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Autophagy is responsible for nonspecific, bulk degradation of
cytoplasmic components. Recent work has revealed also that there
is specific, autophagic degradation of polyubiquitinated protein
aggregates, whose buildup occurs during neurodegenerative dis-
ease. Here, we report that simple mono-ubiquitination of normally
long-lived cytoplasmic substrates is sufficient to target these sub-
strates for autophagic degradation in mammalian cells. That is,
upon their ubiquitination, both small [i.e., red fluorescent protein
(RFP)] and large (i.e., peroxisomes) substrates are efficiently tar-
geted to autophagosomes and then degraded within lysosomes
upon autophagosome-lysosome fusion. This targeting requires the
ubiquitin-binding protein, p62, and is blocked by the Class Il
phosphatidylinositol 3-kinase (PI3K) inhibitor, 3-methyladenine
(3-MA), or by depletion of the autophagy-related-12 (Atg12) pro-
tein homolog. Mammalian cells thus use a common pathway
involving ubiquitin and p62 for targeting diverse types of sub-
strates for autophagy.

autophagy | p62 | pexophagy

To destroy soluble proteins, large aggregates and organelles in
the cytoplasm, cells use macroautophagy, a highly conserved
bulk degradation pathway in eukaryotes (1). In the initial step of
this pathway, herein referred to as autophagy, an isolation mem-
brane forms in the cytoplasm through the activity of specific
autophagy effectors, including LC3 (microtubule-associated pro-
tein 1 light chain 3) (1). The nascent membrane then wraps around
a portion of cytoplasm (including the soluble proteins, aggregates,
or organelle) to eventually form a double membrane-bounded
structure called the autophagosome. When this structure fuses with
the lysosome, the sequestered materials are degraded by lysosomal
hydrolytic enzymes and recycled as free amino acids, lipids, and
carbohydrates for macromolecular synthesis and/or energy produc-
tion. Emerging evidence indicates that autophagy plays a critical
role not only as a supplier of amino acids for cell survival under
stress conditions, but as a cytoprotector in removing long-lived
proteins, aggregated protein complexes, and excess or damaged
organelles (1). Defects in autophagy, therefore, underlie various
pathological conditions within organisms, including tumorigenesis,
defects in developmental programs and the buildup of toxic, protein
aggregates involved in neurodegeneration (2-4).

An important unanswered question regarding autophagy is how
its diverse array of substrates are selectively sequestered by auto-
phagosomes. Although a major avenue of substrate degradation is
mediated via nonspecific, bulk engulfment of these substrates by the
autophagosome, recent evidence suggests that some type of specific
autophagic targeting mechanism also plays a role. Mitochondria,
peroxisomes and ribosomes, for example, are sequestered into
autophagosomes in a selective manner upon specific metabolic
changes within the cell (5-9). Likewise, many viral and bacterial
pathogens are efficiently enveloped into autophagic membranes
after being taken up into cells (10, 11). Finally, aggregates of
polyubiquitinated, misfolded proteins formed in the cytoplasm are
selectively removed from cells by autophagy (12).
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Recent data have shown also that the autophagic turnover of
protein aggregates (called inclusion bodies) is facilitated by the
signaling adaptor scaffold protein p62 (also referred to as
SQSTM1), which binds both to polyubiquitinated proteins in ag-
gregates and to LC3 (13, 14). It is now well established that p62
regulates inclusion body formation and degradation by autophagy
(13, 14). However, although p62-mediated cross-talk between
polyubiquitinated aggregate proteins and LC3 helps explain how
inclusion bodies are removed by autophagy, it is not known whether
a similar mechanism is responsible for how other substrates, in-
cluding soluble proteins and organelles, are selectively targeted by
the autophagic pathway. Here, we systematically investigate the role
of ubiquitin modifications in autophagic targeting of diverse types
of substrates, including long-lived cytoplasmic proteins and
membrane-bound organelles. Our findings define a general mech-
anism for substrate-specific autophagy in mammalian cells in which
mono-ubiquitination is itself sufficient to signal autophagy through
a pathway involving p62 binding.

Results

To test whether ubiquitin can serve as a general signal to
specifically target substrates for autophagy, we attached it to
monomeric RFP, a long-lived, cytosolic protein (i.e., 4.6-day
half-life) (15). The fusion construct, called UB-RFP, was gen-
erated by linking ubiquitin with a G76V mutation (glycine at
position 76 replaced with valine) in its C terminus to the N
terminus of RFP through a peptide bond. This modified (G76V)
version of ubiquitin was used because it prevents UB-RFP from
being deubiquitinated by cellular factors without affecting UB-
RFP susceptibility for degradation by proteasomes (16-18).
Confocal microscopic imaging in COS-7 cells transiently express-
ing UB-RFP and the autophagic marker GFP-LC3 (consisting of
the green fluorescent protein fused to the N terminus of LC3)
revealed UB-RFP colocalized with GFP-LC3 in small punctate
structures scattered throughout the cytoplasm (arrowheads, Fig.
14) in addition to diffusely distributing in the cytosol and nucleus.
By contrast, in cells coexpressing RFP and GFP-LC3, all of the RFP
was diffusely distributed throughout the cytosol and nucleus with no
significant colocalization with GFP-LC3-containing punctate struc-
tures (Fig. 1B). The number and size of structures containing
UB-RFP and/or GFP-LC3 increased under conditions in which
degradation of autophagic substrates within lysosomes via lysoso-
mal enzymes was inhibited by leupeptin (19) (Fig. 1C), in contrast
to that in RFP and GFP-LC3 coexpressing cells treated with

