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ABSTRACT 
 

Neurite Growth Regulation by Artemin  

in DRG Neuronal Cells 
 
 

Doc Gyun Jeong 
 
 

Department of Medical Science 

The Graduate School, Yonsei University 

 
 

(Directed by Professor Wyun Kon Park) 
 
 

Neuritogenesis is a significant process in neuronal cells. Extra 

environments significantly affect neuritogenesis. Glial cell line-derived 

neurotrophic factor (GDNF) shows various effects on cell development and 

growth. Artemin is one of the GDNF family ligands (GFLs) containing GDNF, 

neurturin, and persephin. GFLs are bound to GFRα and RET tyrosine kinase, 

and stimulate many intracellular signal transduction pathways in both RET-

dependent and -independent manners.  

In this study, artemin can stimulate neurites outgrowth and actin 

polymerization of the mature dorsal root ganglia (DGR) neuronal cells. Also, 

the increase of vesicle clustering by artemin was detected. RET and Src 

proteins were stimulated by the treatment with artemin. Our results showed 

that the inhibition of SFKs or ERK suppressed the artemin-dependent neurite 



 vi 

growth, suggesting that these proteins could be relevant to neurite elongation 

in mature DRG. 

Although a variety of signaling proteins have been identified to be involved 

in the regulation of actin networks, this work surveys on a terminal signaling 

component, SH3-containing Nck1 in linking to the organization of actin 

cytoskeleton. Here, Nck1, Src, and Hck SH3-interacting proteins were 

screened by a GST-pull down and 2D proteomics method. Some proteins 

containing cytoskeletal proteins and unnamed proteins were found to interact 

with SH3 domains. 

In summary, artemin stimulates neurite growth in mature DRG neurons 

through interacting with RET tyrosine kinase, which stimulates intracellular 

signaling. ERK1/2 and SFK are related with artemin-dependent neurite 

growth. In the process, cytoskeletal protein and some proteins are bound to 

SH3 domain. 

 
 
 
Key words : artemin, DRG, neurites growth, ERK1/2, SFK, SH3 domain 
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Neurite Growth Regulation by Artemin  
in DRG Neuronal Cells 

 

Doc Gyun Jeong 
 
 

Department of Medical Science 

The Graduate School, Yonsei University 

 
 

(Directed by Professor Wyun Kon Park) 
 

 

ⅠⅠⅠⅠ. INTRODUCTION 
  

The glial cell line-derived neurotrophic factor (GDNF) family comprises 

four known members: GDNF, neurturin, artemin, and persephin.1-3 These 

secreted proteins promote the survival of various kinds of neurons of the 

peripheral nervous system4-13 and central nervous system14-19 and play a role 

in the development of several other organs.20-25 In addition to promoting the 

survival and differentiation of neurons, neurotrophic factors can influence 

neurite outgrowth. For example, neurites of chick dorsal root ganglion (DRG) 

cells grow toward a source of nerve growth factor (NGF).26 Similarly, GDNF 

family members including artemin, GDNF, and neurturin appear to play a role 

in promoting neurite and axon outgrowth from some types of neurons.25,27-36 

These are expressed by a variety of tissues both at embryonic and at postnatal 

development stage.36 The response of different types of neurons to particular 

neurotrophic factors, including the GDNF family, varies during 

development.37-39 For example, the survival response of embryonic chicken 
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parasympathetic, sympathetic, and sensory neurons to GDNF and neurturin 

changes with age.40  

Artemin is the most recently identified member of the GDNF family. It 

enhances the generation and survival of early sympathetic neurons, transient 

survival effect on mature superior cervical ganglion (SCG) neurons and 

enhances the growth of SCG neuron arbours.25 Also, it has shown a significant 

response on the neurite growth and survival of DRG at postnatal age.36,41 A 

recent study showed that systemic artemin prevents and reverses neuropathic 

pain and normalizes spinal nerve ligation (SNL)-induced morphological 

changes.42 Also, both artemin and neurturin, as well as GDNF, are known to 

activate axonal growth. However, the mechanism by which artemin mediates 

the reversal of neuropathic pain or the activation of axonal growth is unclear.  

The GDNF family ligands signal through a complex receptor consists of 2 

subunits, an extracellular glycosylphosphatydlinositol(GPI)-linked GDNF 

family receptor-alpha (GFRα) receptor43-47 and an intracellular receptor 

tyrosine kinase (RET) receptor protein tyrosine kinase.48 The downstream 

signaling and role of RET were reviewed by Arighi et al.49 The downstream 

signaling pathways are thought to be mostly common for all GDNF-family 

members, since all GFRαs bind to and activate the same tyrosine kinase and 

induce coordinated phosphorylation of the same four key RET tyrosines 

(Tyr905, Tyr1015, Tyr1062, and Tyr 1096) with similar kinetics. GDNF can 

signal independently of RET through GFRα1, as suggested by the widespread 

expression of GFRα proteins without RET in many areas of the nervous 

system. In RET-deficient cell lines and primary neurons, GDNF triggers Src-

family kinase activation and phosphorylation of Mitogen-Activated Protein 

Kinase (MAPK), Phospholipase C-γ (PLC-γ), cAMP response element-

binding (CREB) protein, and induction of Fos. These findings suggest that 

GFLs may signal in neuronal and glial cells independently of RET in 
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collaboration with other transmembrane proteins.49  

Activation of RET stimulates various intracellular signaling cascade. So, 

artemin can stimulate intracellular signaling and relate to neurite growth 

through GFRα-RET complex. It has been studied that relation between neurite 

growth and intracellular signaling. First of all, MAPK relate to neurite growth. 

Experiments on neuroblastoma cells suggest that GDNF by tyrosine 

phosphorylation of the RET receptor activates the MAPK signal transduction 

pathway and could plays an important role in regulating the growth and 

differentiation of neuroblastomas. Also, It was found that GDNF caused a 

strong increase both in active MAPK staining and in axonal outgrowth of 

adult DRG neurons.50 Second, Phosphatidyl Inositol 3-Kinase (PI3-K) has 

some approvable research results that have related with neurite growth. 

Studies using compartmentalized cultures of sympathetic neurons have shown 

that the PI3-K pathway is required for NGF-induced distal axon growth51 and 

also for growth cone responses to neurotrophins and other chemotropic 

regulators.52 Also, various PI3-K/Akt signal inhibitors reduced NGF-induced 

neurite outgrowth in PC12 cells. In addition, NGF induced neurite outgrowth 

in the wild type-Akt and constitutive active form-Akt transfected PC12 cells 

but not in the dominant negative-Akt cells, and neurite outgrowth took place 

in the constitutive active form-Akt transfected cells without adding any 

NGF.53 

Last, Src family kinase also has the signaling related with neurite outgrowth. 

