 (5 μM; Calbiochem) during the neuronal 

development period. All the inhibitors were directly added 

to Neurobasal media at indicated concentrations 8 h after 

plating. Neurons were then fixed and analyzed at 2 to 3 days 

after plating.

Immunocytochemistry
Hippocampal primary neurons were washed with phosphate 

buffered saline and fixed with pre-warmed 4% paraformal-

dehyde at room temperature for 15 min. Fixed neurons were 

then incubated for 30 min at room temperature in a blocking 

solution containing 1% bovine serum albumin and 0.1% Tri-

ton X-100 in 0.1 M PB. The neurons were then washed and 

incubated with rabbit anti-NELL2 antiserum (1:1,000) (Jeong 

et al., 2008) and chicken anti-Tau1 antibody (1:1,000, Cat. 

No. ab75714; Abcam, USA) overnight at 4°C. For immuno-

fluorescence, sections were incubated with a combination of 

Alexa Fluor 594-labeled goat anti-rabbit (1:1,000, Cat. No. 

A11012; Invitrogen, USA) and Alexa Fluor 488-labeled goat 

anti-chicken secondary antibody (1:1,000, Cat. No. 4410; 

Cell Signaling Technology, USA) for 1 h at room temperature. 

Images were taken with a FV1200 confocal laser-scanning 

microscope (Olympus America, USA) and EVOS FL Auto2 Im-

aging System (Thermo Scientific).

Analysis of images for neurons and axon branch morphol-
ogy
Axon was defined as a 45 μm long neurite, which is 10 μm 

longer than other neurites (Goslin and Banker, 1989), with 

positive Tau1 (axon marker) expression. The length of axon 

and dendrites were measured using ImageJ software (Na-

tional Institutes of Health, USA). The primary branch extends 

from the soma. The secondary, tertiary and fourth branches 

are branches extending from the primary, secondary and ter-

tiary branches, respectively. The length of the total branches 

is the sum of the lengths of primary, secondary, tertiary and 

fourth branches. The axon branches were traced using Neu-

ronJ program (https://imagescience.org/meijering/software/

neuronj/).

RNA interference
For siRNA-mediated knockdown of NELL2, receptors round-

about (Robo)2 and Robo3, neurons were transfected with 

100 pmole of either the fluorescent dye (FAM)-labeled 

negative control siRNA (siCTL), FAM-labeled NELL2 siRNA (si-

NELL2) (Bioneer Primer Synthesis Service, Korea), Robo2 siR-

NA or Robo3 siRNA using Lipofectamine 3000 for 24 h. The 

siRNA sequences are as follows: NELL2 sense, 5′-GGA CGA 

AAG CCU UCC UCU U-3′; NELL2 antisense, 5′-AAG AGG 

AAG GCU UUC GUC C-3′; Robo2 sense, 5′-GUC AGU CAC 

UCC AAC CCA U-3′; Robo2 antisense, 5′-AUG GGU UGG 

AGU GAC UGA C-3′. Robo3 sense, 5′-GUC AGU CAC UCC 

AAC CCA U-3′; Robo3 antisense, 5′-AUG GGU UGG AGU 

GAC UGA C-3′; control siRNA sense, 5′-CCU ACG CCA AUU 

UCG-3′; control siRNA antisense, 5′-ACG AAA UUG GUG 

GCG UAG G-3′.

Real-time polymerase chain reaction (PCR)
Total RNA was extracted with TRIzol reagent (Invitrogen) 

according to the protocol supplied by the manufacturer 

and a previous report (Jin et al., 2016). RNA purity and 

concentration were determined by NanoDrop ND-1000 

Spectrophotometer (Nano Drop Technologies, USA) using 

absorbance at 260 nm and 280 nm. cDNA was synthetized 

using the Qiagen Whole Transcriptome Kit (Qiagen, USA) 

and analyzed by real-time PCR using the following primer 

sets: NELL2 sense primer, 5′-GGT AGC CGT CTC TGC ACT 
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CA-3′, NELL2 antisense primer, 5′-TGT AGA AAC GGA GCG 