Author contributions: P.K.K., D.W.H., and J.L.-S. designed research; P.K.K. performed
research; D.W.H. and R.T.M. contributed new reagents/analytic tools; P.K.K., D.W.H.,
R.T.M., and J.L.-S. analyzed data; and P.K.K., R.T.M., and J.L.-S. wrote the paper.

The authors declare no conflict of interest.
Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. E-mail: lippincj@mail.nih.gov.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0810611105/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

PNAS | December 30,2008 | vol. 105 | no.52 | 20567-20574

w
=
2
&
<
g
>
[c}
E
=
=

CELL BIOLOGY



http://www.pnas.org/cgi/content/full/0810611105/DCSupplemental
http://www.pnas.org/cgi/content/full/0810611105/DCSupplemental

Lo L

2 1\

.

i
’

=
°
@
o
5
°
+

GFP-LC3

O

+ leupeptin

GFP-LC3

+ leupeptin +D +T “T1 + leupeptin +3-MA [T]

Fig. 1. Ubiquitin targets cytosolic RFP to autophagosomes for degradation. (A
and B) COS-7 cells transiently cotransfected with GFP-LC3 and UB-RFP (A), or
GFP-LC3 and RFP (B). Cells were imaged 24 h after transfection. Arrowheads in (4)
indicate obvious examples of colocalized GFP-LC3 and UB-RFP. (C and D) COS-7
cells transiently cotransfected with either GFP-LC3 and UB-RFP (C) or GFP-LC3 and
RFP (D), and treated with 0.25 mM leupeptin for 20 h before imaging. (E) COS-7
cells transiently coexpressing GFP-LC3 and UB-RFP, and treated with 0.25 mM
leupeptin and 10 mM 3-MA for 20 h before imaging. (F) Fluorescence Protease
Protection assay of COS-7 cells coexpressing GFP-LC3 and UB-RFP. 24 h after
cotransfection and leupeptin treatment, cells were washed and then treated with
0.6% [vol/vol] digitonin (D) for 10 min and than with 0.005% [wt/vol] trypsin (T),
followed by imaging. Arrowheads indicate obvious examples of colocalized
GFP-LC3 and UB-RFP. (Scale bars, 10 um.)

leupeptin, wherein RFP was absent from the GFP-LC3-containing
structures (Fig. 1D). Finally, no structures containing both UB-RFP
and/or GFP-LC3 were formed in leupeptin-treated cells that were
incubated with the autophagy inhibitor 3-MA, which blocks the
PI3K activity necessary for autophagosome formation (20) (Fig.
1FE) indicating that the structures containing UB-RFP and GFP-
LC3 were autophagosomes.

When the plasma membrane of cells expressing UB-RFP-
expressing cells was selectively permeabilized with digitonin, and
then trypsin was applied to digest all fluorescent protein moieties
facing the cytosol (21), all of the cytoplasmic and nuclear pools of
UB-RFP were degraded, whereas the signal attributable to UB-
RFP associated with autophagosomes (marked with coexpressed
GFP-LC3) remained undiminished (Fig. 1F). This indicated that
UB-RFP was specifically sequestered by autophagosomes rather
than merely associated with autophagosomal membranes.
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Fig. 2. Monomeric ubiquitin is sufficient to target RFP for degradation by
autophagy. (A) Immunoblot of cell lysate from COS-7 cells expressing RFP, UB-RFP,
or UBko-RFP. 25 ug of total protein was resolved by SDS/PAGE and immunoblot
using rabbit anti-RFP antibodies and donkey anti-rabbit IgG conjugated to horse-
radish peroxidase. Asterisks indicate the position of three higher molecular
weight species of polyubiquitinated UBko-RFP. The single arrowhead indicates
the position of mono-ubiquitinated RFP, whereas the double and triple arrow-
heads indicate the position of RFP alone and a cross reacting band, respectively.
Molecular masses (in kDa) are indicated on the left side of the blot. (B—E) COS-7
cells cotransfected with LAMP1-GFP and either UB-RFP (B and C), UB-RFP (D), or
RFP (E). Leupeptin (0.25 mM) was added 20 h before imaging. Cells shown in (C)
were treated also with 10 mM 3-MA. (Scale bars, 10 um.) (F) Quantification of the
percentage of cells with five or more punctate RFP signals that colocalized with
GFP-LC3 in cells coexpressing GFP-LC3 and various RFP constructs as indicated.
Cells were also incubated with either leupeptin alone (white bar), or with leu-
peptin and 3-MA (dark gray bars). Shown are the averages + standard deviations
from three independent experiments with each experiment including at least 50
cells scored.