Activated RET interacts with Src-family protein kinases (SFKs) only when 

RET is recruited to lipid rafts, although the Src-SH2 docking site on RET is 

generated after GDNF stimulation irrespective of the localization of the 

receptor.54 Src and SFKs are known to play key roles in cell differentiation, 

motility, proliferation and survival.55 From the N- to C-terminus, Src contains 

an SH3 domain, an SH2 domain, a protein-tyrosine kinase domain, and a C-
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terminal regulatory tail. SFKs are controlled by receptor protein-tyrosine 

kinases, integrin receptors, G-protein coupled receptors, cytokine receptors, 

and steroid hormone receptors.55 SFKs are activated by GDNF in neurons56, 

yet the role of SFKs in artemin-dependent signaling has rarely been studied in 

neurons. It was previously reported that GDNF promotes the process of 

axonal regeneration process in the nervous system.57 Neuroblastoma cell line, 

SH-SY-5y is derivatives of undifferentiated peripheral neuroblast cells that 

respond to GDNF and display a GDNF-responsive GFRa–RET receptor.10 

Neurite growth is dependent on receptor signaling events taking place in 

the tiny, specialized neuronal structures known as lamellipodia and 

filopodia.58 These extensions at the edge of neurons and growth cones contain 

a cross-linked F-actin meshwork. Thus, we additionally investigated the effect 

of actin polymerization proteins. Although a variety of signaling proteins have 

been identified to be involved in the regulation of actin networks, this work 

surveys on a terminal signaling component, Nck1 in linking to the 

organization of actin cytoskeleton. It has been reported that Nck1 bound with 

the Wiskott-Aldrich Syndrome Protein (WASP) and WASP interacting protein 

(WIP), which are regulators of the actin cytoskeleton.59,60 WASP and its 

homologuegs, N-WASP and the Wave/Scar proteins, promote F-actin 

assembly by activating the actin-related protein (ARP)2/3 complex.61 Adaptor 

protein, Nck1 consist primarily of a single Src homology (SH)2 domain and 

SH3 domains and do not have other functional motifs.62,63  

There have been few reports concerning the involvement of SH3 in the 

artemin-mediated intracellular signaling pathway and its cellular function. 

These results show that the artemin regulates SH3-mediated protein signal 

transduction by acting as a regulator of artemin-induced neurite outgrowth in 

neuronal cells, suggesting that this signal involves the actin regulation 

pathway. 
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ⅡⅡⅡⅡ. MATERIALS AND METHODS  

 

1. Neurite growth study 

A. Dorsal root ganglion neuronal cell culture 

Neonatal 7-14 day old Sprauge-Dawley rats were put anesthesia under the 

ether exposure. The spinal column was dissected and placed in a 100 mm 

culture dish supplemented with PBS. Under a binocular microscope, ganglia 

were dissected using forceps from spinal cord and transferred to 60 mm 

culture dish filled with PBS. The roots of DRG were cut close to the ganglia. 

Ganglia were incubated in 0.125% collagenase (SIGMA, Saint Louis, MS, 

USA) for 15 minutes at 37 °C and washed two times with PBS after 

collagenase had removed. Next, those were incubated with 0.15% trypsin 

(SIGMA, Saint Louis, MS, USA) for 15 minutes at 37 °C and washed two 

times with media after removed of trypsin. Ganglia were mechanically 

dissociated by up and down of the pipet-aid. Ganglia were centrifuged for 3 

minutes at 800 rpm. The supernatants were transferred to a new tube and 

centrifuged for 3 minutes at 1300 rpm and the supernatants were removed. 

The pellet was triturated in culture media (MEM 50% + F-12 50%, 10% FBS, 

1% antibiotics and supplemented with 2 mM glutamine, 0.35% bovine serum 

albumin (BSA), 60 ng/ml progesterone, 16 µg/ml putresine, 400 ng/ml L-

thyroxine, 38 ng/ml sodium selenite, 340 ng/ml triiodothyronine)57 and seeded 

to coverslips that pre-coated with poly-ornithine and laminin on 6 well plate. 

Cells were adhered for more 20minutes and added culture media. Cell 

incubation was sustained in humidified 5 % CO2 incubator. 

 

B. Artemin treatment and observation of cultured cells 

The neuronal cells were grown in the absence or presence of artemin (R&D 

systems, Minneapolis, MN, USA). Artemin was applied at 50 ng/ml at 3 hour 
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intervals for periods of up to 24 hours. Images were taken with IX70 Inverted 

microscope (Olympus, Tokyo, Japan) using x10, x20 and x40 objectives, and 

neurite length was measured with Image-ProPlus software (Media 

Cybernetics, Silver Spring, MD, USA).  

 

C. FM® 1-43 staining for vesicle clustering 

 FM® 1-43 (Molecular Probes, Eugene, OR, USA) was stained for vesicle 

clustering conformation. The FM® 1-43 dye labeling was carried out as 

described.64 Briefly, the culture coverslips were treated with high K+ loading 

solution containing (KCl, 60 mM; NaCl, 57.6 mM; CaCl2, 3.5 mM; Hepes, 10 

mM, pH 7.6; FM 1-43, 2 μM) for 2 minutes. Cells were then washed with 

PBS, lightly fixed (4% paraformaldehyde, for 10 minutes), and rinsed again. 

The culture coverslips were mounted onto glass slide, and imaged under a 

fluorescence microscope with a GFP filter set. 

 

 

2. Detection of RET and the activation of Src by the treatment with 

artemin 

A. Immunocytochemistry for RET 

After DRG neuronal cells were cultured for 24 hours, culture medium were 

removed and gently washed with PBS. Cells were fixed with pre-chilled 1% 

paraformaldehyde for 1 minute at room temperature and washed two times 

with PBS for 5 minutes. Next, those were stained with 5 unit/ml Alexa Fluor® 

568 phalloidin for 20 minutes and washed two times with PBS. From this 

process, coverslips were protected from light. Coverslips were incubated with 

8% BSA for 1 hour at room temperature, washed two times with PBS for 5 

minuntes, incubated with goat anti-RET antibody (diluted in 1% BSA, 1:100) 

(Santa Cruz Biotechnology, Delaware Avenue, CA, USA) for 2 hours at room 
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temperature and washed two times with PBS for 5 minutes. After primary 

antibody bound to cells, those were incubated with FITC-conjugated anti goat 

IgG (dilute in 1% BSA, 1:500) (Santa Cruz Biotechnology, Delaware Avenue, 

CA, USA) for 1 hour at room temperature and washed with PBS three times 

for 5 minutes. Coverslips were mounted onto slide glass and fluorescence was 

detected with Olympus BX51 fluorescence microscope (Olympus, Tokyo, 

Japan) with FITC and WG filter. Images were taken with COOL SNAP FX 

CCD camera (Photometrix, Melbourne, Australia). 

