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Introduction

Macroautophagy (which we will simply refer to as autophagy) 

is an intracellular degradation system mediated by the auto-

phagosome. A small portion of the cytoplasm is engulfed by an 

isolation membrane/phagophore, which results in the formation 

of an autophagosome. The outer membrane of autophagosome 

then fuses with the lysosome membrane, and materials inside 

the autophagosome are degraded by the lysosomal hydrolases 

together with the inner autophagosome membrane. Autophagy 

is involved in various physiological processes such as main-

tenance of the amino acid pool during starvation and pre-

implantation embryo development, intracellular quality control, 

antigen presentation, and killing of intracellular microorgan-

isms (Rubinsztein, 2006; Mizushima, 2007; Cecconi and Levine, 

2008; Mizushima et al., 2008; Deretic, 2009; Virgin and Levine, 

2009). To date, >30 autophagy-related (ATG) genes have been 

identi�ed in yeast, many of which are conserved in higher eu-

karyotes (Suzuki and Ohsumi, 2007; Xie and Klionsky, 2007; 

Longatti and Tooze, 2009).

Although autophagy has been considered to be a nonselec-

tive, bulk process (Kominami et al., 1983; Kopitz et al., 1990), 

recent studies have revealed that the autophagosome membrane 

can selectively recognize certain speci�c proteins and organ-

elles (Yu et al., 2008; Kirkin et al., 2009b; Kraft et al., 2010). 

The prototype for selective autophagy is the yeast cytoplasm 

to vacuole targeting (Cvt) pathway (Wang and Klionsky, 2003; 

Lynch-Day and Klionsky, 2010). Two vacuolar enzymes, amino-

peptidase 1 (Ape1) and -mannnosidase (Ams1), lack typical 

signal sequences and are synthesized as precursor enzymes in 

the cytosol. prApe1 dodecamers form an Ape1 complex, which 

are assembled into a Cvt complex with Ams1 and Atg19, and 

are then sequestered into Cvt vesicles. The Cvt vesicles are 

reminiscent of autophagosomes but are smaller in size. The Cvt 

vesicles �nally fuse with the vacuole, releasing the two pro-

enzymes into the vacuolar lumen. Mitochondria can also be 

selectively degraded by autophagy, and a yeast cargo receptor 

on the mitochondrial membrane, Atg32, was recently identi�ed 

(Kanki et al., 2009; Okamoto et al., 2009).

The best-known mammalian autophagy-speci�c substrate is 

p62/SQSTM1 (Bjørkøy et al., 2005; Pankiv et al., 2007). p62 has 

multiple functions in bone metabolism, obesity, caspase activa-

tion, inclusion body formation, and tumorigenesis (Wooten et al., 

2006; Seibenhener et al., 2007; Moscat and Diaz-Meco, 2009). 

A
utophagy is an intracellular degradation process 
by which cytoplasmic contents are degraded 
in the lysosome. In addition to nonselective en-

gulfment of cytoplasmic materials, the autophagosomal 
membrane can selectively recognize specific proteins and 
organelles. It is generally believed that the major selec-
tive substrate (or cargo receptor) p62 is recruited to the 
autophagosomal membrane through interaction with 
LC3. In this study, we analyzed loading of p62 and its 
related protein NBR1 and found that they localize to the 
endoplasmic reticulum (ER)–associated autophagosome 

formation site independently of LC3 localization to mem-
branes. p62 colocalizes with upstream autophagy fac-
tors such as ULK1 and VMP1 even when autophagosome 
formation is blocked by wortmannin or FIP200 knockout. 
Self-oligomerization of p62 is essential for its localiza-
tion to the autophagosome formation site. These results 
suggest that p62 localizes to the autophagosome forma-
tion site on the ER, where autophagosomes are nucleated. 
This process is similar to the yeast cytoplasm to vacuole 
targeting pathway.

p62 targeting to the autophagosome formation site 
requires self-oligomerization but not LC3 binding
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LC3 and Atg16L1 (Fig. 1, A and B), which represented isola-

tion membrane (Mizushima et al., 2001).

