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The ubiquitin-proteasome system and autophagy are the two main
proteolytic systems involved in, among other functions, the main-
tenance of cell integrity by eliminating misfolded and damaged
proteins and organelles. Both systems remove their targets after
their conjugation with ubiquitin. An interesting, yet incompletely
understood problem relates to the fate of the components of the
two systems. Here we provide evidence that amino acid starvation
enhances polyubiquitination on specific sites of the proteasome, a
modification essential for its targeting to the autophagic machinery.
The uptake of the ubiquitinated proteasome is mediated by its
interaction with the ubiquitin-associated domain of p62/SQSTM1, a
process that also requires interaction with LC3. Importantly, deletion
of the PB1 domain of p62, which is important for the targeting of
ubiquitinated substrates to the proteasome, has no effect on stress-
induced autophagy of this proteolytic machinery, suggesting that
the domain of p62 that binds to the proteasome determines the
function of p62 in either targeting substrates to the proteasome or
targeting the proteasome to autophagy.
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he ubiquitin (Ub)-proteasome system (UPS) and autophagy,

the two main cellular proteolytic machineries, act in parallel
and differentially under changing pathophysiological conditions,
thereby maintaining the homeostasis and quality control of the
proteome and organelles. An important common regulatory step
shared by the two systems is the signaling of their targets for
destruction by the covalent attachment of Ub (1, 2).

The UPS is involved in the degradation of the major parts of
cytosolic and nuclear proteins, as well as certain membrane
proteins (3, 4). The targeting of substrates for proteasomal degra-
dation is mediated by their ubiquitination, and sometimes requires
their delivery to the proteasome by shuttling proteins (5). The
proteasome, the catalytic arm of the UPS (1, 6), is a large (2.5 MDa)
multicatalytic protease complex consisting of the 20S core particle
(CP) and the 19S regulatory particles (RPs). The 20S CP is com-
posed of two outer a-rings each containing seven a-subunits (a1-o7)
and two inner p-rings each consisting of seven p-subunits (B1-$7).
The proteolytic function of the proteasome is mediated by three
catalytic p-subunits—f1, f2, and p5—with distinct peptidase
activities. The 19S RP, composed of AAA-ATPase (Rpt) and
non-ATPase (Rpn) subunits, is responsible for the recognition,
unfolding, and subsequent translocation of ubiquitinated substrates
into the 20S CP (7). This process is accompanied by enzymatic re-
moval of Ub moieties, which are recycled. The proteasome is widely
distributed in the cell, is localized to the cytosol and nucleus, and is
also found tethered to several subcellular organelles (8). It is highly
abundant, composing ~1% of the total protein mass of cells (9).

Although the proteasome is responsible mainly for the deg-
radation of single proteins, the autophagy-lysosome system spe-
cializes in the degradation of protein aggregates (10) as well as
entire organelles, such as mitochondria (11) and pathogens
(12). These targets are poorly degraded by the proteasome, and
their accumulation underlies the mechanism of many neuro-
degenerative, liver, muscle, and lung diseases, among others (13).
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Aggregates and cellular organelles can be eliminated under basal
or stress-induced autophagy (14, 15).

Macroautophagy (the main type of stress-induced autophagy)
is initiated by the formation of a phagophore, a double-mem-
braned structure that elongates and engulfs a portion of cyto-
plasmic material. LC3, an autophagic receptor and a key player
in the process, is incorporated into the expanding phagophore
after its conjugation with phosphatidylethanolamine, at which
point it is designated as LC3-II (16). Besides nonselective bulk
engulfment of cytosolic material, autophagy also can be a se-
lective process. In this process, phagophore-incorporated LC3-II
serves as a docking site for adapter proteins bound to ubiquiti-
nated substrates, in most cases organelles (10). The enclosed
vesicle, containing LC3-1I, the linking adapter, and the target
cargo, is termed an autophagosome. Once it matures, the auto-
phagosome fuses with the lysosome, where subsequent degra-
dation of its contents by lysosomal hydrolysis occurs (16).

An example of a linking adapter is p62/SQSTM-1 (17). This
adapter binds ubiquitinated substrates via its Ub-associated (UBA)
domain (18) and delivers them to the growing phagophore. There
it binds to LC3-II via its LC3-interacting region, and is later de-
graded along with its substrate (19-21). p62 has another domain,
Phox and Bemlp (PB1), through which it binds to the 19S pro-
teasomal subunits Rpn10 and Rptl. This binding domain allows
p62 to function as a shuttling protein, delivering ubiquitinated
substrates to the proteasome (22). Thus, p62 plays a pivotal role in
targeting Ub-modified proteins to either the proteasome or the
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autophagic machinery. The “decision making” process of where to
deliver the cargo, and under what conditions, is poorly understood.