 

B. Western blotting for phospho Src 

DRGs were dissected using the same method described above and 

incubated in culture medium with 20 ng/ml artemin for 30 minutes and 1 hour. 

Those were washed two times with PBS and homogenized in lysis buffer (50 

mM Trisbuffer, pH 8.0, containing 0.5% Triton X-100, 150 mM NaCl, 1 mM 

EDTA, 1 mM sodium orthovanadate, protease inhibitor cocktail). Extracts 

were centrifuged by 13,000 rpm for 30 minutes at 4 °C and acquired 

supernatants. Protein concentrations were measured by Bradford assay 

(Biorad, Hercules, CA, USA). Each 50 µg sample proteins were boiled with 

5X SDS sample buffer for 5 minutes at 100 °C. SDS PAGE were executed 

with 12% resolving gel at 100 V. Proteins were transferred to nitrocellulose 

membrane for 1 hour at 330 mA. After gently washed with Tris Buffered 

Saline (TBS), the membrane was blocked by 3% BSA for 1hour at room 

temperature. Mouse anti-nonphospho-src, rabbit anti-phospho-src(tyr 416) 

(Cell Signaling Technology, Beverly, MA, USA) and rabbit anti-GAPDH 

(Santa Cruz Biothechnology, Delaware Avenue, CA, USA) were diluted both 

1:1,000 in 0.5% skim milk, which were incubated for overnight at 4 ℃. The 

membrane was washed three times with Tris Buffered Saline with 0.1% 

Tween 20 (TBST) for 10 minutes and incubated Horse Radish Peroxidase 



 8 

(HRP)-conjugated secondary antibodies for 1 hour at room temperature. It 

was washed three times with TBST for 10 minutes and detected with 

supersignal west pico chemiluminasence substrate (Pierce, Rockford, IL, 

USA). 

 

 

3. Intracellular signaling related to the artemin-induced neurite growth  

A. Treatment of artemin and inhibitors  

Inhibitors (PD 98059:ERK1/2 inhibitor; 50 µM, SU6656:SFK inhibitor; 5 

µM, LY294002:PI3K inhibitor; 20 µM) were treated at 12 hour intervals for 

periods of up to 24 hours. 20 ng/ml artemin treated at 3 hour intervals for 

periods of up to 24 hours after 30 minutes from inhibitor-treated time. 

 

B. Measurement of the neurite growth  

FM® 1-43 FX (Molecular Probes, Eugene, OR, USA) dye, modified form 

of FM® 1-43 for aldehyde fixation, was prepared to 5 µg/ml in ice cold Hank’s 

Balanced Salt Solution (HBSS). Culture medium were removed and washed 

with PBS. Coverslips were immersed in staining solution for 1 minute. 

Staining solutions were removed and cells were fixed with 4% 

paraformaldehyde for 10minutes. Cells were washed three times with HBSS 

and permeablized with 0.1% Triton X-100 for 5 minutes. Those were washed 

with HBSS 3 times and stained with 5 unit/ml Alexa Fluor® 568 phalloidin 

(Molecular Probes, Eugene, OR, USA) for 20 minutes. Coverslips were 

washed with HBSS and mounted onto slide glass. Each dye was detected 

through Olympus BX51 fluorescence microscope with EGF and WG filter. 

Images were acquired by COOL SNAP FX CCD camera, and neurites length 

was measured through Metamorph(Molecular Device Corporation, 

Downingtown, PA, USA).  
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4. SH3 domain binding proteins  

A. SH-SY-5Y cell culture 

SH-SY-5Y neuroblastoma cells were cultured in 50% MEM + 50% F12 

culture medium supplemented with 10% fetal bovine serum and 1% 

antibiotics in a humidified 5% CO2 incubator. Subcultures were processed at 

80% - 90% growth in T-75 cell culture flask.  

 

B. SH-SY-5Y protein extract 

SH-SY-5Y cells were split into 100 mm cell culture dishes and incubated 

until more 80% cell growth with culture media. Cells were washed two times 

with PBS and treated with 2 ml lysis buffer (1% IGEPAL, 1% sodium 

deoxycholate, 0.15 M NaCl, 10 mM sodium phosphate pH7.0, 100 µM 

sodium orthovanadate, 2 mM EDTA, protease inhibitor cocktail and 1 mM 

Dithiothreitol (DTT)). Cell plates were incubated for 20 minutes at 4 °C with 

agitation. The cells were scraped and centrifuged for 30 minutes at 12,000 

rpm. 

 

C. Glutathione-S-Transferase (GST)-fusion protein extract 

PGEX-Nck SH3, PGEX-Src SH3, PGEX-Hck SH3, PGEX-Fyn SH3 and 

PGEX-Lyn SH3 were followed transformation to DH5-α competent cells and 

then transformed cells are incubated until O.D600 0.6-0.8 after amphicillin 

selection. After 1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) 

induction, competent cells were incubated 6-7 hours on shaker at room 

temperature or 4 hours in 37 °C shaking incubator and then centrifuged for 10 

minutes at 6,000 rpm. Supernatants were removed, and 1% Triton X-100 in 

PBS was added to pellet. Centrifugation was followed for 10 minutes at 6,000 

rpm. Supernatants were removed, and pellets were triturated in PBS contained 

1% Triton X-100 and protease inhibitor. Sonication was followed for 30 

second intervals for 4 minutes with 10% PULSAR by sonicator XL 2020 
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(MISONIX, New Highway Farmingdale, NY, USA), and ultracentrifugation 

was followed for 20 minutes at 30,000 rpm in 4 °C with Beckman 100Ti rotor. 

Supernatants were kept and filtered with a 0.22 µm syringe filter (Millipore, 

Bedford, MA, USA).  