Localization of LC3 to the autophagosome depends on 

conjugation of LC3 with phosphatidylethanolamine, or LC3–PE 

(LC3-II) formation, which requires Atg3 as a speci�c E2-like 

conjugation enzyme. Accordingly, in Atg3 knockout (KO) cells, 

both LC3–PE formation and LC3 membrane association were 

completely inhibited (Fig. 1 C; Sou et al., 2008). In these cells, 

however, Atg16L1-positive puncta were generated, which would 

represent intermediate structures lacking LC3 (Fig. 1 C; Sou et al., 

2008). Unexpectedly, most p62 puncta still colocalized with 

Atg16L1, even in these Atg3 KO cells. This suggests that LC3 

is not essential for the p62 recruitment to the autophagic struc-

tures, which is apparently inconsistent with the general idea 

that p62 recruitment is LC3 dependent (Fig. 1 C). However, 

the colocalization rate was not as high as in wild-type cells 

(Fig. 1 B). Approximately 87% and 35% of the Atg16L1 

puncta were positive for p62 in wild-type and Atg3 KO cells, 

respectively. Thus, these results suggest that, although par-

tially important, LC3 is not essential for p62 targeting to the 

autophagosome intermediates.

In yeast, the hierarchical relationship among the Atg pro-

teins has recently been determined by a systematic analysis 

(Suzuki et al., 2007). We performed a similar comprehensive 

analysis using mammalian cells including higher eukaryote-

speci�c factors (Itakura and Mizushima, 2010). The results in-

dicate that the complex containing ULK1 (unc-51–like kinase 1), 

Atg13, FIP200 (focal adhesion kinase family interacting pro-

tein of 200 kD) and Atg101, the ULK1–Atg13–FIP200–Atg101 

complex, functions at the most upstream position in the process. 

This is followed in turn by the Atg14–Beclin 1–Vps34–p150 

phosphatidylinositol 3-kinase (PI3-kinase) complex, its puta-

tive effecters WIPI-1 (WD-repeat protein interacting with phos-

phoinosides 1) and DFCP1 (double FYVE domain-containing 

protein 1), the Atg12–Atg5–Atg16L1 complex, and LC3–PE. 

LC3 is the most downstream factor among these mammalian 

Atg proteins. Given this hierarchy, we sought to determine at 

which step p62 is recruited to the autophagy structures.

Atg5 is covalently attached to the ubiquitin-like protein, 

Atg12, and further associates with Atg16L1. Atg5 is also essential 

for LC3–PE formation and LC3 puncta formation (Mizushima  

et al., 2001). We tested the requirement of Atg5 for the recruit-

ment of p62 to the autophagic membrane. In this assay, we 

used an upstream factor, WIPI-1, which is present on isolation 

membranes in a PI3-kinase activity dependent manner (Proikas- 

Cezanne et al., 2007; Itakura and Mizushima, 2010). Starvation 

treatment induced WIPI-1 punctate structures, which colocal-

ized with p62 (Fig. 1, D and E). This colocalization was still 

observed in Atg5-de�cient MEFs (Fig. 1, F and G), suggesting 

that Atg5 is also dispensable for p62 recruitment.

p62 localizes to the ER-associated 

autophagosome formation site

Autophagosome formation requires PI3-kinase activity; a PI3-

kinase inhibitor, wortmannin, suppresses autophagic degrada-

tion (Blommaart et al., 1997) and isolation membrane formation 

(Kovács et al., 2000). Although wortmannin treatment indeed 

Selective degradation of p62 by autophagy is physiologically 

important because accumulation of p62 is cytotoxic, at least in 

the liver (but not in the brain; Komatsu et al., 2007). It is also 

hypothesized that p62 functions as an adaptor or cargo receptor 

in degradation of ubiquitinated proteins, organelles such as per-

oxisomes and mitochondria (Kim et al., 2008; Kirkin et al., 

2009b), and intracellular bacteria (Dupont et al., 2009; Yoshikawa 

et al., 2009; Zheng et al., 2009). Another structurally related 

protein, NBR1 (neighbor of BRCA1 gene 1), is also selectively 

incorporated into autophagosomes and degraded by autophagy 

(Kirkin et al., 2009a).

