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The scaffold protein p62 is involved in internalization and traf­ficking of TrkA. The receptor is deubiq­uiti

nated by the proteasomes prior to degradation by lysosomes. Here we demonstrate that p62 serves as a 

shuttling protein for interaction of ubiq­uitinated TrkA with Rpt1, one of the six ATPases of 19S regulatory 

particle of the 26S proteasome. In p62¡/¡ mouse brain TrkA failed to interact with the Rpt1. The inter

action of TrkA with Rpt1 was reduced in proteasomes isolated from p62¡/¡ brain, but was restored by 

addition of p62. The UBA domain of p62 interacts with TrkA and its PB1/UbL domain with AAA-ATPase 

cassette in the C-terminal region of Rpt1. Last, neurotrophin-dependent turnover of TrkA was impaired by 

reduction in the level of p62. These findings reveal that p62 serves as a shuttling factor for interaction of 

ubiq­uitinated substrates with the proteasome and could promote localized protein turnover in neurons.

© 2008 Elsevier Inc. All rights reserved.
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Nerve growth factor binding to TrkA receptor triggers activa

tion, ubiq­uitination, internalization and degradation of TrkA [1–3]. 

Both proteasomes and lysosomes are involved in the degradation 

of the internalized TrkA receptor, however, TrkA is deubiq­uitinated 

by proteasomes prior to its degradation in lysosomes [3]. Previous 

studies have shown that p62 interacts with polyubiq­uitinated sub

strates through its UBA (ubiq­uitin-associating) domain and inter

acts with the proteasome through its N-terminal region [4]. The 

PB1 domain of p62 at its N-terminal region [5] shares structural 

similarity with the UbL (ubiq­uitin-like) domain [6] and may inter

act with one of the six ATPases of the 19S regulatory particle of the 

26S proteasome implicated in binding shuttling factors [7]. In this 

regard Rpt1 has been implicated as a docking site for interaction 

with putative shuttling factors with the proteasome [8,9]. Since 

polyubiq­uitinated TrkA interacts with UBA domain of p62 [10] and 

the receptor is deubiq­uitinated prior to traf­ficking to lysosomes for 

degradation [3], this study was undertaken to determine whether 

p62 may function as a shuttling protein for interaction and deubiq

uitination of the receptor by proteasomes.

Mate­ri­als and meth­ods

Mate­ri­als. The mouse Trk (B-3), myc, HA, and rabbit Trk (C-14) 

antibodies were purchased from Santa Cruz Biotechnology (La Jolla, 

CA). Rpt1 mouse antibody was obtained from Boston Biochem (Cam

bridge, MA). Cycloheximide, thrombin, and glutathione–agarose 

beads were from Sigma–Aldrich (St. Louis, MO). Nerve growth factor 

(NGF) (2.5S) was from Bioproducts for Science (Indianapolis, IN).
0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2008.06.082

	 *	 Corresponding author. Fax: +1 334 844 5225.

E-mail address: wootemw@auburn.edu (M.W. Wooten).
Ani­mal model. Knock-out mice (p62¡/¡) were generated as pre

viously described [11]. All the animals employed were handled 

according to the Auburn University Institutional Animal Care and 

Use Committee, which abides the National Institutes of Health 

guidelines. All experiments were conducted on 6-month-old 

mouse brain.

Cell Culture, immunopre­cipi­tation, and Western blot analy­sis. HEK 

293 cells and PC12 cells were cultured as previously described [2]. 

HEK 293 cells were transfected employing the calcium phosphate 

method using a Mammalian Cell Transfection Kit (Chemicon Inter

national, Temecula, CA) and PC12 cells with Lipofectamine (Invit

rogen). The cells were lysed with Triton lysis buffer to detect pro

tein–protein interactions (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 

10 mM NaF, 0.5% Triton X-100, 1 mM Na3VO4, 1 mM PMSF, 2 lg/ml 

leupeptin and aprotinin). Protein concentrations were estimated 

using BSA as a standard by the Bradford procedure (Bio-Rad, Hercu

les, CA). The lysates were immunoprecipitated and immunoblotted 

as described [2]. The TrkA C-14 antibody detects both glycosylated 

and immature forms of TrkA, whereas the B-3 antibody detects the 

glycosylated form only.