 

D. Glutathione-S-Transferase (GST) pull-down assay 

GST fusion proteins were added to previously prepared 50% slurry GST-

agarose beads (Santa Cruz Biotechnology, Delaware Avenue, CA, USA) and 

incubated for 3 hours at 4 °C with gentle rocking. GST fusion proteins were 

removed, and prepared SH-SY-5Y protein extracts were added to beads, 

which were incubated for 4 hours at 4 °C with gentle rocking. The samples 

were centrifuged at 6,000 rpm for 3 minutes and then washed five times with 

1 ml of lysis buffer. 2x SDS loading buffer was added to the beads, boiled for 

5 minutes, and subjected to 12% SDS-PAGE. The PAGE gel was stained with 

coomassie blue.  

 

 

5. Analysis of interacted proteins to SH3 domains 

A. 2 Dimensional Electrophoresis 

GST-fusion proteins and SH-SY-5Y extracts were bound to GST-agarose 

beads as described above, but denature from beads was heated in lysis buffer 

(7 M Urea, 2 M Thiourea, 4.5% CHAPS, 40 mM Tirs, 100 mM Dithiothreitol 

(DTT), 0.002% bromophenolblue) for 5 minutes at 100 °C. 500 µg proteins 

had precipitated with 3-5 times acetone for more 2 hours at –20 °C and then 

centrifuged for 20 minutes at 14,000 rpm. After supernatants removed, pellets 

were dried in air for 30 minutes and added 125 µl lysis buffer supplemented 

with 0.5% carrier ampholyte (Biorad, Hercules, CA, USA). Samples were 

incubated for overnight at 4 °C. After samples spread to tray, Immobilized pH 

Gradients (IPG) stirps (pH 4–7, linear, 7 cm longer, Biorad, Hercules, CA, 
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USA) were hold on samples and incubated for 1 hour at room temperature. 1 

ml Mineral oil was added to IPG strips, and rehydrated for more 16 hours by 

passive. Isoelectric focusing (IEF) was initiated at 100 V for 1 hour 30 

minnutes and then gradually increased at 200 V 1 hour 30 minutes, 250 V 

1hour 30 minutes, 500 V 1 hour 30 minutes, 1000 V 1 hour 30 minutes, 4000 

V 8000 [V hr] and 500 V 24 hour. After isoelectric focusing, IPG strips were 

equilibrated with 5 ml buffer (Urea 6 M, Tris-HCl 50 mM pH8.8, 20% 

glycerol, 2% SDS) supplemented with 0.1 g DTT and then 5 ml buffer 

supplemented 0.125 g iodoacetamide for 15 minutes on a shaker. After gently 

washing with running buffer, SDS PAGE was followed with 12% PAGE gel at 

30 V. The gel was fixed and then stained with coomassie blue.  

 

B. In gel digestion  

Gel spots were randomly selected and acquired with end-cut yellow tips. 

Spots were washed three times with deionized DW, and after incubation with 

100 mM ammonium bicarbonate for 20 minutes, gentle vortex was followed 

in 100% acetonitile (SIGMA, Saint Louis, MS, USA). This process was 

followed 2 times. Gels were dried for 10 minutes in air and incubated with 

each 100 µl of 100 mM ammonium bicarbonate supplemented with 1 µl of 1 

M DTT for 30 minutes at 56 °C. 100 µl solutions that contained 10 mg 

iodoacetamide per 1 ml 100 mM ammonium bicarbonate were added to gels 

and then incubated for 30 minutes at room temperature, which were protected 

from light during process. Vortex was followed like the order that 30 µl 100 

mM ammonium bicarbonate for 3 minutes, 30 µl 100% acetonitile 3 minutes 

and 50 µl 100% acetonitile. After air dry for 10 minutes, gels were incubated 

with 10 µg/ml trypsin (Promega, Madison, WI, USA) at 4 °C for 30 minutes 

and then 50 mM ammonium bicarbonate for overnight at 37 °C on a shaking 

incubator. Sonication was followed for 30 minutes on a water sonicator, and 

supernatants were followed with speed vacumn.  
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C. MALDI-TOF/TOF and Peptide Mass Fingerprinting search 

Concentrated peptides were triturated in 10 μl 0.1% Trifluoroacetic acid 

(TFA) and plated on MALDI-TOF/TOF plate with matrix solution by 

PerfectPure C-18 tip (Eppendorf, Hamburg, Germany). MALDI-TOF/TOF 

was followed by Yonsei Center for Biotechnology of Yonsei University and 

data were analyzed through Voyager data explorer (Applied Biosystmes, 

Foster City, CA, USA).  Peptide Mass Fingerprinting (PMF) search database 

were used with NCBIr, MSDB and Swissprot in Mascot and NCBIr in 

Profound. Each data from PMF search were matched on NCBI protein-protein 

BLAST search. 

 

 

6. Statistical analysis 

Statistical analysis was followed by one-way ANOVA. The comparison was 

used to determine statistical differences about effect of artemin to neurite 

growth. Neurite growth was measured that total length of each branches was 

normalized by cell quantity.  
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ⅢⅢⅢⅢ. RESULT 
 

1. The effect of artemin on neurite growth  

 

This study examined the effect of artemin on neurite outgrowth in the 

mature DRG neurons, in order to elucidate the functional relevance of 

cytoskeletal gene regulation with regard to the cellular activity. The neuron 

cells were grown in the absence or presence of artemin. Artemin was applied 

at 50 ng/ml at 3 hour intervals for periods of up to 24 hour. The total neurite 

lengths (summation of the lengths of all neurites per neuron) were measured. 

The 3 hour-terms treatment of the cultures with artemin resulted in an evident 

increase in the total neurite length of the DRG neurons (Fig. 1). These effects 

could be observed after as short a time as 24 hour, but longer treatments (48 

h) elicited further effects. In the control cultures, the average length of the 

neurites was 54±5.9 µm (n=200, five times) after 24 hour, whereas that of the 

neurons treated with artemin was 78±21 µm (n=200, five times) showing an 

increase of 44% (Fig. 1B). Approximately 78% of the artemin-treated neurites 

had three or more branches as compared with 21% for the control neurites, 

and 10% had five or more branches as compared with 1.7% for the control 

neurites. Thus, for those neurons that responded to artemin, the increase in the 

neurite length and branching was actually more than two-fold (Fig. 1). 