TG-3′; Robo2 sense primer, 5′-GCT ACG ATC CAA GAC 

CAA GG -3′, Robo2 antisense primer, 5′-CAG ACT CTG TCA 

CAT CCA GC-3′; Robo3 sense primer, 5′-GGA GAT CCC 

CAG CCC AAT CT-3′, Robo3 antisense primer, 5′-TCG GCC 

CAC ACT GTT TTC T-3′; GAPDH sense primer, 5′-GGG GCC 

AAA AGG GTC ATC AT-3′, GAPDH antisense primer, 5′-GTG 

ATG GCA TGG ACT GTG GT-3′. Real-time PCR experiments 

were performed by BrightGreen 2× qPCR MasterMix-ROX 

(ABM, Canada) using the StepOnePlus Real-Time PCR System 

(Applied Biosystems; Thermo Scientific) for ~40 cycles. Data 

were normalized for gene expression by using GAPDH as an 

internal control. The 2
–ΔΔCT method was used to analyze the 

relative quantification of gene expression.

Statistics
The results were analyzed with a one way ANOVA followed 

by the Student Neuman–Keuls multiple comparison test for 

unequal replications. Student’s t-test was used to compare 

two groups. Two-way ANOVA was performed to detect sig-

nificant interaction between groups. The data were analyzed 

using GraphPad Prism 5 software (GraphPad Software, USA).

RESULTS

Effect of NELL2 on the differentiation process of cultured 
hippocampal neurons
To determine the effect of NELL2 on neuronal differentiation, 

we used primary cultured cells from rat fetus at embryonic 

day 18. The primary culture of dissociated hippocampal neu-

rons is a well-established system to study the development of 

neuronal polarity (Craig and Banker, 1994). The developing 

hippocampal neurons in primary cultures were subdivided 

into five stages as previously reported (Dotti et al., 1988). 

After embryonic hippocampal cells were plated onto culture 

plates, neurons were initially surrounded by lamellipodia 

(stage 1, 0-12 h). Neurons gave rise to multiple immature 

neurites (stage 2, 12-24 h). Next, one of the neurites rapidly 

extended and became the axon (stage 3, 24-48 h). After 2 

to 3 days in culture, the remaining neurites became dendrites 

(stage 4, more than 3 days) and then neurons formed syn-

apses (stage 5, more than one week).

	 We examined NELL2 expression in the cultured rat hippo-

campal neurons using NELL2 antibody. NELL2 was expressed 

and distributed in all parts of the neurons at stages 1 to 3 

(Fig. 1A). NELL2 mRNA level was increased in parallel with 

progression from stages 1 to 3 (Fig. 1B), suggesting that 

NELL2 is involved in neural differentiation. Thus, we further 

investigated whether NELL2 promotes the progression of 

neural differentiation stages. Hippocampal primary cells were 

transfected with a NELL2 expression vector (pDS-NELL2-GFP, 

NELL2) or control vector (pDS-GFP-XB, CTL) 6 h after plating. 

Thereafter, hippocampal primary cells were cultured for 2 

days before analysis of differentiation stage. Approximate-

ly 94% of cells showed GFP expression (data not shown). 

Cells transfected with NELL2 expression vectors revealed an 

increased progression in the stages of neuronal differentia-

tion (Fig. 1C). These results together suggest that NELL2 is 

involved in the differentiation of hippocampal neurons.

Effect of NELL2 on neuronal polarization
As NELL2 promoted the progression of developmental stag-

es of cultured hippocampal neurons, we next investigated 

whether NELL2 affects neurite growth and neuronal polar-

ization. Neurons transfected with NELL2 expression vectors 

were cultured for 2 days and their morphology was analyzed 

(Fig. 2A). NELL2 overexpression resulted in increased av-

erage neurite length (Fig. 2B) and axon length of neurons 

(Fig. 2C); however, it decreased average neurite numbers 

per neuron (Fig. 2D). To confirm NELL2 function in neurite 

outgrowth and neuronal polarization of hippocampal neu-

rons, we cultured hippocampal neurons treated with human 

NELL2 protein for 2 days (Fig. 2E). NELL2 protein significantly 

increased average neurite length (Fig. 2F) and axon length 

(Fig. 2G), whereas average neurite number was decreased by 

the NELL2 protein (Fig. 2H). These results suggest that NELL2 

promotes neuronal polarity and axon growth during the de-

Fig. 1. NELL2 function in the differentiation of cultured hippo

campal neurons. (A) Expression of NELL2 in cultured hippocampal 

neurons during stages 1 to 3. Hippocampal neurons were stained 

with anti-NELL2 and anti-Tau1 antibodies. Scale bar = 20 μm. (B) 