These selective substrates/adaptors such as Atg19, Atg32, 

p62, and NBR1 have an Atg8/LC3-interacting motif (WXXL/I) 

called the LC3 recognition sequence (LRS) or the LC3-interacting 

region (Noda et al., 2010). Atg8 and its mammalian homologue 

LC3 are present on both outer and inner membranes of the auto-

phagosome. Direct binding to Atg8/LC3 allows the cargos to  

be selectively enclosed by autophagosomes. In yeast, Ape1, 

Ams1, and Atg19 are present on the preautophagosomal struc-

ture (PAS), where most Atg proteins gather and autophagosome 

are generated (Suzuki et al., 2001; Kim et al., 2002; Chang and 

Huang, 2007). Importantly, localization of the Cvt complex  

to the PAS requires Atg19 but does not absolutely depend on 

other Atg proteins including Atg8, suggesting that cargo re-

cruitment can be achieved independently of the Atg8–cargo  

interaction (Cao et al., 2008). In contrast, how mammalian se-

lective substrates or cargo receptors are loaded into autophago-

somes remains to be determined. It is generally thought that the 

cargo proteins are recruited to the elongating isolation mem-

brane in an LC3-dependent manner (Kirkin et al., 2009b; Lamark 

et al., 2009).

In this study, we examined how p62 and NBR1 are loaded 

onto autophagosomes and found that they are recruited to the 

autophagosome formation site, which may be equivalent to the 

yeast PAS. Localization of p62 to this site is dependent on self-

oligomerization but independent of most Atg proteins, includ-

ing LC3. LC3 seems to be critical for later enclosing steps. 

These results suggest that p62 and NBR1 are already present at 

autophagosome formation sites. Localization of these proteins 

may determine where autophagosomes are nucleated.

Results and discussion

p62 can localize to early  

autophagic structures in an  

LC3-PE–independent manner

To study p62 loading into the autophagosome, we �rst deter-

mined the requirement of LC3 in p62 association with the auto-

phagic membrane using mouse embryonic �broblasts (MEFs). 

When wild-type cells were starved, LC3 punctate structures rep-

resenting isolation membranes and autophagosomes increased  

in number (Fig. 1 A). p62 also formed punctate structures, even 

under nonstarved conditions, although the number increased 

after starvation (Fig. 1 A). Most of the p62 puncta that were 

generated under starvation conditions would represent auto-

phagosomes because p62 is incorporated into autophagosomes 

(Komatsu et al., 2007). The p62 puncta colocalized well with 
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After starvation treatment, Atg14 punctate structures were in-

duced, most of which colocalized with p62 (Fig. 2 B). Nota-

bly, the wortmannin treatment, which should inhibit isolation  

membrane formation, did not disrupt the Atg14–p62 colocali-

zation (Fig. 2 C). One concern was that the Atg14–p62 

colocalization might simply represented cytoplasmic protein 

aggregates in which both Atg14 and p62 were incorporated.  

To address this possibility, we treated cells with puromycin, 

which is commonly used to increase the production of truncated 

suppresses puncta formation of downstream Atg proteins, such 

as WIPI-1, DFCP1, Atg5, Atg16L1, and LC3, it does not affect 

that of upstream Atg proteins such as ULK1 and Atg14 (Itakura 

and Mizushima, 2010). We proposed that the ULK1- and Atg14-

positive structures observed in wortmannin-treated cells repre-

sent autophagosome formation sites. We therefore determined 

whether p62 could localize to these sites.

Under nutrient rich conditions, there were quite a few Atg14 

puncta, and p62 dots were mostly negative for Atg14 (Fig. 2 A).  

Figure 1. Localization of p62 to the early autophagic structures is independent of LC3. (A) MEFs stably expressing GFP-LC3 were cultured in regular 
medium or starvation medium for 1 h. Cells were stained with anti-p62 antibodies and analyzed by immunofluorescence microscopy. (B and C) Localiza-
tion of p62 to the autophagic structures is independent of LC3 lipidation. Wild-type (B) and Atg3 KO MEFs (C) stably expressing GFP-LC3 were cultured 
in starvation medium for 2 h. Cells were stained with anti-Atg16L1 and anti-p62 antibodies. Structures positive for Atg16L1 and p62 but not for GFP-LC3 
are indicated by arrows. (D–G) Localization of p62 to the autophagic structures is independent of Atg5. Wild-type (D and E) and Atg5 KO MEFs (F and G)  
stably expressing HA–WIPI-1 were cultured in regular (D and F) or starvation medium (E and G) for 2 h. Cells were stained with anti-HA and  
anti-p62 antibodies. Signal color is indicated by color of typeface. Reg. M., regular medium; St. M., starvation medium; WT, wild type. Bars: (white) 10 µm;  
(yellow) 1 µm.
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con�rmed that the starvation-induced puncta of ULK1 colocal-

ized with p62, even in the presence of wortmannin (Fig. 2, E–G 

and I). This colocalization was regulated by FIP200 because  

the ULK1 puncta disappeared in FIP200 KO cells, even though 

a large number of p62 structures were observed in these cells 

(Fig. 2 H). These data again argue that the ULK1–p62 co-

localization does not represent nonspeci�c incorporation of 

ULK1 into p62 aggregates. The colocalization of p62 with 

ULK1 and Atg14 in wortmannin-treated cells suggests that p62 

localizes to the autophagosome formation site independently of 

downstream factors.