In the present study we show that the mammalian proteasome
is also degraded by selective autophagy. Following amino acid
starvation, the proteasome undergoes a notable ubiquitination
that appears to be subunit- and site-specific and is essential for
its recognition as a substrate. The engulfment of the ubiquiti-
nated proteasome is mediated by its interaction with the UBA
domain of p62, which targets the proteasome to the autophagy-
lysosome system.

Results

Amino Acid Starvation Induces Autophagy of the 26S Proteasome.
Whereas the proteasome is responsible for the breakdown of
numerous cellular proteins, little is known about its own fate.
Although unassembled proteasome subunits have been shown to
be degraded by mature proteasomes (23), it is reasonable to
assume that intact proteasome complexes are also degraded,
possibly via autophagy, a destructive system known for its ability
to degrade large cargoes (14). To test this hypothesis, we deprived
cells of amino acids, a condition known to induce autophagy. As
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shown in Fig. 1 A and B, after starvation, the proteasome was
present within autophagosomal vesicles. Importantly, the sub-
complexes of the 26S proteasome—the 20S CP and the 19S RP—
also were present in these vesicles (Fig. 1B). The starvation-
induced uptake of the proteasome to autophagosomes was also
seen in isolated vesicles (Fig. 1C). The purity of the vesicular
fraction was confirmed by a complete lack of cytosolic and en-
doplasmic reticulum markers (Fig. 1C).

Because the proteasome is a long-lived complex with a half-
life of >1 wk (24), we examined whether amino acid starvation
affects its stability. As shown in Fig. 1D, depletion of amino acids
significantly accelerated degradation of the 26S proteasome.
Taken together, the foregoing findings suggest that amino acid
starvation leads to increased engulfment of the proteasome by
autophagosomes, followed by its subsequent degradation.

To visualize accumulation of the proteasome in autophagosomal
vesicles, we added chloroquine (CQ), a lysosomotropic agent, to all
experiments except those in which stability of the proteasome was
monitored. To rule out untoward effects of the inhibitor on the
autophagic process, we demonstrated that CQ does not affect fusion
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Fig. 1. Autophagic uptake of the proteasome and its subsequent degradation are induced by amino acid starvation. (A) (i) HeLa cells stably expressing GFP-

LC3B were incubated for 4 h in the presence of complete (Upper) or amino acid-depleted medium (Lower). Fixed cells were stained with anti-a6 antibody
(red). (Scale bars: 20 pm.) (i) Highly magnified fields. White arrows point to proteasome-containing autophagosomes. (iii) Manders overlap coefficients of
LC3B-Il (GFP) and a6 (red) colocalization were calculated. *P < 0.0000012. (B) Immunofluorescent staining of GFP-LC3B-transfected Hela cells with anti-a6
(red; Upper) and Rpn3 (gray; Middle) antibodies following 4 h of amino acid starvation. (Scale bars: 20 um.) White arrows point to the 20S CP (merge, zoom in;
Upper) and 19S RP (merge, zoom in; Middle) within autophagosomal vesicles. (Lower) Merged image of a6, Rpn3, and LC3B-II. (C) Autophagosome-lysosome
vesicles were purified from control (Cont.) and 4 h starved cells (Starv.). Isolated vesicles were lysed, resolved via SDS/PAGE, and subjected to immunoblotting
with anti-a6 and anti-p2 (20S CP); with anti-Rpn10 and anti-Rpn1 (19S RP); and with anti-LAMP1 (lysosome), anti-tubulin, anti-calnexin and anti-p62 (auto-
phagic machinery). (D) GFP-LC3B-expressing HelLa cells were left untreated (Cont.) or starved for the indicated times. Cell lysates were subjected to immu-
noblotting after electrophoresis with anti-a6, anti-Rpn1, anti-B2, and anti-actin.
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between the autophagic p62/L.C3-containing vesicles and LAMP1-
containing lysosomes (Fig. S1).

Amino Acid Starvation Induces Ubiquitination of the Proteasome. In
addition to bulk engulfment of cytoplasmic material, substrates
also can be targeted for autophagic degradation selectively, in a
process mediated by their ubiquitination and subsequent recog-
nition by autophagic mediators (20, 25). To demonstrate induced
ubiquitination of cargo proteins in autophagosomal vesicles
following starvation, we probed the resolved isolated vesicular
proteins with a Ub conjugate-specific antibody. As shown in Fig.