To test what type of ubiquitination (i.e., mono- versus poly-
ubiquitination) was relevant for targeting UB-RFP for autophagy,
we used a modified version of UB-RFP, termed UBko-RFP, where
all seven lysine residues within UB were mutated to arginine so that
the fusion protein could not be polyubiquitinated (22). Protein
immunoblot analysis (with anti-RFP antibodies) of COS-7 cells
expressing RFP, UB-RFP, or UBko-RFP revealed that UBko-RFP
did not undergo polyubiquitination (Fig. 24). Furthermore, UBko-
RFP was not readily degraded by proteasomes, as expected for a
protein that is not polyubiquitinated [supporting information (SI)
Fig. S1]. When UBko-RFP was expressed in leupeptin-treated cells,
significant colocalization was observed with the coexpressed lyso-
somal marker, LAMP1-GFP (consisting of the /ysosomal associ-
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ated membrane protein / fused to the N terminus of the GFP) (23)
(Fig. 2B). No significant lysosomal accumulation of UBko-RFP
occurred in cells treated with leupeptin and the autophagy inhibitor
3-MA (Fig. 2C). UB-RFP (which can be either mono- or poly-
ubiquitinated) showed a similar colocalization with LAMP1-GFP
in cells treated only with leupeptin (Fig. 2D), whereas RFP alone
(i.e., with no ubiquitin modification) did not colocalize with the
lysosomal marker protein in leupeptin-treated cells (Fig. 2E). These
data are quantified in Fig. 2F. Mono-ubiquitination is thus mini-
mally sufficient to target RFP to the autophagic pathway.

In other ubiquitin-targeting systems, a hydrophobic patch do-
main in the ubiquitin polypeptide, including a leucine at position 8,
isoleucine-44, and valine-70, is essential for its interactions with
ubiquitin-binding proteins (24). To determine whether this patch is
also required for the autophagic targeting of ubiquitinated sub-
strates, we mutated to alanine each of the three hydrophobic
residues within the patch domain of UBko-RFP yielding UBkomut-
RFP and then looked at the extent of its autophagic targeting
compared with UB-RFP and UBkoRFP. As shown in Fig. 2F,
expression of UBkomut-RFP resulted in significantly fewer cells
having punctate structures containing the RFP protein and GFP-
LC3 (P < 0.01). Hence, the hydrophobic patch on ubiquitin appears
to be necessary for ubiquitinated RFP substrates to be targeted for
autophagy.

The signaling adaptor scaffold protein known as p62 is one type
of ubiquitin-binding protein that binds to the hydrophobic patch on
ubiquitin (25). To test whether p62 is involved in targeting UB-RFP
to autophagosomes, we depleted p62 from HeLa cells by using
small inhibitory RNA (siRNA) (Fig. S2) and then examined the
intracellular distribution of UB-RFP. No punctate autophagic
structures containing UB-RFP were observed in most p62 siRNA-
depleted cells (Fig. 3 A and C) compared with control siRNA-
treated cells (Fig. 3 B and C), suggesting that p62 is required for
UB-RFP to become sequestered within autophagosomes. Further-
more, because the distribution of p62 in the control siRNA-treated
cells (arrowheads, Fig. 3B) or non-siRNA-treated cells (Fig. S3)
overlapped significantly with the punctate structures containing
UB-RFP, the data further suggested that UB-RFP targets to
autophagosomes in a complex with p62.

We investigated next whether attaching ubiquitin to a larger
structure in the cytoplasm, such as a membrane-bound organelle,
targeted it for autophagy. As a test case, we chose the peroxisome,
anormally long-lived organelle with hundreds of copies per cell that
can be readily quantified via light microscopy (26, 27). We attached
GFP or GFP-UB (containing the G76V mutation to prevent
further conjugation of ubiquitin moieties) to the cytoplasmically
exposed C terminus tail of the human 34-kDa, multispanning
(Neytoso-Ceytosol) peroxisomal integral membrane protein (PMP34)
(28, 29). The predicted orientation of PMP34-GFP-UB is shown in
Fig. 44. When expressed individually in COS-7 cells the fluorescent
pattern attributable to PMP34-GFP overlapped with that attribut-
able to immunostained endogenous peroxisomal matrix catalase
(Fig. 4B) and there was no obvious change in the overall number
of peroxisomes in these cells relative to mock-transfected cells (Fig.
4C), indicating the GFP tag did not affect either PMP34’s ability to
target to peroxisomes, nor the steady-state number of peroxisomes
within PMP34-GFP-transformed cells. In PMP34-GFP-UB-
expressing cells, however, the total number of catalase-containing
structures was dramatically decreased (Fig. 4D). Similar results
were observed with a mono-ubiquitinated form of PMP34-GFP-
UB, called PMP34-GFP-UBko, in which the lysines in ubiquitin
were mutated to arginines (Fig. 4E). This loss of peroxisomes in
cells expressing PMP34-GFP-UB was further verified by quantify-
ing the amount of an endogenous PMP (PMP70) (30) using protein
immunoblot analysis (Fig. 4F) and by quantifying the number of
peroxisomes within PMP34-GFP-UB- and PMP34-GFP-UBko-
expressing cells (Fig. 4G).
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Fig.3. p62isrequired for sequestering UB-RFP into punctate structures. (A and
B) Hela cells transfected with either siRNA pools directed against p62 (A) or
control siRNA (B). Twenty-four hours later, cells were transfected again with the
respective siRNA and also with a plasmid encoding UB-RFP. Four hours after the
second transfection, leupeptin (0.25 mM) was added to the cells, and 20 h after
that, cells were fixed and stained with anti-p62 and Alexa 543-goat anti-rabbit
antibodies. White lines in micrographs illustrating endogenous p62 immuno-
staining frame the outline of cells coexpressing UB-RFP. Arrowheads in (B) indi-
cate obvious examples of colocalized UB-RFP and endogenous p62. (Scale bars, 10
um.) (C) Quantification of the percentage of cells with 5 or more punctate
structures containing either RFP or UB-RFP and GFP-LC3 in cells transfected with
also control siRNA or p62 siRNA and treated with leupeptin asin (A and B). Shown
are the averages + standard deviations from three independent experiments
with each experiment including at least 50 cells scored.

