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Introduction

In response to environmental perturbations, cells undergo 
metabolic change. For instance, nutrient starvation triggers 
several adaptive changes, one of which is macroautophagy 
(hereafter referred to as autophagy), an intracellular protein 
degradation system.1-4 Under starvation conditions, especially 
depletion of amino acids or insulin/growth factors, MTORC1 
is suppressed, and subsequently autophagy is activated. The 
phagophore encloses a portion of the cytoplasm, which generates a 
double-membraned structure, the autophagosome. The lysosome 
fuses with the outer autophagosomal membrane, leading to 
degradation of the enclosed materials by hydrolytic enzymes in 
the lysosome.

Autophagy has been considered to be essentially a nonselective 
process, but in fact it is partially selective.5-7 Selective substrates 
of autophagy include damaged mitochondria, intracellular 
pathogens, and even a subset of cytosolic proteins. One of the 
best known selective substrates is SQSTM1.8,9 SQSTM1 is 
a ubiquitously expressed cellular protein that is conserved in 
metazoa but not in plants and fungi. SQSTM1 has a Phox and 
Bem1 (PB1) domain for self-oligomerzation and a ubiquitin-
associated (UBA) domain for binding to ubiqitinated proteins. 
SQSTM1 serves as a scaffolding hub in various cellular signaling 
pathways such as in NFKB/NFκB (nuclear factor of kappa light 
polypeptide gene enhancer in B-cells) activation, nerve growth 
factor signaling, and caspase activation. Thus, SQSTM1 has 
multiple physiological functions in bone metabolism, obesity, 
inclusion body formation, and tumorigenesis.10-13
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SQSTM1/p62 (sequestosome 1) is a multifunctional signaling molecule, involved in a variety of cellular pathways. 
SQSTM1 is one of the best-known autophagic substrates, and is therefore widely used as an indicator of autophagic 
degradation. Here we report that the expression level of SQSTM1 can be restored during prolonged starvation. Upon 
starvation, SQSTM1 is initially degraded by autophagy. However, SQSTM1 is restored back to basal levels during prolonged 
starvation in mouse embryonic fibroblasts and HepG2 cells, but not in HeLa and HEK293 cells. Restoration of SQSTM1 
depends on its transcriptional upregulation, which is triggered by amino acid starvation. Furthermore, amino acids 
derived from the autophagy–lysosome pathway are used for de novo synthesis of SQSTM1 under starvation conditions. 
The restoration of SQSTM1 is independent of reactivation of MTORC1 (mechanistic target of rapamycin complex 1). 
These results suggest that the expression level of SQSTM1 in starved cells is determined by at least 3 factors: autophagic 
degradation, transcriptional upregulation, and availability of lysosomal-derived amino acids. The results of this study also 
indicate that the expression level of SQSTM1 does not always inversely correlate with autophagic activity.
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Besides these signaling functions, SQSTM1 also interacts 
with MAP1LC3/LC3 (microtubule-associated protein 1 light 
chain 3) through its LC3-interacting region (LIR).5-7 The 
presence of the UBA domain enables SQSTM1 to serve as an 
adaptor for selective autophagy of ubiquitinated substrates. 
Additionally, SQSTM1 itself is able to translocate not only to the 
phagophore membrane but also to the autophagosome formation 
site even independently of LC3 binding.14 Therefore, SQSTM1 
is selectively incorporated into the autophagosome and then 
degraded.8,9 Accordingly, SQSTM1 is widely used as an indicator 
of autophagic flux.15,16

The expression level of SQSTM1 is strictly regulated by 
continuous degradation by basal autophagy. Impairment of 
autophagy causes massive accumulation of SQSTM1, followed by 
formation of aggregates containing SQSTM1 and ubiquitinated 
proteins.17 Accumulation of SQSTM1 is toxic, at least in the 
liver, as excess SQSTM1 sequesters KEAP1, a component of 
the ubiquitin ligase complex for NFE2L2/Nrf2 (nuclear factor, 
erythroid 2-like 2), resulting in inappropriate activation of 
transcription of NFE2L2 target genes.18,19 Conversely, when 
autophagy is upregulated by starvation, SQSTM1 is rapidly 
degraded and its total expression level is reduced.8,20,21 However, 
how SQSTM1 levels are regulated during prolonged starvation 
(i.e., a condition of sustained autophagy) remains largely unclear.