2A, depletion of amino acids resulted in a significant increase in
Ub-conjugated proteins in the purified vesicular fraction.

To investigate whether the proteasome is taken up selectively
by autophagosomes, we first examined its ubiquitination after
amino acid starvation. As shown in Fig. 2B, increased ubiquiti-
nation of the 26S proteasome was noted already after 30 min of
amino acid deprivation, peaked at 1 h, and decreased slightly
after 4 h. To further investigate the effect of amino acid starvation
on ubiquitination of the proteasome, we used a specific antibody to
the conjugated site, anti-K-e-GG (26), which allowed us to both
quantify the effect and identify the modification sites on the different

proteasomal subunits. MS analysis detected 7,808 ubiquitinated
peptides, among which were numerous proteasomal subunits, in two
independent biological replicates (Fig. 2C). A comparison of control
and starved cells revealed a twofold to fivefold increase in ubiquiti-
nation of the 19S RP subunits Rpn13, Rpn10, Rpnl, and Rpn2 (Fig.
2D). In addition, we detected a decrease in the ubiquitination of
proteasomal subunits Rpn5, Rpn6, o7, and Rpnl. In the case of
Rpnl, different ubiquitination sites showed a change in ubiquitina-
tion in the opposite direction (Fig. 2D). Thus, it is clear that star-
vation induces significant changes in the ubiquitination pattern of
different 26S proteasomal subunits, which is likely related to the
specific recognition of the proteolytic complex by the autophagic
machinery. Importantly, as shown in Fig. S2, starvation also affects
the ubiquitination state of other proteins, including ribosomal, his-
tone, and cytoskeletal proteins.

An interesting question is whether the proteasome is the sole
component of the UPS in which ubiquitination is stimulated, or
whether there are other components of the system that are also
modified under an amino acid shortage, suggesting a coordinated
regulation of the system under stress. We found that the ubig-
uitination state of additional components of the UPS was altered as
well (Fig. S2). Importantly, we identified significant stimulation in
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Fig. 2. Amino acid deprivation stimulates proteasome ubiquitination. (A) Autophagosomes isolated from control and starved cells (Fig. 1C) were resolved via
SDS/PAGE and blotted with anti-Ub conjugates antibody. (B) HeLa cells were incubated for the indicated times in the presence of complete (lanes 1-4; Cont.)
or amino acid-depleted (lanes 5-7; Starv.) medium, in the absence (lane 1; Cont.) or presence (lanes 2-7) of CQ. Cell lysates were immunoprecipitated (IP) with
anti-a6, and the immunoprecipitates were resolved and subjected to immunoblotting (WB) with anti-Ub, anti-Rpt6, and anti-a6. (C) Log, ratios of two bi-
ological replicates of Ub-anchoring sites (K-¢-GG) enriched from Hela cells incubated for 1 h under control or starved conditions. Green dots represent
ubiquitinated peptides, the level of which increased during starvation, whereas red dots represent those whose level was decreased. (D) Log, ratios of
ubiquitinated sites (K-e-GG) of specific proteasome subunits obtained in two replicated biological experiments. The Ub-modified lysine (K) is denoted in red.
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the ubiquitination of two ligases, Huwel and KCMF1, both of
which are known as proteasome-associated ligases (27, 28). It is
possible that these ligases are activated/stimulated by ubiquitina-
tion and in turn modify the proteasome.

Proteasome Ubiquitination Is Essential for Its Autophagosomal
Engulfment. To elucidate the significance of ubiquitination of
the proteasome for its autophagosomal uptake, we silenced E1
(UBAL1), the enzyme catalyzing the first step in the ubiquitina-
tion cascade (4). As shown in Fig. 34, anti-E1 siRNA effectively
inhibited E1 expression. Notably, E1 down-regulation dramati-
cally decreased the amount of proteasome taken up by auto-
phagosomes after starvation (Fig. 3B). We next precipitated the
proteasome from cells in which E1 was silenced and found that,
compared with si control cells, the amount of LC3B-II copreci-
pitated with the proteasome after amino acid starvation was
decreased significantly (Fig. 3C). These findings point to the
importance of proteasome ubiquitination for LC3-dependent
autophagosomal engulfment.

Amino Acid Starvation Increases Interaction of the Proteasome with
p62 and LC3B-II. p62 is an autophagic cargo adapter that recruits
ubiquitinated proteins and organelles to the autophagosome by
its simultaneous interaction with both the modified substrates
and the LC3 autophagosomal receptor (10, 17, 29, 30). We next
examined whether p62 is also involved in autophagosomal up-
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take of the proteasome. As shown in Fig. 44, depriving cells of
amino acids resulted in colocalization of p62 with the protea-
some and LC3B-II.