To determine whether the ubiquitin moiety on peroxisomes
needs to face the cytosol to facilitate a reduction in the number of
peroxisomes within a cell, we tested the effect of expressing
UB-GFP-SKL, which targets ubiquitin to the matrix of peroxisomes
via a C-terminal-appended -SKL sequence, also known as a type 1
matrix peroxisomal targeting signal (31) (Fig. 44). No significant
loss of peroxisomes was observed in cells transfected with UB-
GFP-SKL (Fig. 4G; P > 0.8). We also attached monomerized
ubiquitin (i.e., UBko) to the matrix-facing, N-terminal of PEX3, a
(Nmatrix-Ceytosol) peroxisomal integral PMP (32) (Fig. 44). Both
PEX3-GFP and UBko-PEX3-GFP targeted efficiently to peroxi-
somes in transiently transformed COS-7 cells and there was also no
obvious reduction in the number of peroxisomes in either set of cells
(Fig. 4G and Fig. S4 A and B). By contrast, expression of a PEX3
construct with ubiquitin attached to its cytosol-facing C terminus
(PEX3-GFP-UBKko) led to significant loss of peroxisomes within
cells (Fig. 4G and Fig. S4C; P < 0.01). Hence, for ubiquitin-
mediated degradation of peroxisomes to occur, the ubiquitin mod-
ification must be on the cytosolic face of the peroxisomal boundary
membrane.

The degradation of peroxisomes via the autophagic pathway is
referred to as pexophagy (7, 33, 34). To determine whether the loss
of peroxisomes observed in the above experiments with PMP34-
GFP-UB or PMP34-GFP-UBko occurred by pexophagy, we exam-
ined whether ubiquitinated peroxisomes became sequestered in
autophagosomes. Toward that end, cells were cotransfected with a
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Fig. 4. Ubiquitination of a PMP results in a decrease in the number of peroxi-
somes within a cell. (4) Schematic illustration of the predicted topological orien-
tation of PMP34-GFP-UBko, UB-GFP-SKL, UBko-PEX3-GFP, and PEX3-GFP-UBko.
(B—E) COS-7 cells transiently expressing either PMP34-GFP (A), empty vector
(mock) (B), PMP34-GFP-UB (C), or PMP34-GFP-UBko (D) were fixed and stained
with anti-catalase and Alexa 543-goat anti-rabbit antibodies 48 h after transfec-
tion. Note that two PMP34-GFP-UBko-transformed cells can be seen in (D), both
of which display a reduced number of peroxisomes relative to cells transformed
with the empty vector (B) or PMP34-GFP (A). (F) Immunoblot of cell lysate from
COS-7 cells expressing PMP34-GFP, PMP34-GFP-UB or mock treated. Cells were
lysed, and 25 ug of total protein was subjected to SDS/PAGE and then immuno-
blotted with antibodies against PMP70 or the cytosolic protein glyceraldehydes
phosphate dehydrogenase (GAPDH) serving as a protein loading control. (G)
Percentage of total number of transfected cells with less than 50 peroxisomes per
cell expressing various proteins asindicated 48 h after transfection. Shown are the
averages =+ standard deviations from three independent samples with each
experiment including at least 100 cells scored.

peroxisome marker (i.e., PMP34 fused to Venus and the UBko
moiety, PMP34-Venus-UBko, or PMP34-Venus alone) and with
the autophagosomal marker protein, CFP-LC3. We found that