We also found a clear difference in the vesicle distribution (Fig. 2), such 

that the total clusters of the vesicles were dispersed along the neurites in the 

artemin-regulated neurons. Some enlarged parts were observed along the 

neurites in Figure 2, A and B. The staining of the cultures with FM® 1-43 

revealed that the enlarged parts along the neurites showed fluorescent spots, 

suggesting that they contained clusters of vesicles (Fig. 2C). The number of 

vesicles was increased by the treatment with artemin. Synaptic varicosities are 

known to contain clusters of vesicles as well as other presynaptic elements 
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such as machineries for exocytosis and endocytosis.64 Quantitative analysis 

showed that artemin increased the number of spots per neuron by almost 

three-fold (Fig. 2D). These results suggest an enhancement of synaptic vesicle 

clustering and accumulation.   
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Fig. 1. The effect of artemin on neurite growth. (A) 50 ng/ml artemin was 

treated to dorsal root ganglion (DRG) neuronal cells. (B) Approximately 78% 

of the artemin-treated neurites had three or more branches as compared with 

21% for the control neurites, and 10% had five or more branches as compared 

with 1.7% for the control neurites. (C) the average length of the neurites was 

54±5.9 μm (n=200, five times) after 24 hr, whereas that of the neurons treated 

with artemin was 78±21 μm (n=200, five times) showing an increase of 44%. 

**; P<0.01. Arrows indicate the vesicle clustering. 

**    ** 
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(A)                              (B) 

   

 

(C)                                        (D) 

      
        Control              Artemin 
 

 

Fig. 2. The effect of artemin on vesicle clustering. (A) Some vesicle clusters 

were observed on neurite(arrows). (B) Cells are observed with a green filter to 

avoid optical interference. Vesicles were clustered on neurite as well. (C) In 

staining with FM® 1-43. Artemin treated cells showed more fluorescent spots 

than control. (D) Artemin increased the number of spots per neuron by almost 

three-fold. *; P<0.05. Arrows indicated the vesicle cluster.  
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2. Distribution of RET receptors in DRG neuronal cells 

RET tyrosine kinase is essential for the axonal growth of developing 

sympathetic neurons and the binding of artemin with RET receptor is essential 

for early sympathetic innervation.65 To define the existence of RET tyrosine 

kinase, cultured DRG neurons are stained with goat anti Ret antibody(1:100) 

and FITC-conjugated anti goat IgG(1:500). 5unit/ml Allexa®568-phalloidin 

was used for the detection of cell morphology. Goat anti RET antibody has 

ability to detect non-glycosylated 120kDa or glycosylated 150 and 170kDa 

RET protein. As shown in Fig. 3, RET protein was detected and merged with 

the cell body. 

           
Allexa Fluor® 568-phalloidin                     RET 

 
Merge 

Fig. 3. Immunostaining of RET in dorsal root ganglion (DRG) neurons. 

Allexa Fluor® 568-phalloidin was used for detection of the cell morphology. 

RET proteins were detected by primary Goat anti-RET antibodies (1:100) and 

FITC-conjugated anti goat IgG (1:500). RET proteins were mainly shown on 

cell bodies. Images were taken through 400X. Arrows are directed to RET 

proteins. 
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3. Activation of Src by the treatment with artemin in DRG cells 

 

 Src family kinase has been known to be related to neurite outgrowth. 

Activated Ret interacts with SFKs only when RET is recruited to lipid rafts, 

although the Src-SH2 docking site on RET is generated after GDNF 

stimulation irrespective of the localization of the receptor.54 Therefore, we 

investigated the phosphorylation of Src protein in the DRG cell treated with 

artemin. Artemin was treated for 30 minutes and 1 hour in DRG cell culture. 

Phosphorylatoin of Src was detected by using Western blot analysis (Fig. 4). 

The protein levels were normalized using GAPDH. The phosphorylation of 

Src was increased by the treatment with artemin. 

 

(A)                                  (B) 

 

 

 

 

 

 

 

Fig. 4. Activation of Src in dosal root ganglion (DRG) neurons. 20 ng/ml 

artemin was treated to each sample. The detection site of Phospho Src 

antibody is tyrosine 416 that is phosphorylation site for activation form of Src. 

(A) Western blot data showing the phosphorylation of Src by artemin. (B) The 

band intensity was measured using the Image J program. The software can be 

downloaded on http://rsb.info.nih.gov. The band intensity was normalized 

with that of GAPDH. CON:control, ARTN:artemin, pSrc:phospho Src, 

GAPDH:Glyceraldehyde-3-phosphate dehydrogenase 
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4. The effect of artemin on actin polymerization 

 

Among the genes that were differentially regulated by artemin, coronin, 

Myr5, Wiskott-Aldrich syndrome protein (WASP) interacting protein 

(WASPIP), cofilin, drebrin and Eps8 are known to interact with actin protein. 

Herein, we investigated whether artemin is able to affect actin polymerization 

in DRG neurons. Staining with Allexa Fluor® 568-phalloidin revealed that 

large web-like F-actin filaments were formed around the cell bodies in a 

larger number of neurons treated with artemin than in the control (Fig. 5).  

 

 

 

  

Control                        Artemin 

 

 

Fig. 5. Artemin can affect actin polymerization. Allexa Fluor® 568-phalloidin 

is materials for F-actin staining. Artemin treated neurons formed more web-

like F-actin filmaments around the cell body than control neurons. So, actin 

polymerization in dorsal root ganglion (DRG) neurons was enhanced by 

artemin.  
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5. Involvement of Src-family kinases and ERK MAPK in artemin-

dependent axonal growth  

 

Little is known about the signal transduction mechanism for artemin-

dependent axonal elongation in DRG neurons. Because SFKs are activated by 

GDNF in several cell lines and in some neurons57,66,67 we decided to 

investigate the role of SFKs and extracellular signal-regulated kinases (ERK) 

mitogen-activated protein kinase (MAPK) in artemin-mediated axonal growth 

in mature DRG neurons. SU6656, a specific inhibitor of SFKs67 suppressed 

the artemin-dependent axonal growth at a concentration of 5 µM, showing a 

statistically significant difference (Fig. 6). In addition, the treatment of the 

DRG neurons with the ERK-specific inhibitor, PD98059, diminished the 

artemin-dependent axonal growth, indicating the downstream engagement of 

ERK MAPK in an artemin-mediated signal transduction pathway (Fig. 6). 

Although LY294002, a specific inhibitor of PI3 kinases, at a concentration of 

20 µM partially reduced the growth of the neurites, the statistical analysis did 

not show any significant differences, as shown in Fig. 6.  