To further dissect this finding, we isolated the proteasome by
immunoprecipitation and looked for its interaction with p62. A
notable increase in the proteasome-bound p62 was observed after
1 h and 4 h of starvation (Fig. 4B, Upper). Importantly, this in-
crease was correlated with a parallel and comparable increase in
the amount of LC3B-II, which was also associated with the pro-
teasome (Fig. 4B, Middle), indicating selective recognition of the
proteasome by the two components of the autophagic machinery.
Of note, CQ added to both the control and starved cells did not
induce precipitation of either p62 or LC3B-II along with the
proteasome (Fig. 4B).

mTORCI (mechanistic target of rapamycin complex 1) activity is
regulated by amino acid levels. Amino acid deprivation results in
mTORCI inhibition and subsequent activation of ULKI1, leading
to the initiation of autophagy (31, 32). We used Torinl, a potent
mTORCI inhibitor, to check whether increased interaction of the
proteasome with p62 and LC3B-II occurs downstream of mTORCI.
Similar to amino acid starvation, the Torinl treatment markedly in-
creased the interaction of the proteasome with p62 (Fig. 4C, Upper).
An analogous increase was also noted in the amount of LC3B-II
coprecipitated with the proteasome (Fig. 4C, Middle). These findings
suggest that the signal for starvation-induced proteasome interaction
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Fig. 3. Autophagosomal uptake of the proteasome depends on Ub conjugation (A) GFP-LC3B-overexpressing Hela cells were transfected with control or
anti-E1 (UBA1) siRNA oligonucleotides. After 2 d, cells were lysed, resolved via SDS/PAGE, and examined for E1 expression. (B) (i) After silencing of E1, cells
were starved for amino acids for 4 h and then stained with anti-a6. (Scale bars: 10 pm.) White arrows point to proteasome-containing autophagosomes.
(ii) Overlap coefficients of colocalization of the proteasome with LC3B-Il were measured according to the method of Manders. *P < 0.000027. (C) Hela cells
were transfected with control or anti-E1 (UBA1) siRNAs. Cells were left untreated (Cont.) or starved to amino acids (Starv.) for the indicated times. Cell lysates
were immunoprecipitated (IP) with anti-a6, and the precipitates were resolved, followed by immunoblotting (WB) with anti-LC3B and anti-a6.
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Fig. 4. Amino acid starvation stimulates the interaction of the proteasome with p62 and LC3B. (A) After 4 h of amino acid starvation, GFP-LC3B—expressing
Hela cells were stained with anti-p62 (blue; Upper Left) and anti-a6 (red; Lower Left). (Scale bars: 20 pm.) White arrows point to colocalized proteasome and
p62 (zoom in; Upper), LC3B-II (zoom in; Middle), and colocalization of all three (zoom in; Lower). (B) GFP-LC3B-expressing Hela cells were incubated for the
indicated times in the presence of complete (lanes 1-4) or amino acid-depleted (lanes 5-7; Starv.) medium, in the absence (lane 1; Cont.) or presence (lanes
2-7) of CQ. Cell lysates were immunoprecipitated (IP) with anti-a6, and the immunoprecipitates were resolved and blotted (WB) with anti-p62, anti-LC3B, and
anti-a6. (C) GFP-LC3B-expressing Hela cells were left untreated (Cont.) or starved for amino acids (Starv.; Left), or were supplemented with DMSO (DMSO) or
Torin1 (0.5 pM) for the indicated times (Right). CQ was present in the starved and the Torin1-treated cells. Cell lysates were subjected to immunoprecipitation
(IP) and, following resolution, were immunoblotted (WB) with anti-p62, anti-LC3B, and anti-a6.

with p62 and LC3B-II and its concomitant engulfment by the auto-
phagosome is transduced, at least in part, via the mTOR pathway.

p62 Mediates Autophagosomal Uptake of the Proteasome. To fur-
ther study the significance of p62 in autophagosomal uptake of
the proteasome, we knocked down p62 expression using siRNA
(Fig. 54, i). The reduction in p62 abolished the interaction of the
proteasome with LC3B-II following starvation (Fig. 54, ii, Middle).
Moreover, immunofluorescent staining showed that p62 silencing
significantly reduced recruitment of the proteasome to autopha-
gosomes after starvation (Fig. 5B). Importantly, depletion of en-
dogenous p62 impaired degradation of the proteasome after
starvation (Fig. 5C), again highlighting the key role of p62 in the
recruitment of ubiquitinated proteasomes into autophagosomes.