20570 | www.pnas.org/cgi/doi/10.1073/pnas.0810611105

F_ 10

80 OControl
H3-MA

Cl

PMP34- PMP34-GFP- PMP34- PMP34-GFP-
GFP UBko GFP UBko

24h 48h

% of cells with less than
50 peroxisomes
N N O
© o o ©

Fig. 5. The autophagic pathway mediates a decrease in ubiquitinated peroxi-
somes. (A and B) COS-7 cells coexpressing CFP-LC3 and either PMP34-Venus (A) or
PMP34-Venus-UBko (B). Arrowheads in (B) indicate obvious examples of colocal-
ized PMP34-Venus-UBko and CFP-LC3. (C—E) COS-7 cells coexpressing LAMP1-
Cherry and either PMP34-GFP-UBko (C and D) or PMP34-GFP (E). Cells were also
treated with leupeptin (0.25 mM) and chloroquine (0.1 mM) 8 h after transfec-
tion. The higher magnified images shown in (D) are a maximum intensity pro-
jection of a z series of the magnified area of the single slice image of the cell
outlined in (C). (F) Percentage of the total number of transfected cells with less
than 50 peroxisomes per cell expressing either PMP34-GFP or PMP34-GFP-UB, and
with or without 3-MA, after 24-h or 48-h post-transfection. Shown are averages +
standard deviation from three independent samples with each experiment in-
cluding at least 100 cells scored. (Scale bars, 10 um.)

none of the PMP34-Venus-labeled structures were colocalized with
the autophagosome marker protein, CFP-LC3, two after days of
transfection (Fig. 54), whereas virtually all of the PMP34-Venus-
UBko-labeled structures colocalized with CFP-LC3 (arrowheads,
Fig. 5B). Hence, peroxisomes modified with ubiquitin show an
increased association with autophagosomes.

We determined next whether the autophagosomes containing
ubiquitin-modified peroxisomes fused with lysosomes. Specifically,
we coexpressed PMP34-GFP-UBko or PMP34-GFP with LAMP1
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fused to the modified RFP Cherry (35) (LAMP1-Cherry), and then
treated the cells with leupeptin and chloroquine (Fig. 5 C-E).
Chloroquine was used along with leupeptin as this lysosomotropic
amine raises the pH of acidic lysosomes, thereby preventing the
quenching of the pH-sensitive GFP (36). In these cells, a significant
fraction of PMP34-GFP-UBko-containing peroxisomes associated
with LAMP1-Cherry-containing lysosomes (Fig. 5C). Magnifica-
tion of a portion of the PMP34-GFP-UBko transfected cell revealed
that some of the peroxisomes actually resided inside the lysosomes
(Fig. 5D), consistent with these peroxisomes having been delivered
to lysosomes by an autophagosome-lysosome fusion event. This
targeting to lysosomes was determined also to be specific for
PMP34-GFP-UBko, because no similar colocalizations were ob-
served for PMP34-GFP and LAMP1-Cherry (Fig. 5E).

To further verify that ubiquitinated peroxisomes were lost by
autophagy, we examined the effect of inhibiting autophagy by
3-MA treatment on cells expressing PMP34-GFP-UBko. The loss
of peroxisomes in PMP34-GFP-UBko expressing cells was sensitive
to 3-MA (Fig. 5F). Hence, the ubiquitinated peroxisomes are
degraded within cells by a pathway that depends on Class III PI3
Kinase activation of autophagy.

Autophagy is also inhibited by knocking down the Atgl2 expres-
sion by siRNA treatment, as Atgl2 conjugates with Atg5 to form an
essential component of autophagy machinery required for the
elongation of the nascent autophagosomal membranes (37). To test
a role of Atgl2 in the peroxisome loss phenotype induced by
PMP34-GFP-UBko expression, we depleted Atgl2 by siRNA in
HeLa Cells (Fig. 64). The peroxisome loss phenotype was much
less severe in these cells (Fig. 6 B and D) compared with PMP34-
GFP-UBko cells treated with control siRNA (Fig. 6 C and D). This
result, together with the fact that Atgl2 colocalized with PMP34-
GFP-UBko containing peroxisomes in control siRNA-treated cells
(where there is peroxisome loss due to PMP34-GFP-UBko expres-
sion) (see inset in Fig. 6C), suggested that the peroxisome decrease
occurred by autophagy.

To determine whether p62 is involved in ubiquitin-mediated
autophagy of peroxisomes, HeLa cells expressing PMP34-GFP-
UBko were immunolabeled with endogenous p62. A significant
portion of p62 colocalized with ubiquitinated PMP34-GFP-UBko-
labeled peroxisomes (arrowheads, Fig. 74). In cells expressing
PMP34-GFP, by contrast, p62 did not colocalize with peroxisomes
(Fig. 7B). Hence, p62 is specifically recruited to ubiquitinated
peroxisomes. Upon p62 depletion by siRNA, the peroxisome loss
phenotype observed in PMP34-GFP-UBko cells was alleviated
(Fig. 7 C, D, and G). This suggested that delivery of ubiquitinated
peroxisomes to autophagosomes requires p62, similar to ubiquiti-
nated aggregates (13, 14) and ubiquitinated soluble proteins shown
in Fig. 3. Interestingly, a careful examination of p62-depleted cells
expressing PMP34-GFP (Fig. 7E) suggested they had more per-
oxisomes compared with cells not depleted of p62 (Fig. 7F). This
was confirmed by quantifying the levels of immunodetected en-
dogenous catalase: A significant increase in fluorescence intensity
(P < 0.01) attributable to immunostained catalase was found in
p62-depleted cells compared with that in cells treated with non-
targeting (control) siRNA (Fig. 7H). Peroxisome levels within cells,
therefore, appear to be regulated through an autophagic pathway
involving p62.