 

A. SU6656 

CON    

ARTN    
Allexa Fluor® 568-phalloidin    FM® 1-43            Merge 
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B. PD98059 

CON    

ARTN    
Allexa Fluor® 568-phalloidin    FM® 1-43            Merge 
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Fig. 6. Effects of each inhibitor on artemin-mediated neurite in dorsal root 

ganglion (DRG) neuronal cells. Staining was followed for measuring that 

neurite outgrowth of DRG neuronal cells. Red color was represented by 

Allexa Fluor® 568-phalloidin and green color by FM® 1-43. (A) 5 µM 

SU6656 treated at 12 hour intervals for periods of up to 24 hour. 20 ng/ml 

artemin treated at 3 hour intervals for periods of up to 24 hour. (B) 50 µM 

PD98059 treated at 12 hour intervals for periods of up to 24 hour. 20 ng/ml 

artemin treated at 3 hour intervals for periods of up to 24 hour. (C) 20 µM 

LY294002 treated at 12 hour intervals for periods of up to 24 hour. 20 ng/ml 

artemin treated at 3 hour intervals for periods of up to 24 hour. (D) Measured 

neurite length follows paired t-test. Artemin can affect neurite length of DRG 

neuronal cells under inhibition of ERK1/2 and SFK but not affect neurite 

outgrowth under inhibition of PI3K. ERK1/2 and SFK were related with 

artemin-dependent axonal growth. Images were taken through 200X. *; 

P〈 0.05, **; P〈 0.01, CON:control, ARTN:artemin. SU6656:SFK inhibitor, 

LY294002:PI3K inhibitor, PD98059:ERK1/2 inhibitor. 

** ** 

** 



 22 

6. Proteins bound to SH3 domain 

 

Neurite growth is dependent on receptor signaling events taking place in 

the tiny, specialized neuronal structures known as lamellipodia and 

filopodia.58 These extensions at the edge of neurons and growth cones contain 

a cross-linked F-actin meshwork. Thus, we additionally investigated the effect 

of actin polymerization proteins. Although a variety of signaling proteins have 

been identified to be involved in the regulation of actin networks, this work 

surveys on a terminal signaling component, Nck1 in linking to the 

organization of actin cytoskeleton. It has been reported that Nck1 bound with 

the Wiskott-Aldrich Syndrome Protein (WASP) and WASP interacting protein 

(WIP), which are regulators of the actin cytoskeleton.59,60 WASP and its 

homologuegs, N-WASP and the Wave/Scar proteins, promote F-actin 

assembly by activating the ARP2/3 (actin-related protein) complex.61 Adaptor 

protein, Nck1 consist primarily of a single Src homology (SH)2 domain and 

SH3 domains and do not have other functional motifs.63,64 Here, Nck1-SH3-

interacting proteins were screened by a GST-pull down and 2D proteomics 

method. 

Various biochemical and genetic analyses have identified the SH2/SH3 

adaptors as critical mediators in the activation of diverse signal transduction 

responses.68 Src family kinase and adaptor protein Nck is contained SH3 

domain that can associate with several functional proteins. To screen the 

proteins that bind to SH3 domain in neuronal cells SH3 domains are fused 

with Glutathione-S-Transferase (GST) and reacted with neuronal cell extracts 

in GST-beads. The bound proteins were elute with GSH and applied to an IEF 

gel. Then these proteins were resolved in PAGE. GST proteins were used as 

control (Fig. 7). 
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pGEX 
+SH 
 

 

 

 

 

Fig. 7. Glutathione-S-Transferase (GST) pull down assay for detection of 

binding proteins to SH3 domain of SFK and Nck. SDS PAGE were performed 

using 12% gel and stained by coomassie blue. Only SH3 domains and cell 

extracts bound to SH3 domains were compared on band in PAGE gel. 

pGEX:pGEX4T-1 expression protein, Nck:Nck SH3 domain, Src:Src SH3 

domain, Hck:Hck SH3 domain, Fyn:Fyn SH3 domain, Lyn:Lyn SH3 doamin, 

SH:SH-SY-5y cell extracts. 

 

 

7. 2-Dimensional Electrophoresis and MALDI-TOF/TOF MS of proteins 

that bound to SH3 domain 

 

2-Dimensional Electrophoresis was followed with proteins of spot in gel 

that bound to SH3 domain. Spots are analyzed by MALDI-TOF/TOF and 

results are researched by Peptide Mass Fingerprinting (PMF). Sequences of 

data from PMF are researched in NCBI protein-protein BLAST. The results 

contained cytoskeleton proteins and unknown proteins. 

Figure 8 shows the typical results of two-dimensional gel electrophoresis 
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performed on bound protein to the each SH3 domain. Approximate 20 

different spots that were focused in the 4-7 pH range were analyzed per 

sample. Each of these spots were excised, digested with trypsin and analyzed 

by MALDI–TOF. Peptide mass fingerprint analysis and nonredundant 

sequence database matching allowed the unambiguous identification of all of 

the analyzed species. Figure 8 and Table 1 detail the natures of each identified 

spot, their two-dimensional gel electrophoresis co-ordinates and relative 

sequence coverage.  

 
 
 
A. 

  
Nck SH3 domain binding proteins    Src SH3 domain binding proteins 

 

 

 
Hck SH3 domain binding proteins 
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Fig. 8. 2DE gel images and MALDI TOF/TOF peak of proteins. Peaks in 

Figures are raw data that just follow internal calibration by peak of porcine 

trypsin (842.5 and 2211.1). (A) 2DE gels of each SH3 domain binding 

proteins. (B) MALDI TOF/TOF peaks from spots in gel.  

 

 
 
 
 
 



 

2
8
 

Table 1. The result out of PMF database 
 

Binding 
SH3 

domain 
Predicted protein 

Accession 
No. 