In this study we examined the determinants of SQSTM1 
gene expression during long-term starvation. We showed 
that SQSTM1 levels are reduced during the first few hours, 
but restored to basal levels during prolonged starvation. This 
restoration is independent of MTORC1 reactivation, but requires 
transcriptional upregulation of SQSTM1 and de novo protein 
synthesis. We also provided evidence that amino acids derived 
from the autophagy–lysosome pathway are used for SQSTM1 
synthesis during prolonged starvation.

Results

SQSTM1 expression level is restored during prolonged 
starvation

We first assessed the SQSTM1 expression levels in MEFs 
under starvation conditions (lacking both amino acids and 
serum). During the first 2 h of starvation, the SQSTM1 level was 
reduced in wild-type cells as previously observed (Fig. 1A).8,20,21 
LC3 conversion from LC3-I to LC3-II and inhibition of 
MTORC1 (dephosphorylation of RPS6KB/p70 S6 kinase 
and EIF4EBP1/4E-BP1) were simultaneously observed. The 
starvation-induced decrease in SQSTM1 level was not observed 
in autophagy-deficient Rb1cc1/Fip200 KO and Atg5 KO MEFs, 
confirming that the initial decrease was due to autophagic 
degradation of SQSTM1.

However, during prolonged starvation, we found that the 
SQSTM1 level was increased and restored to almost basal 
levels following starvation for 4 h (Fig.  1A). Such restoration 
of SQSTM1 was also observed in the human hepatocellular 
carcinoma cell line HepG2 and primary MEFs (Fig.  1B and 
C). By contrast, we did not observe any apparent restoration of 
the SQSTM1 level in HeLa cells or HEK293 cells during 8 h of 
starvation. These data suggest that, although SQSTM1 is rapidly 
degraded by autophagy, its expression level is restored during 
starvation for 4 to 8 h at least in MEFs and HepG2 cells.

Immunofluorescence microscopy of endogenous SQSTM1 
in MEFs showed that the number of punctate structures, which 
represent LC3-positive autophagosome-associating SQSTM1, 
increased during the first 4 h of starvation, whereas cytosolic 
SQSTM1 signals decreased (Fig. 1D; Fig. S1A). However, at 8 
h of starvation, not only the number of the puncta but also the 
cytosolic signal of SQSTM1 was increased. Some of the puncta 
should represent autophagosomes because they were positive for 
the autophagosomal SNARE STX17 (syntaxin 17) (Fig. S1A),22 
but others might be ubiquitin-positive SQSTM1 aggregates, 
which may be generated by induction of SQSTM1 (Fig. S1B). 
These data confirm that the SQSTM1 level is restored during 
prolonged starvation.

SQSTM1 restoration requires de novo protein synthesis but 
is independent of MTORC1

We investigated the mechanism underlying the restoration 
of SQSTM1 during prolonged starvation. We first determined 
the involvement of MTORC1, which can be reactivated by 
autophagy-derived amino acids during prolonged starvation.23 
Indeed, RPS6KB and EIF4EBP1, which were dephosphorylated 
in the early phase of starvation, were rephosphorylated to a small 
extent after 4 h in wild-type MEFs, but not in Rb1cc1 KO and 
Atg5 KO MEFs (Fig. 1A; Fig. 2). When we treated wild-type 
MEFs with the potent MTOR inhibitor Torin1 after 3 h of 
starvation,24 Torin1 effectively suppressed rephosphorylation of 
RPS6KB and EIF4EBP1 during prolonged starvation (Fig. 2). 
However, restoration of SQSTM1 still occurred after 4 h of 
starvation even in the presence of Torin1, suggesting that it is 
independent of MTORC1 reactivation (Fig.  2). Even though 
MTOR does not have a role, the restoration of SQSTM1 
requires new protein synthesis; treatment of wild-type MEFs 
with cycloheximide (CHX) after 3 h of starvation abolished 
SQSTM1 restoration (Fig.  2). As it is well known that CHX 
secondarily activates MTORC1, the inhibitory effect of CHX 
may be through MTORC1-mediated autophagy suppression. 
To rule out this possibility, we treated MEFs with CHX and 
the MTOR inhibitor Torin1, and confirmed that SQSTM1 
restoration was still abolished independently of MTORC1 
activity (Fig.  S2). Together, these data suggest that SQSTM1 