Isolation of the 26S proteasomes. p62¡/¡ mouse brain was used 

to isolate the proteasomes as previously described [3,12].

Cortico-hippocampal neurons. Dissociated cultures of cortico-

hippocampal neurons were prepared from embryonic day 18 mice, 

as described [13] and cultured in Neurobasal media with B27 sup

plements (Invitrogen). At DIV7 the neurons were transfected with 

GFP-Rpt1 and HA-TrkA employing Lipofectamine (Invitrogen) in 

Optimem media (Invitrogen) and processed at DIV9.

Immunofluorescence. Wild-type and p62¡/¡ mouse embry

onic fibroblast (MEF) cells were treated with 50 ng/ml of NGF 

at 37 °C for 0 and 60 min [3]. MEF cells were washed with  
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phosphate-buffered saline (PBS), followed by fixation with 3% 

paraformaldehyde and permeabilization in 0.1% Triton X-100 in 

PBS for 15 min. The cells were blocked in 3% milk in PBS for 1 h 

and incubated with TrkA (B-3) and Rpt1 antibodies overnight at 

4 °C and then washed and incubated with secondary antibody cou

pled to Texas Red or Oregon Green (Molecular Probes, Portland, 

OR) for 1 h. After washing in PBS, the coverslips were mounted on 

slides, and were analyzed with a 100£ oil immersion objective 

on a Bio-Rad MRC 1024 confocal microscope. Images were pro

cessed employing Confocal Assistant 4.02 (Bio-Rad) and Adobe 

Photoshop 6.0 software (Adobe Systems, Mountain View, CA).

GST pull-down assay. Esche­richia coli cells were induced with 

isopropyl 1-thio-b-d-galactopyranoside and lysed in NETN buffer 

(20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40, 

2 lg/ml aprotinin, 2 lg/ml leupeptin, and 1 mM PMSF). The GST-

tagged proteins were bound to glutathione–agarose overnight at 

4 °C followed by washing with NETN buffer [4]. The purity was 

validated by Coomassie blue staining and Western blot with GST 

antibody. p62 was cleaved from the agarose beads as well as the 

GST tag by addition of thrombin (1 U/100 lg protein) at room tem

perature for 20 h. The concentration of purified p62 was estimated 

by mini-Bradford assay. The GST-Rpt captured on agarose beads 

was washed with binding buffer (20 mM Tris–HCl, pH 7.6, 50 mM 

NaCl, 0.1% Nonidet P-40, 0.5 M dithiothreitol, 1 mM PMSF) prior to 
Fig. 1. Interaction of TrkA with Rpt1 is p62-dependent. (A) Brain of two mice each, WT 

precipitated (IP) with TrkA (C-14) antibody and Western blotted (WB) with TrkA (B-3) a

from p62¡/¡ mouse brain and rotated for 1 h at room temperature. TrkA was immunop

(C) WT and p62¡/¡ MEF cells were stimulated with or without NGF (50 ng/ml) for 1 h, f

of colocalization (merge, yellow) was assessed by superimposing red (TrkA, Texas Red)

cells were Western blotted (WB) with TrkA (B-3) and Rpt1 to check their expression. (Fo

to the web version of this paper.)
pull-down assay. Five micrograms of GST-Rpt was added to 2 lg of 

purified p62 and rotated for 2 h at 4 °C, and analyzed by immuno

blotting with GST and p62 antibody.

