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Exogenous stimuli such as nerve growth factor (NGF) exert 
their effects on neurite outgrowth via Trk neurotrophin re-
ceptors. TrkA receptors are known to be ubiquitinated via pro-
teasome inhibition in the presence of NGF. However, the ef-
fect of proteasome inhibition on neurite outgrowth has not 
been studied extensively. To clarify these issues, we inves-
tigated signaling events in PC12 cells treated with NGF and 
the proteasome inhibitor MG132. We found that MG132 fa-
cilitated NGF-induced neurite outgrowth and potentiated the 
phosphorylation of the extracellular signal-regulated kinase/mi-
togen-activated protein kinase (ERK/MAPK) and phosphatidyli-
nositol-3-kinase (PI3K)/AKT pathways and TrkA receptors. 
MG132 stimulated internalization of surface TrkA receptor and 
stabilized intracellular TrkA receptor, and the UbK63 chain was 
found to be essential for stability. These results indicate that 
the ubiquitin-proteasome system potentiated neurite formation 
by regulating the stability of TrkA receptors. [BMB reports 
2011; 44(3): 182-186]

INTRODUCTION

 The outgrowth of neurites is an essential process in the devel-
opment of the nervous system and is mainly regulated by neu-
rotrophins such as nerve growth factor (NGF). NGF induces 
neurite outgrowth through the activation of receptor tyrosine 
kinases, such as TrkA receptors (1-3), after which NGF-bound 
TrkA receptors are internalized and trafficked to signaling en-
dosomes (4, 5). Activated TrkA receptors mediate signaling 
cascades, including the extracellular signal-regulated kinase/ 
mitogen activated protein kinase (ERK/MAPK) and phosphati-
dylinositol-3-kinase (PI3K)/AKT pathways (6, 7). 

In the ubiquitination pathway, free ubiquitin (Ub) is acti-
vated by Ub-activating enzyme (E1) through the formation of a 
thioester between E1 and the C terminus of Ub. The thioester 

is subsequently transferred to members of Ub-conjugating en-
zyme (E2). Ub-protein ligase (E3) provides substrate recog-
nition and promotes ligation of Ub to specific substrates. These 
multiubiquitin-tagged substrates are then recognized and de-
graded by the 26S proteasome (8, 9). Although the role of the 
ubiquitin-proteasome pathway in protein degradation is well 
known, it has been implicated in a number of additional bio-
logical processes, including receptor endocytosis, protein sort-
ing, subnuclear trafficking, gene expression, as well as neuro-
nal differentiation (10, 11). 

Recent reports have indicated that TrkA receptors are ubiq-
uitinated by NGF and that this ubiquitination modulates TrkA 
internalization and TrkA-mediated signaling pathways (12-14). 
In addition, proteasomal inhibition alters the trafficking of 
TrkA receptors (5). NGF-induced neurite outgrowth coincides 
with elevated levels of endogenous ubiquitin and ubiquiti-
nated proteins (15), whereas proteasome inhibitors, such as 
lactacystin, TMC-95A, and tyropeptin A have been shown to 
induce neurite outgrowth (16-18) and enhance oligoden-
droglial cell differentiation (19). However, the relationship be-
tween neurite outgrowth and proteasomal inhibition is not un-
derstood well.

In this study, we investigated the additional effects of protea-
some inhibitors on NGF-stimulated cells. We found that the 
proteasome inhibitor MG132 facilitated the NGF-induced out-
growth of neurites and also potentiated the ERK and AKT 
pathways. MG132 appeared to stabilize NGF-stimulated TrkA 
receptors, and the UBK63 chain seemed to be required for the 
stability of these receptors. These results indicate that the ubiq-
uitin-proteasome system controls neurite formation by regulat-
ing the stability of TrkA receptors.