Figure 1 (See opposite page). SQSTM1 is restored during prolonged starvation. (A) Wild-type, Rb1cc1 KO and Atg5 KO MEFs were cultured in star-
vation medium lacking amino acids and serum for 1, 2, 4, 6, and 8 h. Cell lysates were analyzed by immunoblotting using the indicated antibodies. 
Densitometric quantification of SQSTM1 protein levels using ImageJ software is shown on the graph. Data represent the mean ± SEM of 4 independent 
experiments (including the data in Figs. 1A, 4A, and 5A) for wild-type cells. A representative result is shown for Rb1cc1 KO and Atg5 KO cells. (B) HepG2, 
HeLa and HEK293 cells were analyzed as in (A). (C) Wild-type immortalized and primary MEFs were analyzed as in (A). (D) Wild-type MEFs were cultured 
in starvation medium lacking amino acids and serum for 2, 4, and 8 h. Cells were fixed and stained with anti-SQSTM1/p62 antibody. Scale bar: 5 µm.
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Figure 1. For figure legend, see page 432.
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restoration is due to de novo synthesis of SQSTM1 protein in an 
MTOR-independent manner.

Amino acid starvation-induced upregulation of Sqstm1 
transcription is required for SQSTM1 restoration during 
prolonged starvation

Next we determined whether restoration of SQSTM1 required 
transcriptional upregulation. We measured the relative amount of 

Sqstm1 mRNA by quantitative PCR during starvation. We found 
that, in MEFs, Sqstm1 mRNA was greatly increased during amino 
acid and serum starvation (by approximately 20-fold after 8 h of 
starvation) using Actb (Fig. 3A), and glyceraldehyde-3-phosphate 
dehydrogenase (Gapdh) (data not shown), as housekeeping 
internal controls. It was also significantly increased in HepG2 
cells, but not in HeLa or HEK293 cells (Fig. 3B), which could 

Figure 2. SQSTM1 restoration requires de novo protein synthesis but is independent of MTORC1. Wild-type MEFs were cultured in starvation medium 
lacking amino acids and serum for 1, 2, 4, 6, and 8 h. At 3 h after starvation, Torin1 (250 nM) or cycloheximide (CHX, 50 µg/ml) was added. Cell lysates 
were analyzed by immunoblotting using the indicated antibodies. Densitometric quantification of SQSTM1 protein levels using ImageJ software is 
shown on the graph.
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Figure  3. Amino acid starvation-induced upregulation of Sqstm1 transcription is required for SQSTM1 restoration during prolonged starvation.  
(A) Wild-type MEFs were cultured in DMEM lacking both amino acids and serum, or either amino acids or serum alone, or regular DMEM containing  
250 nM Torin1 for 2, 4, and 8 h. Relative Sqstm1 mRNA is estimated by quantitative PCR using Actb as an internal control. Data represent the mean ± SEM 
of 3 independent experiments. (B) HepG2, HeLa and HEK293 cells were cultured in DMEM lacking both amino acids and serum and analyzed as in (A).  
(C) Wild-type MEFs were cultured as in (A). The SQSTM1 protein level was analyzed by immunoblotting. ACTB was used as a loading control. Densitometric 
quantification of SQSTM1 protein levels using ImageJ software is shown on the graph. Data represent the mean ± SEM of 3 independent experiments. 
(D) Wild-type MEFs stably expressing GFP-SQSTM1 were cultured in DMEM without amino acids and serum. Expression levels of endogenous SQSTM1 
and GFP-SQSTM1 were analyzed as in (C). (E) Wild-type MEFs were pretreated with or without 20 µg/ml α-amanitin for 4 h, and then cultured in DMEM 
without serum and amino acids for 4 or 8 h in the presence or absence of 20 µg/ml α-amanitin. Sqstm1 mRNA was quantified as in (A). (F) Wild-type MEFs 
were treated as in (E) and the SQSTM1 protein level was analyzed by immunoblotting. ACTB was used as a loading control. Densitometric quantification 
of SQSTM1 protein levels using ImageJ software is shown on the graph.
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explain why SQSTM1 restoration was observed in MEFs and 
HepG2 cells but not in HeLa or HEK293 cells.