Mr 
(Da) 

PI 
Sequence 
coverage 

NCBI protein-protein BLAST search 

Nck Unnamed protein gi 10435674 67884 5.17 38% • Smc:Chromosome segregation 
ATPases 

 Alpha-tubuliin gi 37492 50126 5.02 36% 
• alpha tubulin: The tubulin 
superfamily includes five distinct 
families 

Src 

type I cytoskeletal 
10 (Cytokeratin-

10) (CK-10) 
 (Keratin-10) 

gi 547749 59483 5.13 44% • Filament: Intermediate filament 
protein 

 DDX4 gi 28958131 75773 5.33 39% • DEADc: DEAD-box helicases 



 

2
9
 

 Novel protein gi 66347840 94270 8.90 28% • FOG: Zn-finger 

Hck Beta actin gi 13592133 41710 5.29 64% 

• Actin: An ubiquitous protein 
involved in the formation of filaments 
that are a major component of the 
cytoskeleton 

 Unnamed protein gi 10438562 36066 6.26 39% • FYVE domain: Zinc-binding 
domain 

 

Proteins in table are top ranked proteins that selected by search engines, and have statistical significance (P<0.05). Search 

data and engines are used with NCBIr, Swiss Prot, MSDB on Mascot and NCBIr on Profound. Proteins are selected that 

have common result in two more database. Accession number is indicated by NCBI database. 
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ⅣⅣⅣⅣ. DISCUSSION 
 

1. Artemin can enhance neurite outgrowth of DRG neurons 

 

Neurite outgrowth is related with a variety of molecular processes. During 

the period of neurite outgrowth and retraction, one comes to dominate and 

elongate rapidly while inhibiting the outgrowth of the remaining neurites 

(neurites differentiation). This neurite becomes the axon and assumes distinct 

molecular characteristics.69 In a process of above, neuronal differentiation is 

usually triggered by the binding of a neuritogenic ligand to its receptor. Upon 

binding, various intracellular signaling cascades are known to be activated, 

resulting in the rearrangement of the cytoskeleton and neurite formation. 70 

The initiation and guidance of a neurite accomplished by a number of signal 

inputs can be either positive (permissive or attractive), negative (inhibitory or 

repulsive), or guiding (affecting the advance of the growth cone).71 Each 

signal may arise from either the extracellular matirix (ECM) or the surface of 

other cells, via diffusible secreted factor.71,72  

 

 

Fig. 9. Classification of neurite outgrowth regulators in the vertebrate 

nervous system.71 
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Out of neurite regulator molecules, GFLs have been studied for neurites 

outgrowth on various neuronal cell line, dorsal root ganglia, superior cervical 

ganglia, lumbar-level sympathetic ganglia, dopaminergic neurons, 

GABAergic, serotonergic neurons of ventral mesencephalon, and so on.73-78 

Responses of each GFLs to cell lines have some discrepancies according to a 

kind of GFLs, development stage and cell lines.  

This study used the DRG cells from mature postnatal day 7 to 15 rats. We 

wanted to know the effects of artemin on the adult rat neuronal system to 

investigate the possibility as a therapeutical agent for the axonal regeneration 

after nerve injury in an adult. Post-natal development of nervous system is 

usually completed in about 2-weaks after birth.  

In our result, DRG neurons treated with artemin showed difference in 

neurites length compared with the control. Therefore, artemin, one of 

permissive molecules for neurites outgrowth, enhanced neurites outgrowth in 

postnatal DRG neurons. 

 

 

2. RET and Src are stimulated in DRG neurons  

 

RET is a single-pass transmembrane protein that contains four cadherin-

like repeats in the extracellular domain and a typical intracellular tyrosine 

kinase domain. GFL-GFRα bind to the extracellular tyrosine kinase domain.3 

Accordingly, existence of RET is essential for the signaling transfer of 

artemin to cells. In this study, RET was detected by goat anti RET antibody. It 

was distributed in the cell bodies (Fig. 3).  

GFLs can also activate the cells in RET independent methods. For example, 

in Madin Darby Canine Kidney (MDCK) cells expressing GFRα1 but not 

RET, GDNF stimulates branching but not chemotactic migration. 49 Both 
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branching and chemotaxis are promoted by GDNF in cells coexpresing RET 

and GFRα1, which mimics the effects of hepatocyte growth factor(HGF) 

through the Met receptor in parental MDCK cells. 49 Indeed, GDNF induces 

Met phosphorylation in several RET-deficient but GFRα1-positive cells, as 

well as in RET/GFRα1-coexpressing cell lines. Therefore, Met possibly 

contributes to RET-independent GDNF signaling. However, a direct 

interaction between GDNF and Met is highly improbable. GDNF-induced 

Met phosphorylation is mediated by Src family kinases.79 RET-independent 

Src and Met activation by GDNF might be modulated by alternative signaling 

receptor for GFLs.49  

Therefore, only the existence of RET is insufficient for the confirmation of 

stimulated DRG neurons by artemin. Activated RET is able to interact with 

and stimulate c-Src kinase, and Src activation is essential for the mitogenic 

activity of RET.80 Also, Src kinase is activated by GFLs in RET-independent 

signal.79 In the result, Artemin stimulated the phosphorylation of Src at each 

time line (Fig. 4). The activation of artemin in DRG neurons was identified by 

observing the intracellular existence of RET and the phosphorylation of Src. 

This means that artemin can affect DRG neurons through RET tyrosine kinase 

and Src kinase family. 

  

 

3. Intracellular signaling related with neurites outgrowth is activated by 

artemin 

 

Activation of RET stimulate kinase domain, and there is docking site for 

various cytoplasmic adaptor proteins Grb 7/10, PLCγ, Shc/ENIGMA and 

Grb2. This is consistent with the data indicating that several second 

messenger pathways are activated by RET including PLCγ, JNK, PI3K and 
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Ras-MAPK pathways.81 First of all, ERK1/2 pathway had known to be related 

with neurites growth. The ability of axons to regenerate their growth cones is 

regulated by calcium, cAMP and ERK.82 MEKK1 controls neurite regrowth 

after experimental injury by balancing ERK1/2 and JNK2 signaling.83 Second, 

PI3K have been shown to be related with neurite extension. A tightly 

regulated and localized activation of PI3K at the growth cone is essential for 

rapid axon growth induced by NGF.84 The PI3K-Akt pathway suppressed 

neurite branch formation in NGF-treated PC12 cells.85 Last, SFK was also 

related with neurite outgrowth. Src-dependent tyrosine phosphorylation at the 

tips of growth cone filopodia promotes extension.86 Analysis of platelet-

derived growth factor receptor mutants showed that sustained ERK activation 

is insufficient but that neuritogenesis requires additional signals possibly 

involving Src.87 v-Src induces neurite outgrowth in PC12 cells,88 whereas c-

Src inhibition can block outgrowth.89,90 

This study used signaling inhibitors (ERK1/2 inhibitor; PD 98059 50µM, 

PI3K inhibitor; LY294002 20µM, SFK inhibitor; SU6656 5µM) to investigate 

an effect of artemin to each intracellular signaling pathway during neurites 

outgrowth (Fig. 6). The inhibitors of ERK1/2 and SFK treated cells were 

significantly increased the neurites extension by artemin, but the inhibitor of 

PI3K treated cells did not lead to significant difference in neurites length. 