and misfolded proteins, and thereby induce formation of cyto-

plasmic inclusions containing p62 (Szeto et al., 2006; Pankiv  

et al., 2007; Kirkin et al., 2009b). However, GFP-Atg14 was  

not incorporated into the puromycin-induced p62 aggregates 

(Fig. 2 D), suggesting that the Atg14–p62 colocalization is spe-

ci�c for autophagy induction, and does not simply represent 

protein aggregates.

We reported that Atg14 punctate structures are not formed 

in FIP200 KO cells and proposed that the ULK1-FIP200 com-

plex is the most upstream unit among the autophagy core units 

(Itakura and Mizushima, 2010). We thus examined ULK1 and 

Figure 2. p62 localizes to the autophago-
some formation site. (A–D) NIH3T3 cells stably 
expressing GFP-Atg14 were cultured in regu-
lar medium (A), starvation medium with (C) or 
without (B) 0.2 µM wortmannin for 1 h, or in 
regular medium containing 50 µg/ml puromycin 
for 2 h (D). Cells were analyzed by immuno-
fluorescence microscopy using anti-GFP and 
anti-p62 antibodies. (E–H) Wild-type (E–G) 
and FIP200 KO MEFs (H) stably expressing 
HA-ULK1 were cultured in the indicated me-
dium for 1 h. Cells were stained as described 
in Fig. 1. Signal color is indicated by color of 
typeface. (I) Quantification of HA-ULK1 puncta 
per cell (left) and HA-ULK1 positivity (%) of the 
p62 puncta (right) are shown. Data represent 
mean ± SEM of 30 images. Reg. M., regular 
medium; St. M., starvation medium; WM, wort-
mannin; WT, wild type. Bars: (white) 10 µm;  
(yellow) 1 µm.
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NBR1 localizes to the autophagosome 

formation site in a p62-independent manner

We also tested whether another autophagy selective substrate 

(or cargo receptor), NBR1, is also targeted to the autophago-

some formation site in an LC3-independent manner. NBR1 is 

structurally similar to p62; it has a PB1 domain at the N termi-

nus and a ubiquitin-associated (UBA) domain at the C terminus 

(Kirkin et al., 2009a). Moreover, NBR1 has an LRS-like se-

quence (YIII) which interacts with LC3, and is consequently 

selectively degraded by autophagy. Under nutrient rich condi-

tions, NBR1 formed punctate structures, which colocalized 

with p62, but were mostly negative for ULK1 (Fig. S2 A). How-

ever, starvation treatment induced the ULK1 punctate struc-

tures, which colocalized with both p62 and NBR1 (Fig. S2 B). 

This colocalization was still maintained when cells were treated 

with wortmannin (Fig. S2 C), suggesting that NBR1 also targets 

to the autophagosome formation site independently of Atg fac-

tors downstream of the PI3-kinase complex, including LC3. 

This targeting is also independent of p62 because similar results 

were obtained when we used p62 KO MEFs (Fig. S2, D–F). 

These results suggest that localization to the autophagosome 

formation sites is not speci�c to p62, but may be a general fea-

ture of autophagy-selective substrates and cargo receptors.

The PB1 domain but not LRS of p62 

is critical for its localization to the 

autophagosome formation site

p62 interacts with LC3 via the LRS, which is critical for p62  

degradation (Pankiv et al., 2007; Ichimura et al., 2008; Noda  

et al., 2008). Interaction of LC3 with p62 was found to be se-

verely reduced in the p62 LRS mutant 1 (L343A) and was vir-

tually abolished in the p62 LRS mutant 2 (D337/D338/D339A; 