The UBA Domain of p62 Mediates Its Interaction with the Proteasome.
Along with its role as an autophagic mediator, p62 also delivers
ubiquitinated substrates for proteasomal degradation by direct
interaction of its PB1 domain with the 19S proteasomal subunits
(22). To identify the domain of p62 that is important for binding to
ubiquitinated proteasome, we constructed two mutated forms of
p62, one lacking the PB1 domain and the other lacking the UBA
domain (Fig. S34). GFP-LC3B-transfected HeLa cells transiently
expressing WT p62, p62APB1, or p62AUBA were each subjected
to amino acid starvation for 1 h and 4 h. This treatment resulted in
an increase in the interaction of the proteasome with both WT p62
and p62APB1, but not with p62AUBA (Fig. 6 A, ii and iii and B, i
and ii), highlighting the role of the p62 UBA domain in protea-
some engulfment by the autophagosome.

E7494 | www.pnas.org/cgi/doi/10.1073/pnas.1615455113

It should be noted that p62 can bind to the proteasome via two
independent mechanisms. Under basal conditions, p62 binds the
proteasome directly via its PB1 domain. In this mechanism, p62
serves as a shuttling protein for ubiquitinated substrates to the
proteasome. Under stress, the binding increases through the in-
volvement of the UBA domain, now associating with the protea-
some also via its Ub moieties. Here the binding serves to target the
proteasome for autophagy.

The low basal amount of APB1-p62 in fed cells that copreci-
pitated with the proteasome can be explained by the importance
of the PB1 domain to the interaction between the two in the
context of substrate shuttling to the proteasome, along with its
low steady-state level (Fig. 64, i). Nevertheless, the interaction
between p62 and the proteasome is increased in p62APBI1-
expressing cells after starvation (Fig. 6 A and B). Likewise, high
expression of p62AUBA compared with WT p62 (Fig. 64, i) can
explain the large amount of p62AUBA that coprecipitated with
the proteasome under control conditions. Importantly, this rel-
atively high level of p62AUBA was not elevated further after
starvation (Fig. 6 4 and B). Taken together, these findings sug-
gest distinct roles for p62 association with the proteasome under
basal and stressed conditions, as explained above. As expected,
with a lack of the UBA domain, precipitation of ubiquitinated
substrates by p62 was dramatically decreased (Fig. 6B, i, Middle),
in agreement with the UBA domain’s role in recognition of
ubiquitinated cargo (18). On removal of the PB1 domain, more
ubiquitinated substrates were precipitated with p62 (Fig. 6B, i,
Middle), suggesting compromised degradation of these substrates
owing to the inability of p62 to deliver them to the proteasome.
Interestingly, we noted an increase in the amount of ubiquitinated
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expressing Hela cells were subjected to amino acid starvation, then stained with anti-p62 and anti-a6. (Scale bars: 20 pm.) (iii) Overlap coefficients of colocalization
of the proteasome with LC3B-II in control and p62-silenced cells were measured according to the method of Manders. *P < 0.0000211. (C) Cells were treated as
described in A and B, but for different starvation times, and lysates were resolved and blotted with anti-a6, anti-32, anti-Rpt5, anti-Rpn1, and anti-actin.

proteins bound to WT p62 and even more so to p62APB1 after a
short starvation, suggesting entry of the UPS as a defense mech-
anism already in the early stages of stress.

To further confirm the importance of p62’s UBA domain for
the interaction between p62 and the ubiquitinated proteasome,
we demonstrated that WT p62 and p62APB1 were colocalized
with the proteasome after starvation (Fig. 6C). In striking con-
trast, p62AUBA did not colocalize with the proteasome and
actually were clearly separated from one another; p62AUBA was
mostly localized close to the membrane, and the proteasome was
observed mainly in the central part of the cytoplasm (Fig. 6C, i,
Lower). In addition, the p62 species that lacked the PB1 or UBA
domains demonstrated a much lower tendency for self-aggrega-
tion following amino acid starvation (in comparison with the WT
form of p62) (Fig. 6C, i; compare Upper with Middle and Lower).
This observation is in agreement with the known role of these
domains in p62 oligomerization (33).