Discussion

Here, we report a general mechanism for substrate-specific
autophagy that involves ubiquitin and the ubiquitin-binding
protein, p62. We showed that when long-lived cytoplasmic
substrates (including RFP and peroxisomes) were linked to
ubiquitin, they became selectively sequestered and degraded by
the autophagic pathway. That is, these ubiquitinated substrates
were first sequestered into Atgl2- and LC3-positive structures
that were sensitive to 3-MA and were subsequently degraded by
lysosomal hydrolytic enzymes upon autophagosome-lysosome
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Fig. 6. Silencing of Atg12 expression prevents ubiquitin-mediated peroxisome
degradation. (A) Immunoblot of cell lysate from HelLa cells before Atg12 siRNA
treatment (day 0), or 1 and 2 days after Atg12 siRNA treatment as indicated. Cells
were lysed and 25 pg of total protein was subjected to SDS/PAGE and then
immunoblotted with antibodies against either Atg12 or GAPDH serving as a
loading control. Depletion in Atg12 expression was indicated by the decrease in
the Atg12-Atg5 protein conjugate. (B-C) Hela cells were transfected with either
siRNA pool directed against Atg12 (B), or a nontargeting control siRNA (C).
Twenty-four hours after the initial transfection, cell were transfected again with
the appropriate siRNA along with a plasmids encoding PMP34-GFP-UBko. Forty-
eight hours after the second transfection cells were fixed and stained with
anti-Atg12 and Alexa 543-goat anti-rabbit antibodies. (D) Percentage of the total
number of cells with less than 50 peroxisomes per cell expressing either PMP34-
GFP or PMP34-GFP-UBko and treated with either control siRNA or Atg12 siRNA.
Shown are the averages + standard deviations from three independent samples
with each experiment including at least 100 cells scored. (Scale bars, 10 um.)

fusion. We showed also that mono-ubiquitination was sufficient
to target these substrates to autophagosomes, and that this
process depended on the ubiquitin-binding protein, p62. Finally,
we presented evidence that the normal turnover of peroxisomes
requires p62, which suggests that the normal turnover of this
organelle may involve ubiquitination of one of its peroxisomal
membrane proteins.

Until now, p62 has been studied primarily in the context of
protein aggregates and inclusion bodies, where it plays an
architectural role in the formation of these structures. Specif-
ically, p62 was shown to bind ubiquitinated proteins within
aggregates, to mediate polymerization of these aggregates
through its ability to self-associate into a scaffold, and to cause
autophagic vesicles to envelope the aggregates through its
affinity for LC3, ultimately leading to the formation of a
lysosomal-destined inclusion body (38). Given our results of
p62 involvement in autophagic degradation of UB-RFP and
ubiquitin-modified peroxisomes, the possibility emerges that
p62 has a similar architectural role in the degradation of these
substrates. For instance, we showed that UB-RFP became
concentrated in autophagic bodies at much higher levels than
that found in the cytoplasm, suggestive of an aggregation event
during autophagic targeting. UB-RFP was also colocalized
with p62 within these autophagosomes, consistent with p62 having a
dual role in concentrating UB-RFP and recruiting LC3-positive mem-
branes. Conversely, no autophagic sequestration of UB-RFP occurred
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p62 is required for the degradation of peroxisomes. (A and B) HeLa cells transiently expressing either PMP34-GFP-UBko (A) or PMP34-GFP (B) were fixed and

stained with anti-p62 and Alexa 543-goat anti-rabbit antibodies 48 h after transfection. Arrowheads in (A) indicate obvious examples of colocalized PMP34-GFP-UBko
and endogenous p62. The area of the cell outlined in the merge image in (B) is shown at higher magnification in the inset; note the lack of any obvious colocalizations
of expressed PMP34-GFP and endogenous p62 in this cell. (C-F) Hela cells transfected with either control siRNA or a siRNA pool for p62 (p62 siRNA) as indicated.
Twenty-four hours after the initial transfection, cells were retransfected with siRNA and also with a plasmids encoding either PMP34-GFP-UBko (C and D) or PMP34-GFP
(E and F). Cells were fixed and stained as above either 48 h after first transfection treatment. All images shown are maximum projections of z-series. (G) Percentage
of the total number of transfected cells with less than 50 peroxisomes expressing either PMP34-GFP or PMP34-GFP-UBko and treated with either control siRNA or p62
siRNA at 72-h post-transfection. Shown are the averages + standard deviations from three independent samples with each experiment including at least 75 cells scored.
(H) The mean fluorescence intensity of the immunolabeled endogenous catalase from at least 25 cells treated with either control siRNA or a siRNA pool for p62. Also

shown are the standard deviations of the mean values (P < 0.01). (Scale bars, 10 um.)

in p62-depleted cells, indicating that p62 was essential for this process.
Hence, p62’s role may be both for cross-linking (scaffolding) UB-RFP
into aggregates and for attracting autophagic vesicles.