RESULTS AND DISCUSSION

Proteasome inhibition enhances neurite outgrowth by NGF
To examine whether or not proteasome inhibitors influence 
NGF-induced neurite outgrowth, PC12 cells treated with MG 
132 in the presence of 50 ng/ml of NGF for 24 h. As shown in 
Fig. 1, NGF induced neurite outgrowth in about 12% of the 
cells. Co-treatment of PC12 cells with 50 ng/ml of NGF and 
0.5 μM MG132 enhanced neurite outgrowth in up to 18% of 
the cells, which was the highest percentage detected. How-
ever, NGF-induced outgrowth of neurites was decreased at 
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Fig. 1. Proteasome inhibition induces neurite outgrowth. PC12 cells
grown on poly-L-lysine-coated culture dishes were treated with the 
indicated concentrations of MG132 and 50 ng/ml of NGF for 24 h.
Neurite outgrowth was determined by counting the number of 
cells with neurites in images obtained of at least 1,000 cells. The 
values shown are mean ± S.D of three independent experiments (P
value ＜ 0.05).

Fig. 2. The proteasome inhibitor MG132 stimulates NGF-induced ac-
tivation of ERK, AKT and TrkA receptors. PC12 cells were treated 
with 50 ng/ml of NGF in the absence or presence of 0.5 μM MG
132 for 30 min (A) or for the indicated times (B). Cell lysates were
separated by SDS-PAGE on 12% gel and immunoblotted with an-
ti-phospho-ERK1/2Thr202/Tyr204, anti-ERK2, anti-phospho-AKTT308, anti- 
AKT antibodies, anti-phospho-TrkAY490, and anti-TrkA antibodies.

MG132 concentrations greater than 10 μM. 
To determine whether or not co-treatment of PC12 cells 

with NGF and MG132 was cytotoxic, we assessed cell via-
bility by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay. Cellular viability decreased when the 
concentration of MG132 was greater than 10 μM (data not 
shown). Therefore, subsequent experiments were performed 
using 50 ng/ml of NGF and 0.5 μM MG132. 

Proteasome inhibition prolongs NGF-induced TrkA signaling 
The effect of proteasome inhibitors on the NGF-induced sig-
naling pathway was analyzed by studying the degree of ERK 
and AKT phosphorylation in PC12 cells treated with NGF and 
MG132 individually or simultaneously. As reported previously 
(4, 20), NGF induced ERK and AKT phosphorylation (Fig. 2A). 
NGF and MG132 together also induced ERK and AKT phos-
phorylation to a degree stronger than that induced by NGF 
alone (Fig. 2A). In addition, we compared the time course of 
kinase activation by NGF to that by both NGF and MG132. 
NGF-induced phosphorylation was sustained only for 1 h after 
NGF treatment. Further, the degree of ERK and AKT phosphor-
ylation induced by NGF and MG132 at the same time was 
slightly stronger than that induced by NGF alone and was sus-
tained for a longer time (Fig. 2B).

NGF is known to induce phosphorylation of tyrosine 490 
within the Shc-binding site of TrkA receptors. Once phos-
phorylated, TrkA receptors can mediate signaling through vari-
ous pathways (3, 6). To investigate whether or not the activa-
tion of TrkA receptors is altered by the proteasome inhibitor 
MG132, we treated PC12 cells with NGF and/or MG132 and 
examined the degree of TrkA receptor phosphorylation by 
Western blot analysis. TrkA receptor was phosphorylated in 
the presence of NGF alone and NGF and MG132 at the same 
time (Fig. 2B). The phosphorylation of TrkA receptor was in-

creased at 15 min and 30 min of NGF treatment, decreased af-
ter 1 h of treatment, and returned to pre-treatment levels 
thereafter. When PC12 cells were treated with NGF and 
MG132, TrkA receptor phosphorylation was sustained for 3 h 
and decreased thereafter. Taken together, these results suggest 
that prolonged phosphorylation of TrkA receptors by protea-
some inhibition enhanced NGF-induced signaling pathways.

Proteasome inhibition stabilizes TrkA receptors
To examine whether or not the prolonged phosphorylation of 
TrkA receptors by proteasome inhibitor is caused by stabiliza-
tion of TrkA receptors, PC12 cells were treated with cyclo-
heximide to inhibit protein biosynthesis for 1 h and then treat-
ed with NGF alone or NGF and MG132 at the same time in 
the presence of cycloheximide. As shown in Fig. 3A, TrkA re-
ceptors were degraded after 1 h of NGF treatment. When 
PC12 cells were treated with NGF and MG132 together, TrkA 
receptor expression was strongly maintained for 1 h and then 
decreased after 3 h. These results show that proteasome in-
hibition increased the stability of TrkA receptors. 