Autophagosomal Uptake of the Proteasome Is Mediated by the UBA
Domain of p62 and Its Subsequent Interaction with LC3B-II. Next, it
was important to show that the UBA domain-mediated p62—
proteasome interaction plays a role in the targeting of the

Cohen-Kaplan et al.

proteasome to the autophagic machinery. We found that whereas
WT p62 and p62APBI facilitated interaction of the proteasome
with LC3B-II after amino acid starvation, such an interaction was
not evident in the absence of the UBA domain (Fig. 74 and B).
Notably, under basal conditions, this interaction did not occur
even in the presence of WT p62 (Fig. 74). Similarly, immuno-
fluorescence staining of the WT p62- and p62APBI1-expressing
cells revealed increased autophagosomal uptake of the protea-
some (Fig. 7C, Upper and Middle), in contrast to a significantly
decreased uptake in the presence of p62AUBA (Fig. 7C, Lower).
In addition, deletion of the UBA domain decreased the in-
teraction of p62 with LC3B-II after amino acid starvation (Fig.
S3B). This finding may suggest that the lack of binding of p62 to
the target ubiquitinated substrate also affects its interaction with
the developing autophagosomal vesicle. Taken together, the
foregoing results strongly suggest that after amino acid starvation,
p62 recognizes the ubiquitinated proteasome via its UBA do-
main, making it also a connecting “bridge” with LC3B-II and
thereby facilitating autophagosomal uptake of the proteasome. In
general, this is the case for the uptake and destruction of other
cargoes as well (10).
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Fig. 6. The UBA domain of p62 is required for its interaction with the ubiquitinated proteasome following amino acid starvation. (A) (/) Whole-cell lysates of
FLAG-tagged WT p62-, p62APB1-, and p62AUBA-expressing Hela cells were analyzed for expression of the different p62 proteins by immunoblotting with
anti-FLAG. (ii) Hela cells expressing the different p62 species (as described in A, i) were left untreated (Cont.) or starved for amino acids for the indicated
times. Cell lysates were immunoprecipitated (IP) with anti-a6, resolved, and immunoblotted (WB) with anti-FLAG and anti-a6. (iii) Densitometric analysis of
the p62 proteins depicted in A, ii. The value of p62 in the control lane of each construct was arbitrarily set to 1. (B) (i) The cells and the experimental setup
were as described in A, ii. Cell lysates were subjected to immunoprecipitation (IP) with immobilized anti-FLAG, followed by immunoblotting (WB) with anti-
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Autophagosomal Engulfment of the Proteasome Requires Its
Polyubiquitination. It has been shown that monoubiquitination
can serve as a signal for both proteasomal (26) and autophagic
degradation (29). To test the mode of modification required for
autophagy of the proteasome, we overexpressed nonpolymerizable
Ub (KO-Ub), in which all seven internal lysine residues are
replaced with arginines (26). We found that although starvation of
cells overexpressing WT Ub resulted in the formation of high
molecular mass conjugates of the proteasome and concomitant
interaction of the proteasome with the autophagic machinery (p62
and LC3B-II), the expression of the nonpolymerizable Ub inhibi-
ted both processes (Fig. 8).

Discussion

As the catalytic arm of the UPS, the proteasome is involved in
the breakdown of a wide spectrum of cellular proteins, making it
a key component in the regulatory mechanisms of various vital
cellular processes (34-36). The proteasome is stable, with a half-
life of ~1-2 wk (24). Like all proteins, the proteasome turns over
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not only under basal conditions, but also after several experi-
mental manipulations, including its inhibition (37). Although
much is known about the biogenesis of the proteasome, the
pathway of its degradation remains poorly understood. It was
recently shown that in yeast, nitrogen starvation results in vac-
uolar localization of the proteasome with its subsequent degra-
dation (38). In addition, it was observed that the proteasome
accumulates in rat liver lysosomes after leupeptin treatment or
nutrient starvation (39). The mechanism by which the proteasome
is delivered to the autophagosome has remained obscure, however.