Ichimura et al., 2008). We analyzed colocalization of LC3 and 

mutant p62 proteins in p62-de�cient cells to eliminate the effect 

of endogenous p62. To avoid aggregation caused by overexpres-

sion, we used stably transformants expressing GFP-tagged p62 

mutants at approximately less than �vefold of the endogenous 

levels. Consistent with previous observations, colocalization of 

LC3, with the p62 LRS mutant 1, LRS mutant 2 and p62C 

(lacking both LRS and the UBA domain) was profoundly  

p62 localizes to autophagy-related 

structures even in FIP200 KO cells

We have found that these ULK1 puncta tightly associate with 

the ER membrane (Itakura and Mizushima, 2010). Consistent 

with this observation, some of the p62 dots attached the ER  

networks and were moving together with the ER (Fig. 3 A and 

Video 1). The p62–ER association was also observed in the 

presence of wortmannin (Video 2). Collectively, these data sug-

gest that p62 can accumulate at the ER-associated autophago-

some formation site, where Atg proteins are recruited.

We further tested whether classical Atg proteins are re-

quired for generation of the ER-associated p62 punctate struc-

tures. We found in a separate study that most Atg proteins 

including ULK1, Atg14, Atg16L1, WIPI-1, DFCP1 and LC3  

do not form puncta in FIP200 KO cells, whereas VMP1 puncta 

are constitutively generated in FIP200 KO cells (Itakura and 

Mizushima, 2010). VMP1 is an ER-associated protein required 

for autophagosome formation (Ropolo et al., 2007). VMP1 

transiently associates with the ULK1 puncta and dissociates 

from them during autophagosome formation (Itakura and 

Mizushima, 2010). We therefore determined the requirement of 

FIP200 in targeting of p62 to the autophagosome formation site 

using VMP1 as a marker. In wild-type cells, only a few p62 

puncta colocalized with the VMP1 puncta (Fig. 3 B). In con-

trast, almost all p62 puncta colocalized with the VMP1 puncta 

in FIP200 KO cells (Fig. 3 C). These results suggest that target-

ing of p62 to the autophagosome formation site on or close to 

the ER membrane is independent of the ULK1–FIP200 com-

plex, and p62 seems to be trapped at the VMP1 structures when 

autophagosome formation is inhibited.

These results raised another possibility that VMP1 may be 

required for targeting of p62 to the autophagosome formation 

site. To this end, we performed siRNA-mediated silencing of 

VMP1 and analyzed p62 localization. As we previously reported 

(Itakura and Mizushima, 2010), ULK1 and DFCP1 puncta ac-

cumulated in VMP1 knockdown cells. Knockdown of VMP1 

also led to accumulation of large p62 puncta, which colocalized 

with ULK1 and DFCP1, an ER-associated protein (Fig. S1). 

These results suggest that VMP1 is not necessary for the p62 re-

cruitment to the ER-associated autophagosome formation site.

Figure 3. p62 puncta associate with the ER 
independently of FIP200. (A) MEFs stably ex-
pressing GFP-ER (GFP fused to cytochrome b5 
residues 95–134) were cultured in starvation 
medium for 1 h. Cells were fixed, permeabi-
lized, and subjected to immunofluorescence 
microscopy using anti-GFP and anti-p62 anti-
bodies. (B and C) p62 puncta colocalize with 
VMP1 in FIP200 KO cells. Wild-type (B) and 
FIP200 KO MEFs (C) stably expressing VMP1-
GFP were cultured in starvation medium for 1 h.  
Cells were stained with anti-p62 antibodies. 
Signal color is indicated by color of typeface. 
Bars: (white) 10 µm; (yellow) 1 µm.

http://www.jcb.org/cgi/content/full/jcb.201009067/DC1
http://www.jcb.org/cgi/content/full/jcb.201009067/DC1
http://www.jcb.org/cgi/content/full/jcb.201009067/DC1
http://www.jcb.org/cgi/content/full/jcb.201009067/DC1
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wortmannin treatment colocalized with the p62 LRS mutants 

(92% and 95% of HA-ULK1 puncta were positive for GFP-p62 

LRS mutant 1 and mutant 2, respectively; Fig. 4, C and D).  

Furthermore, GFP-p62C could form puncta and colocalized 

with ULK1 (Fig. 4, C and D), although it seldom forms puncta 

without wortmannin (Fig. 4, A and B). These data suggest that 

the LRS domain can be dispensable for targeting to the auto-

phagosome formation site, although it may be important for in-

corporation into LC3-positive mature autophagosomes.