Next, we examined whether or not proteasome inhibition 
could alter the internalization of TrkA receptors. NGF-medi-
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Fig. 3. Proteasome inhibition stabilizes TrkA receptors and stim-
ulates internalization of surface TrkA receptors by NGF. (A) PC12 
cells were treated with 100 μg/ml of cycloheximide for 1 h and 
then treated with 50 ng/ml of NGF in the absence or presence of 
0.5 μM MG132 for the indicated times. Cell lysates were sepa-
rated by 12% SDS-PAGE and immunoblotted with anti-TrkA and 
anti-actin antibodies. (B) PC12 cells were treated with 50 ng/ml 
for 5, 15, 30, and 60 min. After incubation, surface TrkA recep-
tors were stained with anti-TrkA extracellular domain antibodies 
and exposed to FITC-labeled secondary antibodies. Surface ex-
pression of TrkA receptors was detected using a FACS flow cy-
tometer (Beckton & Dickinson), and the fluorescence data were 
analyzed using Cellquest Software. Mean fluorescence intensity ±
S.D determined from three independent experiments is shown (P 
value ＜ 0.05).

Fig. 4. The ubiquitin mutant UBK63R is necessary for the stability 
of TrkA. PC12 cells were transiently transfected with a His6-UB 
and His6-UBK63R expression construct using LipotectamineTM 2000 
according to the manufacturer’s instructions. After 24 h, PC12 cells
were treated with 100 μg/ml of cycloheximide for 1 h and then 
treated with 50 ng/ml of NGF in the absence or presence of 0.5 
μM MG132 for 1 h. Cell lysates were separated by 12% SDS- 
PAGE and immunoblotted with anti-TrkA and anti-actin antibodies.

ated signaling is known to induce rapid internalization of TrkA 
receptors via clathrin-coated pits and trafficking of these re-
ceptors to the signaling endosome (6, 20-22). Thus, sustained 
expression of TrkA receptors might be caused by inhibition of 
the internalization of these receptors.

Our results show that TrkA receptors were internalized 
upon treatment with NGF and that this internalization was en-
hanced in the presence of MG132 (Fig. 3B). NGF treatment for 
5 min led to a decrease in the surface expression of TrkA re-
ceptors to about 61%, whereas co-treatment with NGF and 
MG132 decreased the expression to 44%. Internalization of 
surface TrkA receptors upon co-treatment with NGF and 
MG132 occurred more rapidly compared to treatment with 
NGF alone. These results suggest that TrkA receptor signaling 
by NGF was regulated by the proteasome, which altered the 
stability of TrkA receptors.

K63 ubiquitin is necessary for the stability of TrkA
Proteasome inhibition resulted in the rapid internalization of 
surface TrkA receptor as well as stabilization of intracellular 
TrkA receptors. NGF is known to stimulate polyubiquitination 
of TrkA receptors, which is essential for TrkA internalization 

and signaling. Therefore, we examined whether or not TrkA re-
ceptor stabilization in the presence of the proteasome inhibitor 
MG132 is dependent on ubiquitination. In cells overexpre-
ssing UB, NGF treatment led to the degradation of TrkA re-
ceptors, and the extent of degradation was decreased in the 
presence of MG132, consistent with that shown in Fig. 3A 
(Fig. 4). However, UBK63R overexpression resulted in the degra-
dation of TrkA receptors even in the presence of both NGF 
and MG132. These results indicate that stabilization of TrkA 
receptors by MG132 was dependent on the UBK63R chain. 

It is known that tyrosine kinase receptors are either recycled 
back to the cell surface or degraded by lysosomes. However, 
some papers found that lysosomal degradation of tyrosine kin-
ase receptors is preceded by proteasome-dependent deubiqui-
tination (4, 23). Wooten and coworkers suggested that protea-
somal deubiquitinating enzymes trim K63-ubiquitin chains 
from the TrkA receptor prior to its delivery to lysosomes for 
degradation. Our results also suggest that the stability of the 
TrkA receptor is regulated by the proteasome. Taken together, 
the ubiquitin-proteasome system plays an important role in 
regulating the stability of TrkA receptors prior to lysosomal 
degradation. 