Results and discussion

TrkA interacts with Rpt1 in presence of p62

We sought to determine the mechanism whereby ubiq­uiti

nated TrkA interacted with the proteasome and set out to exam

ine whether p62 interacted with Rpt1, similar to other UbL/UBA 

containing shuttling factors. WT and p62¡/¡ mouse brain homog

enates were immunoprecipitated with anti-TrkA and blotted 

with TrkA and Rpt1 antibody (Fig. 1A); TrkA interacted with 

Rpt1 in WT lysates but not in lysates from p62¡/¡ mice. Rpt1 was 

also immunoprecipitated from WT and p62¡/¡ mouse brain and 

Rpt1 associated with TrkA only in the presence of p62 (data not 

shown). These findings suggest that p62 is needed for TrkA inter

action with Rpt1. To further test p62 involvement in directing 

TrkA interaction, proteasomes were isolated from p62¡/¡ mouse 

brain. The interaction of TrkA and Rpt1 was almost nonexistent 

in proteasomes isolated from p62¡/¡ mouse brain; however, addi

tion of purified p62 restored the interaction of TrkA with Rpt1 

(Fig. 1B).
and p62¡/¡ were homogenized in Triton lysis buffer. The homogenate was immuno

nd Rpt1 antibody. (B) Purified p62 (0, 50, 250 ng) was added to isolated proteasomes 

recipitated (IP) and Western blotted (WB) with TrkA (B-3), p62, and Rpt1 antibody. 

ollowed by fixation and staining with both anti-TrkA (B-3) and anti-Rpt1. The extent 

 and green (Rpt1, oregon green) signals. (D) Fifty micrograms of WT and p62¡/¡ MEF 

r interpretation of the references to color in this figure legend, the reader is referred 



	 T. Ge­etha et al. / Biochemical and Biophysical Research Communications 374 (2008) 33–37	 35
In addition TrkA colocalization with Rpt1 was examined by 

immunofluorescence microscopy employing WT and p62¡/¡ 

mouse embryo fibroblasts (MEF) (Fig. 1C). The cells were stimu

lated with NGF and extensive colocalization of the TrkA/Rpt1 was 

observed in WT MEF cells and to a much lesser extent in p62¡/¡ 

cells. As control, the expression of TrkA and Rpt1 in MEF cells was 

confirmed by immunoblotting (Fig. 1D). Taken together, these 

results provide compelling evidence for p62 in mediating interac

tion of TrkA with Rpt1.

Interaction of TrkA and p62 with Rpt1

Several proteins containing UBA and UbL domains interact 

with ubiq­uitinated substrates and proteasome, thereby targeting 
Fig. 2. The site of interaction between TrkA/p62 and Rpt1. (A) HA-tagged TrkA along 

with myc-tagged WT p62, DN-term, or DUBA (as shown) was expressed in HEK 293 

cells followed by NGF stimulation (50 ng/ml) for 60 min. The cells were lysed with 

Triton lysis buffer, and the association of TrkA with p62 and Rpt1 was determined 

by immunoprecipitation of the lysates with antibody to TrkA (C-14) and Western 

blotting with antibody to HA, myc, and Rpt1. (B) The same transfected HEK lysates 

from above was also immunoprecipitated with anti-myc and Western blotted with 

HA, myc and Rpt1 antibody. Expression of myc-tagged p62 constructs is shown 

with an arrow.
delivery of substrates for degradation [8,14,15]. We next set out 

to examine which domain of p62 was involved in mediating TrkA 

interaction with Rpt1. HEK cells were cotransfected with HA-TrkA, 

myc-p62 and either DN-terminal or DUBA mutants of p62. The cells 

were stimulated with nerve growth factor (NGF) to promote TrkA 

ubiq­uitination [10] and evaluated for the co-interaction of TrkA, 

p62, and Rpt1 (Fig. 2A). TrkA was able to interact with the delta 

N-term of p62 but not the delta UBA domain, however an absence 

of p62’s UBA domain impaired TrkA interaction with Rpt1. On the 

other hand, p62 interacted with TrkA and Rpt1 but the interaction 

with TrkA was absent if p62’s UBA domain was deleted. Full-length 

and delta UBA mutant of p62 interacted with Rpt1 (Fig. 2B). These 

findings reveal that the N-term of p62 interacts with Rpt1, whereas 

the C-term of p62 interacts with TrkA. This observation is consis

tent with previous findings revealing the ubiq­uitinated TrkA inter

acts with p62’s UBA domain [10].