We therefore determined whether the other domains in p62 

are required for targeting to the autophagosome formation site. 

inhibited compared with wild-type p62 under starvation condi-

tions (Fig. 4, A and B).

We next determined whether these p62 mutants could  

localize to the autophagosome formation site by testing co-

localization between ULK1 and p62 mutants in the presence of 

wortmannin to inhibit isolation membrane formation. GFP-p62 

(wild type) colocalized with ULK1 after starvation in the pres-

ence of wortmannin, as did endogenous p62 (91% of HA-ULK1 

puncta were positive for GFP-p62; Fig. 4, C and D). Although 

p62 LRS mutant 1 and LRS mutant 2 are defective in LC3 bind-

ing, almost all ULK1 puncta generated after starvation and 

Figure 4. The PB1 domain but not LRS of p62 is essential for localization to the autophagosome formation site. (A and B) p62 KO MEFs stably expressing 
GFP-p62 wild type, GFP-p62 LRS mutant 1 (L343A), GFP-p62 LRS mutant 2 (D337A, D338A, and D339A), GFP-p62C (1–265 amino acids), and PB1 
mutant (K7A and D69A) were cultured in starvation medium for 1 h. Cells were analyzed by immunofluorescence microscopy using anti-LC3 antibodies. 
GFP-p62 positivity (%) of the LC3 puncta is shown in B. Data represent mean ± SEM of 30 images. (C and D) p62 KO MEFs stably coexpressing HA-ULK1 
and one of the GFP-p62 described in A were cultured in starvation medium containing 0.2 µM wortmannin for 1 h. Cells were analyzed by immunofluores-
cence microscopy using anti-HA antibodies. GFP-p62 positivity (%) of the LC3 puncta is shown in D. Data represent mean ± SEM of 30 images. (E) p62 KO 
MEFs stably expressing the indicated GFP-p62 were cultured in regular or starvation medium for 1.5 and 3 h. Cell lysates were analyzed by immunoblot 
analysis with the anti-p62 and -actin antibodies. Signal color is indicated by color of typeface. St. M., starvation medium; WM, wortmannin; WT, wild 
type. Bars: (white) 10 µm; (yellow) 1 µm.
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ULK1-positive structures were generated normally in these 

cells (Fig. 4, A–D). Thus, the PB1 domain plays a critical role 

in p62 recruitment to the autophagosome formation site.  

We also con�rmed that starvation-induced p62 degradation 

was suppressed in the PB1 domain mutant and in the LRS mu-

tants (Fig. 4 E).

p62 has a Phox and Bem1 (PB1) and UBA domains. We tested 

the effect of a PB1 mutation (K7A/D69A) in p62, which com-

promises the interaction surface of the PB1 domain and causes 

loss of p62 self-oligomerization activity (Ichimura et al., 2008). 

The PB1 mutant of GFP-p62 did not form any punctate struc-

tures even in the presence of wortmannin, although LC3- and 

Figure 5. Self-oligomerization of p62 is critical for its localization to the autophagosome formation site. (A) Schematic representation of the artificial p62 
oligomerization system using a FKBP domain. The PB1 domain of p62 was replaced by one FKBP or two tandem FKBP domains. The small ligand AP20187 
chemically links two FKBP domains. (B) p62 KO MEFs stably expressing GFP-1xFKBP-p62 or GFP-2xFKBP-p62 were treated with ethanol (vehicle) or  
0.1 µM AP20187 for 24 h. After homogenization and centrifugation, the resulting supernatant fractions were applied to a Superose 6 column. Each frac-
tion was analyzed by immunoblotting using anti-p62 antibodies. Positions of the molecular mass standards (kD) are shown. (C–E) p62 KO MEFs stably 
expressing HA-ULK1 and either GFP-1xFKBP-p62 or GFP-2xFKBP-p62 were treated with ethanol (vehicle) or 0.1 µM AP20187 for 24 h and cultured in 
regular or starvation medium containing 0.2 µM wortmannin with or without 0.1 µM AP20187 for 1 h. Cells were analyzed by immunofluorescence 
microscopy using anti-HA antibodies. The number of p62 puncta per cell (D) and the ULK1 positivity (%) of the p62 puncta (E) are shown. Data represent 
mean ± SEM of 30 images. Signal color is indicated by color of typeface. AP, AP20187; WM, wortmannin. (F) Proposed model of p62 localization to 
autophagic structures. Bars: (white) 10 µm; (yellow) 1 µm.
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(unpublished data). At the second step, the p62 oligomers are 