In this study, we have demonstrated that in mammalian cells,
amino acid starvation significantly increases engulfment of the
proteasome by autophagosomes (Fig. 1 A-C), resulting in pro-
teasome degradation (Fig. 1D). This process appears to be me-
diated by the mTOR pathway (Fig. 4C) and is preceded by a
starvation-induced increase in ubiquitination of the proteasome,
mostly on specific sites in subunits Rpnl, Rpn2, Rpnl0, and
Rpn13 (Fig. 2). This ubiquitination was found to be essential for
the proteasome engulfment (Fig. 3). Furthermore, polyubiquitin
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Cell lysates were subjected to immunoprecipitation (IP) with anti-a6, resolved, and immunoblotted (WB) with anti-LC3B and anti-a6. (ii) Densitometric analysis
of the amount of LC3B-Il precipitated with the proteasome. The value of LC3B-Il in the control lane of each p62 construct was arbitrarily set to 1. (B) (i) Same
as under A, i, except that anti-FLAG was used to immunoprecipitate the different p62 species. (ii) Densitometric analysis of the amount of LC3B-II precipitated
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chains must be built on the proteasome to allow its autophagoso-
mal uptake to occur; overexpression of a nonpolymerizable Ub
abolished the process (Fig. 8). The search for an adapter protein
that recruits the proteasome to the autophagosome identified p62
(Figs. 4 and 5). Dissection of the domains in p62 required for
delivery demonstrated that the UBA domain is essential (Figs. 6
and 7). This finding underscores the role of ubiquitination in
specific targeting of the proteasome to the autophagic machinery.

Of note, although starvation-induced ubiquitination of the
proteasome is observed already after a few hours, detecting
degradation takes much longer. This is not surprising, given the
time needed for the different steps involved in autophagic deg-
radation of an organelle/complex (e.g., assembly, recognition,
lysosomal fusion, degradation). A similar time scale has been
observed in other cases of selective autophagy; for example, in
mitophagy, membrane depolarization following oxidative stress
peaks after 6 h and recovers over time although the stress is still
present, whereas substantial mitochondrial removal is apparent
only later (40). Importantly, the same holds true for selective
autophagy of the proteasome in other organisms and experi-
mental systems (37, 38). Along with the requirement for orga-
nization of the autophagic machinery, other factors may possibly
affect the interval between ubiquitination and detectable deg-
radation of the proteasome. Because the proteasome is an abun-
dant protein, it seems reasonable to assume that only a small
fraction of the entire population is undergoing autophagy at any
given time, and thus significant degradation may be detected only
after a relatively long period. In addition, it has been suggested that
the effectiveness of lysosomal degradation varies among substrates.
Thus, it has been shown that the degradation rate of proteins de-
pends on their susceptibility to lysosomal proteases, which in turn
correlates with their in vivo half-lives, with long-lived proteins being
less susceptible to degradation (41). The proteasome is a large
complex with a half-life of >1 wk, which may render it resistant
to degradation.

Interestingly, inhibition of the proteasome has been reported
to increase its ubiquitination on multiple subunits (37, 42),
among them Rpnl0 and Rpn13 (28). This process is likely me-
diated by proteasome-associated ligases (28). As noted above,
inhibition of the proteasome also accelerates its destruction.
Analysis of the ubiquitinated subunits and modification sites
after proteasome inhibition revealed a striking similarity with our
findings regarding the subunits and sites modified after amino
acid starvation. This similarity strongly suggests that the signal

E7498 | www.pnas.org/cgi/doi/10.1073/pnas.1615455113

GFP-LC3B/a6

Fig. 8. Inhibition of polyubiquitination decreases
uptake of the proteasome by autophagosomes.
(A) (i) GFP-LC3B-expressing Hela cells were tran-
siently transfected with p62. At 24 h later, the cells
were infected with adenoviruses coding for either
WT HA-Ub or HA-KO-Ub. Cells were split and were
either left untreated or starved for amino acids for
1 h. The proteasome was immunoprecipitated from
cell lysates, and the precipitates were resolved and
blotted with anti-p62, anti-LC3B, anti-a6, and anti-HA.
(ii) Expression of WT Ub and KO0-Ub (Upper) and
p62 (Middle) was detected in whole-cell lysates
(WCL). (B) Immunofluorescent staining with anti-a6
of GFP-LC3B-expressing Hela cells infected with
WT Ub (Upper) or KO-Ub (Lower) was performed after
4 h of amino acid starvation. (Scale bars: 20 pm.)

that targets the proteasome for autophagy is highly specific and
conserved. Moreover, and possibly not surprising, these subunits
are localized on the distal part of the 19S RP, rendering them
accessible for modification.

We also found a reduction in the ubiquitination of certain
subunits, which also may serve as part of the signal, possibly via
removal of Ub moieties that serve other regulatory roles and can
be “inhibitory” for proteaphagy. In that context, we showed that
monoubiquitination is insufficient for signaling the proteasome
for autophagy. This finding may be related to the fact that a
single Ub moiety or even several single moieties (multiple mono-
ubiquitinations) are sterically hindered when conjugated to such a
large complex like the proteasome. Therefore, polyubiquitination is
required to provide the flexibility needed to accommodate the
proteasome to the engulfing phagophore.