In conclusion, the proteasome inhibitor MG132 facilitated 
NGF-induced neurite outgrowth and potentiated the activation 
of the ERK and AKT pathways as well as the activation of TrkA 
receptors. NGF-treated TrkA receptors were stabilized in the 
presence of a proteasome inhibitor, and the UBK63R chain was 
proven essential for this stability. These results indicate that the 
ubiquitin-proteasome system regulates neurite formation by in-
fluencing the stability of TrkA receptors.

MATERIALS AND METHODS

Reagents
MG132 was obtained from Calbiochem (La Jolla, CA, USA). 
Anti-TrkA antibodies were purchased from Upstate Biotechnology 
(MA, USA). Anti-TrkA serum, which recognizes the ex-
tracellular domain of TrkA, was kindly provided by Louis 
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Reichardt, University of California, San Francisco (24). The 
ubiquitin and ubiquitin mutant construct (UB, UBK48R, and 
UBK63R) were obtained from Michael Rape, University of Cali-
fornia, Berkeley (25). Antibodies against phospho-TrkAY490, 
TrkA, phospho-AKTSer473, AKT, phospho-ERK1/2Thr202/Tyr204, and 
ERK1/2 were obtained from Cell Signaling (Berkeley, MA, 
USA).

Neurite outgrowth
To measure neurite outgrowth, PC12 cells were grown in 
high-glucose Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% horse serum and 5% fetal bovine se-
rum and maintained at 37oC in a incubator with a humidified 
atmosphere of 5% CO2. Cells were seeded onto 12-well 
poly-L-lysine-coated plates at a density of 1 × 105 cells per 
plate 1 day before treatment. The next day, cells were treated 
with 50 ng/ml of NGF for 24 h in the presence or absence of 
0.5-20 μM MG132. Images of the cells were obtained (for 
ε1,000 cells), and the extent of neurite outgrowth was assessed 
by counting the number of cells with neurites. Cells with neu-
rites were defined as cells possessing at least one neurite more 
than 1 cell body diameter in length.

Western blot analysis
To detect phosphorylation of ERK, AKT, and TrkA receptor 
proteins, the cells were washed three times with cold phos-
phate-buffered saline (PBS), lysed with lysis buffer A (50 mM 
Tris-Cl, pH 7.4; 150 mM NaCl; 2 mM EDTA; 0.5% NP-40, 
protease inhibitor cocktail [Roche], 1 mM sodium orthovana-
date), and centrifuged at 12,000 rpm for 15 min. Supernatants 
were analyzed for protein content using a Micro BCA protein 
assay kit (Pierce, Rockford, IL, USA). Equal amounts of protein 
were separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to nitrocellulose 
membranes. The membranes were probed with antibodies 
against phospho-TrkAY490, TrkA, phospho-AKTSer473, AKT, phos-
pho-ERK1/2Thr202/Tyr204, and ERK1/2.

Flow cytometric analysis
Flow cytometric analysis was performed to analyze the extent 
of internalization of TrkA receptors. Cells were trypsinized, 
collected by centrifugation, and incubated with 50 ng/ml of 
NGF in the presence or absence of 0.5 μM MG132 at 37oC for 
5, 15, 30, and 60 min. All subsequent labeling steps were per-
formed on ice. Cells were washed twice in fluorescence-activated 
cell sorting (FACS) buffer (0.5% bovine serum albumin [BSA], 
0.05% sodium azide, 1 mM MgCl2, and 1 mM CaCl2 in PBS) 
and incubated with antibodies capable of recognizing the ex-
tracellular domain of TrkA in FACS buffer for 45 min (24). The 
cells were washed with FACS buffer, probed with secondary 
antibody labeled with anti-rabbit-fluorescein isothiocyanate 
(FITC) for 30 min, and then washed twice in FACS buffer. The 
fluorescence intensity of the labeled cells was analyzed using 
a FACS flow cytometer (Beckton & Dickinson). The degree of 

internalization was calculated using CellQuest Software. 
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