Our results suggest p62 could serve a similar set of functions in
the autophagic targeting of ubiquitin-modified peroxisomes. Once
ubiquitinated membrane proteins located on the cytosolic surface
of the peroxisome reach high enough levels, the association of these
proteins with p62 could recruit LC3-containing membranes to
cause autophagic engulfment of the organelle. Furthermore, our
finding that depletion of p62 causes an increase in peroxisome
number in cells suggests that peroxisomes are normally degraded in
a p62-dependent matter.

Ubiquitinated forms of RFP that can be polyubiquitinated were
more efficiently targeted for autophagy compared with forms that
were only mono-ubiquitinated, whereas the reverse was true for
peroxisomes. A possible explanation for this relates to possible
differences in the attraction of nascent autophagosomes to small
proteins versus the exposed surfaces of large organelles, and to the
competitive interplay between autophagy and the proteasome for
ubiquitinated substrates. Because p62 has been shown to bind single
ubiquitin units (39), polyubiquitinated RFP should bind more p62
molecules than mono-ubiquitinated RFP and, thus, should more
readily aggregate and attract LC3-containing membranes onto the
protein aggregate’s surface, or perhaps simply target individual
proteins to nascent autophagosomes more readily. In the case of
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peroxisomes, however, ubiquitinated proteins on the cytosolic
surface of the organelle are already stabilized by being associated
with the organelle’s boundary membrane. Thus, aggregation of
polyubiquitinated species by p62 molecules might be less important
for attracting autophagic vesicles to peroxisomes. Furthermore,
because a portion of the polyubiquitinated, nascent PMP pool could
be destroyed by the proteasome before being inserted posttransla-
tionally into peroxisomal membranes, more monoubiquitinated
PMPs would associate with peroxisomal membranes than poly-
ubiquitinated PMPs at identical expression levels. Consequently,
peroxisomes containing monoubiquitinated PMPs should be more
efficiently targeted for autophagy compared with peroxisomes
containing their polyubiquitinated counterparts.

Which endogenous PMP(s) is/are ubiquitinated to activate se-
lective pexophagy? Although the answer to this question remains to
be addressed experimentally, possible candidates for pexophagy-
mediated peroxisome ubiquitination are PEX4 (a ubiquitin conju-
gation enzyme) (40) and PEXS (the soluble receptor responsible for
recognizing, targeting and subsequently importing the majority of
nascent peroxisomal matrix-destined proteins) (5). In the process of
translocating a PTS1-containing protein into the peroxisomal ma-
trix, PEXS is inserted into the organelle’s membrane. After release
of its cargo, the receptor is then ubiquitinated by PEX4 and
retro-translocated out of the bilayer by the action of an AAA-
ATPase complex consisting of PEX1, PEX6, and PEX26 (41).
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Given this recycling pathway, either ubiquitin-bound PEX4 or
ubiquitinated PEXS could accumulate on peroxisomes under
conditions that either down-regulate components of the PMP
insertion machinery (i.e., decreased PEX3 expression) and/or
inhibit one or more components comprising the above-
mentioned AAA-ATPase complex (e.g., PEX1, PEX6, and/or
PEX26). Interestingly, pexophagy in the yeast Hansenula poly-
morpha is preceded by a decrease in the expression of Pex3p (a
homologue of mammalian PEX3) (42). Likewise, the absence of
Pex14p, which docks PexSp (the homologes of PEX14 and PEXS,
respectively) onto the peroxisomal membrane (43) prevented pexoph-
agy in H. polymorpha (44), possibly because of the lack of Pex5p on the
peroxisomal membrane. It is conceivable, therefore, that either or both
PEX4 and PEXS are the principal endogenous peroxisomal proteins
that are ubiquitinated to serve as a signal for the degradation of the
peroxisome in mammalian cells. However, it is not known whether an
ubiquitin/p62 dependent pathway is involved in selective pexophagy in
yeast (45).

That ubiquitin modification and p62 binding cause diverse sub-
strates, including both small soluble proteins and large membrane-
bound organelles, to be specifically targeted to autophagosomes in
mammalian cells has important implications for understanding how
these cells regulate protein and organelle turnover. In particular,
conditions within cells that modulate levels of ubiquitinated sub-
strates and p62 expression may have key regulatory effects on
protein and organelle turnover. Consistent with this possibility, the
endoplasmic reticulum (ER) in yeast is well known to undergo
dramatic changes in size and undergoes autophagy in response to
ER stress-induced conditions during which ubiquitinated ER pro-
teins accumulate (46). Likewise, sperm cell mitochondria are
known to be ubiquitinated before being degraded in fertilized eggs
(47). Finally, as demonstrated in this study, depletion of p62 leads
to an increase in the number of peroxisomes within cells, implying
that the molecular machinery regulating their normal turnover
includes p62.

In summary, our findings suggest a general mechanism for
substrate-specific autophagy involving ubiquitin modification and
p62 binding that can regulate the turnover of small molecules, as well
as entire organelles, within cells. Future work in this area needs to
address how ubiquitin modification on these and other cellular sub-
strates is regulated, what proteins undergo ubiquitination, and how p62
ultimately distinguishes these various ubiquitinated substrates.