p62 interacts with C-termi­nal region of Rpt1

The six Rpt subunits (Rpt1-6) present in the base of the regulatory 

particle (RP) of the 26S proteasome contain a coiled-coil domain in 

the N-terminal region and an AAA-ATPase (ATPases associated with 

a variety of cellular activities) cassette in the C-terminus [16,17]. As 
Fig. 3. Interaction of p62 with the C-terminal region of Rpt1. (A) GST-tagged full-

length Rpt1, its mutant N-term, C-term or GST-tagged Rpt6 captured on glutathi

one–agarose beads were allowed to interact with purified p62 in a pull-down assay. 

The pull-downs were Western blotted with anti-GST. The blot was stripped and blot

ted with p62 antibody. (B) GST-Rpt1 pull-down assay was carried out with increas

ing concentrations of p62 (0, 1, 2, 4 lg) and immunoblotted with anti-GST and anti-

p62. (C) GST-Rpt6 pull-down was conducted same as in (B). The assay was Western 

blotted with anti-GST. The blot was stripped and probed with p62 antibody.
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Fig. 4. TrkA turnover is p62-dependent. (A) PC12 cells were transfected with anti-sense (AS) p62, HA-tag K63R or K48R mutant ubiq­uitin constructs. The cells were treated 

with NGF (50 ng/ml) for 60 min or not before lysing the cells in Triton lysis buffer. Proteins (750 lg) were immunoprecipitated (IP) with anti-TrkA (C-14) and analyzed by 

Western blotting (WB) with TrkA (B-3) and Rpt1 antibody. The expression of TrkA, p62, and ubiq­uitin constructs in the lysates (50 lg) was determined by Western blotting. 

(B) Cortico-hippocampal neurons transfected with GFP-Rpt1, HA-TrkA were stimulated with 60 mM K+ for 15 min followed by fixation and staining for actin with phallodin 

(red), or HA for TrkA. Secondary antibody tagged with CY5 (Molecular Probes, Eugene, OR) was employed to detect HA-TrkA. The merged image is shown. When all three 

proteins colocalize (red–green–blue) a lavender image appears, whereas miscolocalization of GFP-Rpt1 results in red–blue that produces a violet image. (C) PC12 cells were 

transfected either with ASp62 or p62 (OEp62). After 36 h post-transfection, the cells were treated with 20 lg of cycloheximide at 37 °C for the indicated time periods and 

lysed with Triton lysis buffer. Equal amounts of cell lysate (50 lg) were Western blotted (WB) with anti-TrkA (B-3) to assess the turnover of endogenous TrkA. The TrkA blot 

was scanned and the relative expression of TrkA is represented in the graphical plot. The lysates were analyzed for protein expression of p62. (D) Schematic representation 

of TrkA/p62 proteasomal shuttling. Ubiq­uitinated TrkA [2] interacts with p62’s UBA domain [10] and is targeted by the UbL domain of p62 to the proteasome by interacting 

with Rpt1. These findings (A–C) are representative of three other independent experiments. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this paper.)



	 T. Ge­etha et al. / Biochemical and Biophysical Research Communications 374 (2008) 33–37	 37
p62 interacts with Rpt1, additional experiments were undertaken 

to map the region of Rpt1 that interacts with p62. GST-tagged Rpt1 

or N-term, C-term mutant proteins captured on agarose beads were 

employed in a pull-down assay along with GST-Rpt6 to test for spec

ificity (Fig. 3A). p62 interacted with full-length Rpt1 and C-term but 

not with the mutant N-term Rpt1 or Rpt6. Increasing concentrations 

of p62 included in the GST-Rpt1 pull-down assay, resulted in capture 

of increasing amounts of p62 (Fig 3B). By contrast, GST-Rpt6 failed 

to capture p62, even when higher concentrations were included in 

the assay (Fig. 3C). Therefore, p62 interacts directly with C-terminal 

region of Rpt1 and not with Rpt6.