incorporated into autophagosomes probably in an LC3-dependent 

manner. Additional p62 molecules may be further recruited  

during autophagosome formation. This model is consistent with 

previous studies showing that the interaction with LC3 is not 

suf�cient for ef�cient p62 degradation, and the PB1 domain is 

also important for its degradation (Ichimura et al., 2008; Lamark 

et al., 2009). We do not know the exact nature of p62 puncta that 

become enclosed by the autophagosome. They might be small 

protein aggregates or soluble oligomeric p62 associated with 

the autophagosome formation sites.

Because p62 is present on the autophagosome formation 

site, one might expect that p62 could serve in the machinery for 

autophagosome formation. However, ULK1 and Atg14 puncta 

formation are not affected in p62 KO cells (unpublished data), 

and starvation-induced autophagosome formation and degrada-

tion of long-lived proteins are normal in p62 KO cells (Komatsu  

et al., 2007). Nonetheless, it is still possible that p62 has the 

ability to recruit Atg proteins and to determine where auto-

phagosome should be generated, although p62 is dispensable 

for autophagy induction. As p62 is also important for pexophagy 

(Kim et al., 2008) and elimination of bacteria (Yoshikawa et al., 

2009), p62 may play a general role in recruiting Atg proteins to 

initiate autophagosome formation. It is also possible that other 

p62-like proteins such as NBR1 may function redundantly with 

p62 (Kirkin et al., 2009a).

Although the Cvt-speci�c genes are not conserved in 

mammals, p62 recruitment to the autophagosome formation site 

is reminiscent of the yeast Cvt pathway (Wang and Klionsky, 

2003). After synthesis in the cytosol, precursors of Ape1 

(prApe1) forms a homo-dodecamer and assembles into a Cvt 

complex. Atg19 serves as a receptor for prApe1 and recruits the 

Cvt complex to the PAS because Atg19 can also bind Atg8 and 

Atg11 (Scott et al., 2001; Shintani et al., 2002; Suzuki et al., 

2002; Chang and Huang, 2007). An in vivo reconstitution ex-

periment showed that prApe1, Atg19, and Atg11 are suf�cient 

for cargo packaging and, at least in part, for cargo delivery to 

the PAS, which is the autophagosome/Cvt vesicle formation site 

in yeast (Cao et al., 2008). These processes may be similar to 

those of p62 targeting to the autophagosome formation site  

in mammalian cells. p62 could target to the site in an LC3- 

independent manner, and self-oligomerization of p62 through 

the PB1 domain is essential for the targeting (Figs. 4 and 5). The 

delivery of cargos and cargo receptors to the autophagosome/

Cvt vesicle formation site would facilitate ef�cient incorpora-

tion of these cargos into autophagosomes and the Cvt vesicles.

Materials and methods

Cell culture and transfection
MEFs were cultured in DME supplemented with 10% FBS and 50 µg/ml  
penicillin and streptomycin (regular medium) in a 5% CO2 incubator. 
NIH3T3 cells were maintained in DME containing 10% bovine calf serum 
and the antibiotics (regular medium). Atg5 KO (Kuma et al., 2004), Atg3 KO 
(Sou et al., 2008), FIP200 KO (Gan et al., 2006), and p62 KO (Ichimura  
et al., 2008) MEFs were generated as described previously. For starvation, 
cells were washed with PBS and incubated in amino acid–free DME without  
serum (starvation medium). FuGENE 6 reagent (Roche) was used for trans-
fection. Wortmannin and puromycin were purchased from Sigma-Aldrich.

Collectively, these results suggest that the interaction with 

LC3 is not necessary for p62 association with early autophagic 

structures, but appears to be important to incorporate p62 inside 

these structures. In contrast, the PB1 domain is important for 

targeting of p62 to the early autophagic structure.