Change of NELL2 mRNA level in cultured hippocampal neurons 

during developmental stages 1 to 3. (C) Effect of NELL2 on 

the development of cultured hippocampal neurons. Neurons 

were transfected with control (pDS-GFP-XB, CTL) or NELL2-

overexpresion vector (pDS-NELL2-GFP, NELL2). The progression 

of developmental stage was observed in the transfected cells 

that were identified with fluorescence. All data are presented as 

mean ± SEM. n = 60 (CTL) and 62 (NELL2) cells. *P < 0.05; **P 

< 0.01; ***P < 0.001. AU, arbitrary units. P values for unpaired 

comparisons were analyzed by two-tailed Student’s t-test. Two-way 

repeated-measures ANOVA was performed to detect significant 

interaction between groups.
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velopment of hippocampal neurons.

Effect of NELL2 siRNA on the morphological development 
of axon
To further confirm the effect of NELL2 on neuronal polariza-

tion, cultured hippocampal neurons were transfected with 

fluorescent FAM-labelled negative control siRNA (siCTL) or 

FAM-labelled NELL2 siRNA (siNELL2) and cultured for 2 days, 

and the morphology of FAM-labelled cells was analyzed (Fig. 

3A). The NELL2 siRNA resulted in about 50% decrease in 

Fig. 2. Effect of NELL2 on neuronal polarization. (A) Representative microphotographs of immunocytochemistry. Hippocampal neurons 

were cultured and transfected with pDS-GFP-XB (CTL) or pDS-NELL2-GFP (NELL2) vectors. Neurons were fixed at 2 days after transfection 

and stained with anti-Tau1 antibody. (B-D) Hippocampal primary cells transfected with CTL or NELL2 vectors were analyzed to determine 

the average neurite length (B), axon length (C), and average neurite number (D). All data are presented as mean ± SEM. n = 41 (CTL) and 

48 (NELL2) cells. (E-H) Hippocampal primary cells were treated with human NELL2 proteins and their neuronal polarization was analyzed 

after staining with anti-Tau1 antibody: representative microphotographs (E), neurite length (F), axon length (G), and average neurite 

number number (H). Scale bars = 20 μm (A and E). n = 35 (CTL), 48 (NELL2, 100 ng), and 40 (NELL2, 300 ng) cells. *P < 0.05; **P < 0.01; 

***P < 0.001; ns, no significance. AU, arbitrary units. P values for unpaired comparisons were analyzed by two-tailed Student’s t-test.
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Fig. 3. Effect of NELL2 siRNA on the morphological development of axon. (A-F) Primary cultured neurons were transfected with FAM-

labelled negative control siRNA (siCTL) or FAM-labelled NELL2 siRNA (siNELL2). The cells were fixed at 2 days after transfection and 

stained with anti-Tau1 antibody, and their axon development was analyzed: representative microphotographs (A), NELL2 mRNA level 

determined by real-time PCR analysis (B), axon length (C), average neurite length (D), average neurite number (E), and progression of 

development stages (F). n = 46 (siCTL) and 48 (siNELL2) cells. (G) Representative microphotographs showing neurons transfected with 

FAM-labelled negative control siRNA (siCTL) or FAM-labelled NELL2 siRNA (siNELL2). Scale bar = 20 μm (A and G). (H and I) The cultured 

neurons transfected with siRNA were analyzed to determine the average number of axon branches (H) and length of average axon 

branches at different branch order (I). All data are presented as mean ± SEM. n = 75 (siCTL) and 82 (siNELL2) cells. *P < 0.05; **P < 0.01; 