Methods

Cell Lines and Reagents. COS-7 and Hela cells were obtained from American Type
Culture Collection (ATCC). Rabbit anti-catalase (Calbiochem), mouse anti-p62 (BD
Biosciences), rabbit anti-Atg12 (Cell Signaling), rabbit anti-GAPDH (Abcam), rab-
bit anti-PMP70 (Zymed) and Alexa Fluor 546 goat anti-rabbit and anti-mouse
(Invitrogen) antibodies were used according to manufacturers’ recommenda-
tions. Rabbit anti-RFP antibodies were kindly provided by Dr. Ramanujan Hegde
[National Institute of Child Health and Human Develoment/National Institutes of
Health, Bethesda, MD]. Leupeptin, chloroquine, and 3-MA were purchased from
Sigma-Aldrich Ltd.

Plasmid Construction. Detail of the plasmids used and their construction are
described in S/ Methods.

Cell Cultures, DNA Transfections, and siRNA. COS-7 and Hela cells were cultured
in DMEM (Biosource International) in 10% (wt/vol) FBS (FBS) at 5% CO, in a 37°C
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mitophagy. Arch Biochem Biophys 462:245-253.
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incubator. Forimaging, cells were plated on 4-chambered Lab-Tek glass coverslips
(Nalge Nunc Int.). Transfections of plasmids into COS-7 and Hela cells were
performed by using FUGENE 6 (Roche Molecular Biochemicals) according to the
manufacturer’s instructions.

The p62 siRNA and control siRNA (purchased from Santa Cruz Biotechnology)
were transfected twice in a 24-h interval into Hela cells by using Santa Cruz
Biotechnology siRNA Transfection Reagent according to the manufacturer’s
instructions. Plasmids were cotransfected with siRNA during the second transfec-
tion. For Atg12 silencing experiments, the same protocol was repeated with
Atg12 siRNA ON-TARGETplus SMART-pool (purchased from Dharmacon).

For catalase quantification, any potential variations in the number of peroxi-
somes during the cell cycle in Hela cells was abrogated by synchronizing them
using the double thymidine-block protocol (48). Specifically, cells were plated to
50% confluency in DMEM, 10% FBS containing 2 mM thymidine for 16 h. After,
the cells were washed and replated in fresh media without thymidine for 12hand
cells were then treated again with 2 mM thymidine for an additional 16 h. Finally,
the cells were washed to remove thymidine and then transfected with either p62
SiRNA or control siRNA as mentioned above. To identify transfected cells, p62 and
control siRNA were also (co)-transfected with pECFP-N1 (Clontech). Ten hours after
the last transfection, the cells were then treated again with 2 mM thymidine for 16 h
before being, fixed, and immunostained for endogenous p62 and catalase.

For immunofluorescence microscopy, a standard immunofluorescence stain-
ing protocol was used (49). For live-cell imaging experiments, cells were imaged
in phenol-free Leibovitz's L-15 medium (Gibco). Cells were maintained at 37°C by
using either a customized temperature-regulated air blower or an enclosed
heated stage.

Microscopy and Image Analysis. All fluorescence images were acquired with a
Carl Zeiss LSM 510 laser-scanning confocal microscope and eithera63 X 1.4 NA
Plan-Apochromat oil objective or 40 X 1.3 NA Plan-Neofluar oil objective ( Carl
Zeiss Microlmaging, Inc.). All images are maximum intensity projection seven
optical slices in z-dimension unless otherwise stated in the legend. Each optical slice
is 1-pum thick with 0.5-um overlap between the splices. Allimages were adjusted for
brightness and contrast and compiled into figures by using Photoshop CS (Adobe).

ImageJ software (National Institutes of Health) was used to calculate the
number of peroxisomes and to determine the total fluorescence intensity
attributable to endogenous catalase within whole cells. Briefly, to calculate
the total number of peroxisomes, images were converted into threshold
images that were then analyzed with the ImageJ “analyze particle” macro
(26). To calculate total fluorescence density from the endogenous catalase
within a cell, z-sections of the whole cell was complied into a single image by
summing all of the images in the z plane. To normalize the signal, the
background of each summed image was then subjected to threshold and the
total fluorescence intensity of the fluorescent signal attributable to immuno-
stained endogenous catalase was quantified by summing the fluorescent
signal above the background set by the threshold.

Immunoblotting. Cell lysate forimmunoblotting were prepared by lysing the cells
with 1% (wt/vol) sodium dodecylsulphate (SDS)/0.1 M Tris:HCl (pH 8.5) buffer and
quickly heating it to 100°C to denature all proteins. After shearing the nucleic
acids by repeated vortexing the total protein concentration of the lysate sample
was determined by using standard BCA protein assay kit (Thermo Scientific). Each
lysate were analyzed by standard SDS/PAGE followed by transfer to a nitrocellu-
lose membrane. Membranes were probed with the appropriate primary and
secondary antibodies as indicated in the legends. Immunoreactive bands were
then visualized by using an enhanced chemiluminescent detection system
(Thermo Scientific). A duplicate immunoblot was probed for endogenous GAPDH
serving as a protein loading control.
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