Turnover of TrkA

TrkA is deubiq­uitinated post-internalization by proteasomes 

prior to degradation by lysosomes [3]. As p62 interacts with the 

proteasomal subunit, Rpt1, it is possible that the TrkA receptor 

may employ p62 as a shuttling protein to regulate its turnover. 

To explore this possibility, PC12 cells were transfected with full-

length anti-sense p62 (ASp62) to reduce the endogenous levels 

of p62 [4] followed by stimulation with NGF. TrkA was immuno

precipitated and Western blotted with anti-TrkA and anti-Rpt1 to 

detect the interaction of TrkA with proteasomes (Fig. 4A). Control 

cells treated with NGF revealed TrkA interaction with Rpt1. How

ever, in lysates with diminished p62 expression TrkA failed to 

interact with Rpt1, consistent with earlier findings. Furthermore, 

to examine whether Rpt1 is indeed capturing ubiq­uitinated TrkA, 

K63R, and K48R ubiq­uitin mutants were expressed prior to treat

ment with NGF. TrkA is K63 polyubiq­uitinated [2,10]; expression 

of K63R ubiq­uitin mutant but not K48R ubiq­uitin mutant blocked 

TrkA interaction with Rpt1 (Fig. 4A). Collectively, these findings 

reveal that Rpt1 is interacting with the ubiq­uitinated form of TrkA. 

To further examine the role of p62 in TrkA/Rpt1 interaction, cor

tico-hippocampal neurons from WT and p62¡/¡ mice were trans

fected with GFP-Rpt1 and HA-TrkA, stimulated, stained, and exam

ined by confocal microscopy. In WT neurons, the colocalization of 

TrkA, actin and Rpt1 was visualized; however, the interaction of 

TrkA and Rpt1 was absent in p62¡/¡ neurons (Fig. 4B). Rpt1 is also 

known to function in the binding of nascent misfolded proteins 

[9,18]. We next examined whether p62 played a significant role 

in regulating the turnover of the TrkA receptor. PC12 cells were 

transfected with ASp62 or p62 constructs to over-express (OE) the 

protein followed by treatment with the translation inhibitor cyclo

heximide (Fig. 4C). Cell lysates were prepared and the expression 

of TrkA and p62 was analyzed by immunoblotting. Diminished p62 

expression enhanced the stability of TrkA compared to control or 

cells over-expressing p62. Likewise, expression of the K63R but not 

the K48R mutant ubiq­uitin construct impaired TrkA turnover (data 

not shown). Altogether, these results reveal that p62 plays a role 

in the presentation of ubiq­uitinated TrkA to the proteasome for 

deubiq­uitination and therefore regulates TrkA degradation.

Our findings with TrkA are in contrast with recent reports on cen

trin/Cdc31 a newly identified shuttling factor which interact with 

both the proteasome and multiubiq­uitinated proteins [7]. Cdc31 

binds to Rpt1, Rpt4, and Rpt6 subunits of 19S regulatory particle but 

does not require prior attachment to a multiubiquitin chain. In con

trast, p62 binds Rpt1 when loaded with K63 ubiq­uitinated cargo such 

as TrkA (Fig. 4D). In this regard, the function of p62 is similar to other 

proteins containing UBA and UbL domains such as: Ddi1, Rad23, and 

Dsk2 in shuttling of substrates to the proteasome [8,19,20]. There 

is growing evidence for local degradation of proteins in neuronal 

spines to fine-tune synaptic architecture [21]. Given that p62 can 

also regulate delivery of proteins to autophagosomes through a sepa

rate LC3 interacting region (LIR) [22], reveals that p62 could thereby 

preserve protein degradation capabilities in circumstances where 
activity of the proteasome is impaired. Such conditions are common 

in numerous neurodegenerative diseases. Our results reveal that 

deubiq­uitination and degradation [3] of a defined K63-polyubiq­uiti

nated substrate, TrkA [10], is dependent upon p62.
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