***P < 0.001. AU, arbitrary units. P values for unpaired comparisons were analyzed by two-tailed Student’s t-test. Two-way repeated-

measures ANOVA was performed to detect significant interaction between groups.
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NELL2 mRNA level (Fig. 3B), and then caused a significant 

decrease in the axon length (Fig. 3C), but did not significantly 

affect average neurite length (Fig. 3D) or average neurite 

number (Fig. 3E), which further suggests the importance 

of NELL2 in axon development. Moreover, cells transfected 

with NELL2 siRNA showed a delayed progression of neuronal 

differentiation (Fig. 3F), suggesting that NELL2 is important 

in the normal progression of neuronal differentiation. Our re-

sults above indicate that NELL2 is important in the generation 

of neural polarity and normal axon growth. Surprisingly, si-

NELL2 increased the formation of axon branches (collaterals); 

many neurons transfected with siNELL2 showed multiple sec-

Fig. 4. Signaling pathway of NELL2 action for axon development. (A) Expression of Robo1, Robo2, and Robo3 mRNA in the different 

developmental stage of hippocampal primary cells. (B) Robo2 and Robo3 mRNA levels were determined in the hippocampal primary 

cells transfected with negative control siRNA (siCTL), siRNA Robo2 (siRobo2), or siRNA Robo3 (siRobo3). (C and D) Quantitative analysis 

for the average neurite length (C) and axon length (D) by treatment with siRobo2 and siRobo3. n = 53 (siCTL), 56 (siRobo2), and 55 

(siRobo3) cells. (E and F) Effect of ERK inhibitor (U0126, 10 μM) on NELL2 action on neurites and axon development: representative 

microphotographs showing primary cultured neurons (E) transfected with pDS-GFP-XB (CTL) or pDS-NELL2-GFP (NELL2) and calculated 

average neurite length (F). n = 46 (CTL), 28 (CTL-U0126), 43 (NELL2-CTL), and 22 (NELL2-U0126) cells. Scale bar = 20 μm. All data are 

presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. AU, arbitrary units. P values for unpaired comparisons were analyzed by 

two-tailed Student’s t-test. Two-way repeated-measures ANOVA was performed to detect significant interaction between groups.
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ondary, tertiary or fourth branches and some showed more 

than five branches (Fig. 3G). The average number of axon 

branches was significantly increased by siNELL2 transfection 

(Fig. 3H). We then measured the average lengths of primary, 

secondary, tertiary and fourth axon branches. Neurons trans-

fected with siNELL2 showed a significantly shorter average 

length of secondary and tertiary axon branches compared 

with the control group (Fig. 3I). Because axons with abnor-

mal morphology, such as ramified and curled axon branches, 

cannot fulfill normal functions for transmission of information 

to different neurons (Díaz-Hernandez et al., 2006), these re-

sults indicate that NELL2 is a critical regulator for the normal 

development of axons and thus for the normal function of 

neurons.

Effect of NELL2 signaling on the morphological develop-
ment of axon
Recent studies have identified NELL2 as a novel ligand for the 

receptors roundabout (Robo)2 and 3 that are receptors for 

chemorepellent Slit proteins during neural development (Ja-

worski et al., 2015; Yamamoto et al., 2019). Thus, we next 

investigated whether NELL2 action on axon development is 

carried out via Robo2 and Robo3. First, we analyzed mRNA 

expression of Robo receptors during developmental stages 

of hippocampal primary neurons. The mRNA levels of Robo1 

to Robo3 were relatively constant throughout the develop-

mental stages (Fig. 4A). In addition, hippocampal primary 

cells were transfected with siRNA to knockdown Robo2 and 

Robo3 expression (Fig. 4B) and their neurite and axon length 

were determined (Figs. 4C and 4D). Neither average neurite 

length nor average axon length was affected by knocking 

down Robo2 or Robo3 expression, suggesting that NELL2 

acts on axon development through another signaling system.

	 Various signaling pathways are involved in neuronal polar-

ity and axon growth, including PI3K, MAPK and ERK path-

ways (Barnes and Polleux, 2009; Kim and Baek, 2019; Nix et 

al., 2011; Perron and Bixby, 1999; Shi et al., 2003). To iden-

tify whether NELL2 action on axon development is mediated 

through one of these signaling pathways, hippocampal neu-

rons transfected with NELL2 expression vectors were treated 

with PI3K inhibitor (LY294002), MAPK inhibitor (SB203580) 

or ERK inhibitor (U0126). ERK inhibitor markedly decreased 

the average neurite length compared with control cells 

(Figs. 4E and 4F) as previously reported (Ma et al., 2017). 