Self-oligomerization is required for 

localization of p62 to the autophagosome 

formation site

p62 is known to be self-oligomerized through the PB1 domain 

(Lamark et al., 2003; Wilson et al., 2003). We con�rmed that  

p62 exists as oligomers irrespective of nutritional conditions 

(Fig. S3). To investigate the effect of p62 oligomerization 

through the PB1 domain, we developed an arti�cial self-

oligomerization system using FK506-binding protein (FKBP) 

domain and a small ligand AP20187 (Amara et al., 1997; 

Clackson et al., 1998). This system is based on the binding  

between the FKBP domain and the small ligand AP20187, which 

can chemically link two FKBP domains. We replaced the PB1 

domain of p62 with either one or two tandem FKBP domains, 

and generated p62 KO cells stably expressing GFP-1xFKBP-p62 

or GFP-2xFKBP-p62 with HA-ULK1 (Fig. 5 A). After treat-

ment of AP20187, two 1xFKBP-p62 molecules are linked to 

form a dimmer, whereas multiple 2xFKBP-p62 molecules are 

linked to form an oligomer. Gel �ltration analysis con�rmed 

that 1xFKBP-p62 moved to approximately twofold higher mo-

lecular weight fractions by treatment with AP20187 (Fig. 5 B).  

Treatment of cells expressing 2xFKBP-p62 causes broader shift 

to much higher molecular weight fractions, suggesting that 

2xFKBP-p62 indeed formed oligomers (Fig. 5 B).

Using this system, we investigated the localization of these 

FKBP-p62 oligomers. Treatment of AP20187 did not induce 

p62 puncta formation in either 1xFKBP-p62– or 2xFKBP-p62– 

expressing cells cultured in regular medium (Fig. 5 D), suggest-

ing that dimerization/oligomerization is not suf�cient for puncta 

formation of p62. However, 2xFKBP-p62 formed puncta after 

treatment of AP20187 when cells were cultured in a starvation 

medium containing wortmannin (Fig. 5, C and D). Although 

starvation-induced puncta formation of 2xFKBP-p62 was less 

ef�cient than that of p62 (wild type), it was more ef�cient than that  

of 1xFKBP-p62 (Fig. 5, C and D). We also con�rmed that these 

starvation-induced 2xFKBP-p62 puncta colocalized with ULK1 

(Fig. 5, C and E). These results suggest that self-oligomerization 

of p62 through its PB1 domain is prerequisite to its localization 

to autophagosome formation sites.

Conclusion

It has been speculated that p62 is recruited to preexisting isola-

tion membranes through interaction with LC3. However, our 

data suggest a completely different model of the p62 loading  

(Fig. 5 F). At the �rst step, oligomerized p62 targets to the  

autophagosome formation site. This step is clearly accelerated 

by starvation, but appears to be independent of LC3 and other 

classical Atg proteins. How p62 targets to the autophagosome 

formation site is currently unknown. One potential mechanism 

could be an interaction between p62 and ULK1 (Zhou et al., 

2007), but we could not detect this interaction in our system 

http://www.jcb.org/cgi/content/full/jcb.201009067/DC1
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protein in 800 µl) was applied to a Superose 6 column (GE Healthcare) 
and eluted at a flow rate of 0.5 ml/min with 40 mM Tris-HCl, pH 7.5, and 
150 mM NaCl. 0.5-ml fractions were examined by immunoblotting.  
The column was calibrated with 669-kD thyrogloblin, 440-kD ferritin,  
232-kD catalase, and 43-kD ovalbumin.

RNAi
Stealth RNAi oligonucleotides (Invitrogen) were used for siRNA experi-
ments. The following sequences were used for VMP1 siRNA: human VMP1 
siRNA antisense, 5-UAUACGUUGCACAUACUGUUGAUGC-3; and sense, 
5-GCAUCAACAGUAUGUGCAACGUAUA-3 (Itakura et al., 2008; 
Itakura and Mizushima, 2010). For a negative control, a medium GC 
duplex of Stealth RNAi negative control duplexes (Invitrogen) was used. 
The Stealth RNAi oligonucleotides were transfected into cells using Lipo-
fectamine RNAiMAX (Invitrogen) according to the manufacturer’s proto-
cols. After 2 d, the cells were again transfected with the same siRNA and 
cultured for an additional 3 d before analysis unless otherwise specified.

Online supplemental material
Fig. S1 shows that VMP1 knockdown does not affect p62 targeting.  
Fig. S2 shows that NBR1 localizes to the early autophagic structures inde-
pendently of PI3K and p62. Fig. S3 shows that oligomerization of p62 is 
not promoted by starvation. Video 1 shows that p62 puncta are closely 
associated with the ER during starvation. Video 2 shows that p62 puncta 
are closely associated with the ER during starvation with wortmannin 
treatment. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201009067/DC1.
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