Neurites extension of DRG neurons by artemin is suggested that artemin has 

certain circuit signal pathway about ERK1/2 and SFK pathway on neurite 

outgrowth. However, artemin made a circuit in PI3K pathway. Artemin 

associated RET stimulate the various signaling pathways.  

 

 

 

 



 34 

4. SH3 domain of Src family kinase and Nck adaptor protein associate 

with proteins of neuronal cell contents 

 

SH3 domain is a site for intra functional cellular proteins. Many proteins 

have SH3 domain such as Crk, Grb2, 85kDa regulatory subunit of PI3K, Nck, 

and Src.68,72 This study used each SH3 domain fused with GST. The protein 

extracts of SH-SY-5Y human neuroblastoma cells were applied to beads 

contained pre-bound SH3 domain. The oncoprotein v-Src and its cellular 

homologue c-Scr are tyrosine kinases that modulate the actin cytoskeleton and 

cell adhesion. In this function of Src, SH3 binding proteins and the sequence 

of events that lead to v-Src switching between the microtubule and actin 

networks, and re-locating from the perinuclear region (perhaps from 

endosomes in the Golgi area) through the cell interior to adhesion complexes 

at the plasma membrane. Although the SH3 domain mediated binding of PI3K 

is required, this is probably not the only Src-SH3-dependent interaction of 

importance.91 The role of protein tyrosine phosphatases is studied in the 

regulation of Src-cytoskeleton binding.92 Nck SH2/SH3 adaptors are also 

important for regulating the cellular actin network.69 Nck SH3 domains 

engage proline-rich binding sites on a host of effectors implicated in 

cytoskeletal regulation including members of the Wiskott-Aldrich Syndrome 

protein/suppressor of cAR (WASp/Scar) family.93,94 Data from the present 

study defined some proteins (Table 1). Proteins were selected by significantly 

statistical value. Although some data acquired clear pick from MALDI-

TOF/TOF but not showed significantly statistical value in search programs. 

These data suggest that SH3 domain can bind with intracellular proteins and 

also show direct binding with cytoskeletal proteins. From these results, it is 

suggested that SH3 domains can directly or indirectly regulate neurite 

outgrowth. Therefore, SH3 domain could activate in intracellular signal and 
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actin polymerization process that stimulated by artemin. However, Further 

study needs to define proteins that bind to SH3 domains of SFK and Nck, and 

in vitro and in vivo activity.   
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ABSTRACT (IN KOREAN) 

 

척수후근 신경절 신경세포에서  

artemin에 의한 신경돌기 성장조절 
 
 

(지도교수 박 윤 곤) 
 
 

연세대학교 대학원 의과학과 
 
 

정 덕 균 
 
 
 
신경돌기의 생성은 신경계에서 신경세포가 기능을 하는데 있어서 

중요한 과정이며, 신경세포 주변의 외부환경 요소들은 이러한 신경

돌기 생성에 영향을 끼친다. 이와 같은 외부환경 요소 중 하나인 

Glialcell line Derived Neurotrophic Factor (GDNF)는 세포의 발달과 성장

에 대해 여러 가지 능력을 가지고 있다. Artemin은 GDNF, neurturin, 

persephin을 포함한 GDNF 계열의 리간드 중 하나이다. 이 리간드들

은 GFRα 및 RET tyrosine kinase와 복합화를 이루고, RET의 kinase 부

위가 인산화 되면서 많은 세포 내 신호전달과정을 자극한다. 

Extracellular ligand Response Kinase 1/2 (ERK1/2), Src Family Kinase (SFK) 

및 Phosphatidyl Inositol 3-Kinase (PI3-K)는 RET에 의해 자극 받고 더
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욱이 신경돌기 성장과 관련되어 연구 되어져왔다. 신호전달 과정 중 

SFK와 유도 단백질 Nck는 세포 내 신호전달에서 기능을 하는 

SH2/3 부위를 지니고 있다. 특별하게 SH3 부위는 Wiskott-Aldrich 

Syndrome Protein (WASP), WASP interacting protein (WIP), Arp 2/3 등을 

포함한 기능성 단백질과 결합하고, 이것들은 신경골격 단백질들과의 

결합 및 actin 중합화 과정 중 말단부위에서 역할을 하여 신경돌기 

성장을 조절한다.  

이에 본 연구에서 artemin이 신경돌기 성장에 영향을 주는지 알아

보고 이 과정 중 신호전달 체계와의 연관성을 조사하였다. 또한, 신

호체계에서의 관련 단백질을 검출해내는 과정을 수행하였다. 우선, 

신경돌기의 길이 측정을 통해 artemin은 척수후근 신경절 세포의 신

경돌기 성장과 actin 중합화를 자극함을 확인할 수 있었고 이에 더

해 소포체 형성의 증가가 발견되었다. RET과 Src은 세포내에서 

artemin에의해 활성화되고 있음을 면역 염색을 통하여 확인하였다. 

Artemin에 의한 신경돌기 성장과 연관된 세포내 신호전달을 알아보

기 위하여 신호전달 억제물질을 사용하였고, 그 결과 ERK1/2와 SFK

는 artemin에 의한 신경돌기 성장과 관련되어 있을 것이라 생각된다. 

신호전달 과정에서 Nck와 SFK의 SH3 부위는 세포내 신호전달 물질

을 포함한 기능적 물질들과 연결될 수 있는데 이에 연결되는 단백

질을 찾기 위하여 GST-pull down과 2D proteomics 방법을 사용하였고, 

이 과정에서 세포 골격 단백질과 아직 명명되지 않은 단백질을 포

함한 몇몇 단백질들이 검출되었다.  

결론적으로 artemin은 RET tyrosine kinase와 연결되어 척수후근 신

경절 세포에서 신경돌기의 성장을 자극하고, 이는 신경돌기 성장과 

연관된 세포내 신호전달 체계를 자극하는 것으로 생각된다. 이렇게 
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artemin에 의해 자극된 신호전달 체계 중 ERK1/2와 SFK는 신경돌기 

성장과 연관이 있을 것이라 추정되고, 이 과정에서 세포 골격 단백

질을 포함한 몇몇 단백질들은 SH3 부위에 결합함을 알 수 있었다. 

 
 
핵심되는 말 : artemin, 척수후근 신경절, 신경돌기 성장, ERK1/2, SFK, 

SH3 domain 
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