In NELL2-overexpressing cells, the ERK inhibitor significantly 

decreased neurite length and, moreover, inhibited axon for-

mation and development. No axon was found in these cells. 

In contrast, inhibition of PI3K and MAPK signaling did not 

induce any change in NELL2-transfected neurons (data not 

shown). Together, these results indicate that NELL2 regulates 

neuronal polarization not via Robo2 or Robo3, but through 

the ERK signaling pathway.

DISCUSSION

NELL2 has been reported to be involved in neural develop-

ment. However, the detailed functions of NELL2 in neural 

development have been unknown. In this study, we found 

a novel NELL2 function in neuronal polarity and axon devel-

opment of hippocampal neurons. Previous studies reported 

NELL2 as a novel neurotrophin (Choi et al., 2010; Kim et al., 

2014; Nelson et al., 2004). Neurotrophins are growth factors 

that induce the differentiation, survival, and development of 

neurons (Huang and Reichardt, 2001; Park and Poo, 2013). 

Several neurotrophins are also involved in the development 

of axons; axon formation and growth are positively regu-

lated by neurotrophins such as nerve growth factor (NGF), 

brain-derived neurotrophic factor (BDNF), neurotrophin 3 

(NT3), and NT4 (Chao, 2003; Park and Poo, 2013). During 

axon-dendrite polarization of cultured hippocampal neurons, 

BDNF promoted differentiation of unpolarized neurites into 

an axon and dendrites via activation of its receptor (TrkB) sig-

naling (Cheng et al., 2011). BDNF secreted by neurons con-

tributed to axon initiation via autocrine and paracrine actions, 

whereas short hairpin RNA-mediated downregulation of 

BDNF synthesis resulted in markedly impaired axon initiation. 

Similarly, our results suggest that NELL2 released from trans-

fected cells acts on neural polarization of the same cells and 

neighboring cells via autocrine and/or paracrine routes.

	 In this study, knockdown of NELL2 expression resulted 

in abnormal axon morphology that was characterized with 

changed branch formation. The extension of axon branching 

allows a neuron to connect to broad regions and combine 

information from diverse regions in the nervous system 

(Acebes and Ferrús, 2000; Kalil and Dent, 2014). According 

to previous reports, NELL2 knockout (KO) mice showed en-

hanced long-term potentiation in the hippocampal dentate 

gyrus (Matsuyama et al., 2004), but poor learning in the 

Morris water maze test (Matsuyama et al., 2005). How these 

results were caused by NELL2 KO had been unclear. Our 

present results suggest an importance of NELL2 in normal 

axon development of hippocampal neurons that are pivotal 

for the learning and memory system.

	 In mammals, four members of the Robo family (Robo1 to 

Robo4) have been identified as receptors for Slit ligands (Slit1 

to Slit3), the axon guidance cues (Seiradake et al., 2016; 

Ypsilanti et al., 2010). Recent studies have identified NELL2 

as a novel ligand for Robo2 (Yamamoto et al., 2019) and 

Robo3 (Jaworski et al., 2015). However, our siRNA-mediated 

knockdown of Robo2 and Robo3 expressions did not affect 

NELL2-induced axon development in the hippocampal neu-

rons. These results indicated that another receptor-mediated 

intracellular signaling system may be responsible for NELL2 

action in axon development.

	 Our previous studies showed that siRNA-mediated knock-

down of NELL2 resulted in a decrease of ERK phosphorylation 

and increase of Bax expression in neuroprogenitor cells (Choi 

et al., 2010) and revealed that NELL2 stimulated intracellular 

ERK signaling for the regulation of N-cadherin in neuronal 

differentiation (Kim et al., 2014). In this study, treatment with 

an ERK inhibitor resulted in a loss of neuronal polarity and a 

significant decrease of neurite length in cells transfected with 

NELL2. These interesting results suggest that the function 

of NELL2 in axon development is also mediated through the 

ERK signaling pathway, though the specific receptor and in-

tracellular mediators are unclear.

	 In summary, our results revealed that NELL2 plays an 

important role in axon development during neuronal differ-
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entiation through the ERK intracellular signaling pathway in 

cultured hippocampal neurons.
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