In agreement with this finding, for soluble proteins, a corre-
lation has been found between the size of the protein and its
mode of ubiquitination, with monoubiquitination characterizing
proteins of low molecular mass (26, 43). The finding that star-
vation-induced ubiquitination occurs on Rpnl, Rpnl0, and Rpn13,
the known receptors for ubiquitinated substrates, raises the possi-
bility that this modification inhibits binding of Ub-modified targets,
a binding that is futile if the proteasome is defective/inactive and
thus destined for destruction.

Another interesting problem relates to the binding of p62 to
the proteasome. p62 can bind it via its PB1 domain, in which case
it delivers ubiquitinated substrates for degradation. It also can
bind it via its UBA domain, which binds to the proteasome Ub
moieties, where it targets the proteasome for degradation. The
way in which it binds likely depends on the specific mode of
ubiquitination of the proteasome (which in turn is determined by
the respective pathophysiological condition), as well as on other
posttranslational modifications, such as phosphorylation (44).

An interesting question relates to the possible involvement of
other mediators in starvation-induced proteaphagy. A study in
Arabidopsis thaliana found that Rpnl10 in its free state mediates
selective proteaphagy after inhibition of the proteasome, but
does not appear to play a role in a stress elicited by nitrogen
starvation (37). It will be interesting to determine whether p62,
which we have shown mediates starvation-induced proteaphagy
in mammals, plays such a role in other organisms as well.

After amino acid deprivation, we also noted increased ubig-
uitination of cytoskeletal components, including o/p-tubulin
and actin (Fig. S2). It will be interesting to study whether this
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modification facilitates the transport of the proteasome as part
of its recruitment to the autophagic machinery.

Experimental Procedures

Cell Culture and Amino Acid Starvation. GFP-LC3B Hela cervical carcinoma cells
were kindly provided by Zvulun Elazar (Weizmann Institute of Science), and
nontransfected Hela cells were purchased from American Type Culture
Collection. Cells were cultured in DMEM medium supplemented with anti-
biotics, pyruvate, glutamine, and 10% FBS in a humidified atmosphere
containing 5% CO; at 37 °C. For amino acid starvation, the growth medium
was removed and replaced after two washes with PBS by Earl’s Balanced Salt
Solution (EBSS), supplemented with 100 uM CQ.

Cell Lysates, Immunoprecipitation, and Protein Blotting. Cell cultures were
washed twice with ice-cold PBS and scraped into lysis buffer (50 mM Tris-HCI
pH 7.4, 130 mM Nadl, and 0.5% Nonidet P-40) supplemented with freshly
added Protease Inhibitor Mixture (Roche), 5 mM ATP, 10 mM iodoacetamide,
and 5 mM NEM. Protein concentration was determined by the BCA assay
according to the manufacturer’s instructions (Pierce). Here 30 pg of cellular
protein was resolved via SDS/PAGE, transferred to PVDF membrane, and
immunoblotted with the appropriate antibodies. For immunoprecipitation,
600 pg of cellular protein was brought to a volume of 1 mL in lysis buffer
(supplemented with Protease Inhibitor Mixture, 5 mM ATP, 10 mM iodoa-
cetamide, and 5 mM NEM), incubated with the appropriate antibody for 2 h
at 4 °C, and then incubated with protein G-Sepharose for 1 h at 4 °C. Beads
were washed five times with the same buffer. Sample buffer was added, and
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samples were boiled and subjected to gel electrophoresis and immuno-
blotting as described above.

Immunofluorescence Microscopy. Untreated or transiently transfected (cDNA
or siRNA) cells were split and grown on glass coverslips for 24 h. After a 4-h
incubation with Complete Medium or EBSS supplemented with CQ (0.1 mM),
cells were fixed with 4% PFA for 20 min. The cells were then washed with PBS
and subsequently incubated in PBS containing 10% normal goat serum for 1 h
at room temperature, followed by a 2-h incubation with the indicated pri-
mary antibody. The cells were then washed extensively with PBS and in-
cubated with the relevant secondary antibodies for 1 h, washed again, and
mounted. Staining was analyzed using a Zeiss LSM 700 confocal microscope,
and images were acquired under a 63x oil-immersion objective at a defini-
tion of 1,024 x 1,024 pixels with the pinhole diameter adjusted to 1 pm. All
images were acquired using the same laser parameters and image magni-
fication. Two-channel colocalization analysis and the Manders overlap co-
efficient of colocalization (45) were determined using ZEN software (Zeiss).
Each graph represents the average of three independent experiments, with
six fields acquired in each experiment.
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