Amino acid starvation alone also increased the Sqstm1 mRNA 
level, but its effect was weaker than that of amino acid and serum 
starvation (Fig. 3A). In contrast, serum starvation alone or Torin1 
treatment (in growing medium) increased Sqstm1 mRNA only 
slightly (~3-fold). Accordingly, restoration of SQSTM1 protein 
levels was not significant under conditions of either amino acid 
starvation, serum starvation, or Torin1 treatment, although 
amino acid starvation and Torin1 treatment both induced 
autophagic degradation of SQSTM1 (Fig.  3C). These data 
suggest that amino acid starvation effectively induces SQSTM1 
transcription through an MTOR-independent pathway, and 
there is an additive effect of amino acid and serum starvation on 
SQSTM1 restoration.

To confirm that the endogenous SQSTM1 promoter is 
regulated by prolonged starvation, we monitored endogenous 
and exogenous SQSTM1 expression levels simultaneously in 
MEFs stably expressing green fluorescent protein (GFP)-tagged 
SQSTM1. These MEFs express GFP-SQSTM1 through an 
exogenous promoter. Although both endogenous and exogenous 
GFP-SQSTM1 were degraded during initial starvation, only 
endogenous SQSTM1, and not cytomegalovirus (CMV) 
promoter-driven exogenous GFP-SQSTM1, was restored after 4 
h (Fig. 3D). The mRNA level of GFP-Sqstm1 was estimated to be 
between the basal and induced levels of endogenous Sqstm1, and 
did not increase in response to starvation like that of endogenous 
Sqstm1 (Fig. S3), supporting the notion that the own promoter 
of SQSTM1 is important (Fig. 3D). Furthermore, α-amanitin, a 
potent inhibitor of transcription, completely inhibited starvation-
induced Sqstm1 mRNA upregulation (Fig.  3E), and abolished 
restoration of the SQSTM1 protein level (Fig. 3F). Based on these 
data, we conclude that transcriptional upregulation is required 
for restoration of SQSTM1 during prolonged starvation.

Amino acids generated by autophagy are used for SQSTM1 
synthesis

Our data showed that synthesis of SQSTM1 protein is 
upregulated during prolonged starvation even though there are 
no available amino acids outside the cell. Next we evaluated 
how cells obtain amino acids for SQSTM1 synthesis. Given that 
starvation-induced autophagy supplies amino acids within cells, 
autophagy itself could contribute to the restoration of SQSTM1. 
In fact, the expression level of SQSTM1 was very stable during 
starvation in Rb1cc1 KO and Atg5 KO MEFs, with neither initial 
reduction nor later restoration of expression (Fig. 1A). However, 
the accumulation of SQSTM1 in autophagy-deficient MEFs may 
mask a slight increase in SQSTM1 during prolonged starvation.

To better understand the contribution of the autophagy–
lysosomal pathway, we inhibited lysosomal function using 

chloroquine (CQ) or bafilomycin A
1
 (Baf)

,
 a specific inhibitor of 

vacuolar-type H+ ATPase. Both treatments caused accumulation 
of LC3-II until at least 8 h after the beginning of starvation 
in wild-type MEFs, suggesting that the autophagy–lysosomal 
pathway is inhibited (Fig. 4A). In Baf-treated cells, degradation 
of SQSTM1 during initial starvation (up to 2 h) was efficiently 
inhibited. Furthermore, the SQSTM1 level was virtually 
unchanged during prolonged starvation (Fig.  4A), suggesting 
that autophagic degradation is critical for the increase in the 
SQSTM1 protein level. On the other hand, CQ did not inhibit 
SQSTM1 degradation (Fig.  4A). This could be because the 
lysosome-inhibitory effect of CQ is weaker than that of Baf.25 
In fact, LysoTracker Red staining suggested that inhibitory 
effect of CQ on lysosomal acidification was weaker than that 
of Baf (Fig. 4B). SQSTM1 may be more sensitive to lysosomal 
degradation compared with LC3-II, and the remaining lysosomal 
activity could be sufficient to degrade SQSTM1. Nonetheless, 
SQSTM1 restoration was also inhibited in CQ-treated cells 
(Fig. 4A), suggesting that even though SQSTM1 degradation is 
not affected, overall lysosomal degradation is impaired, which 
results in amino acid shortage. The lack of prolonged starvation-
induced SQSTM1 production in CQ- or Baf-treated cells 
(Fig. 4A) and autophagy-deficient cells (Fig. 1A) was not due to 
transcriptional failure; Sqstm1 mRNA was upregulated in these 
cells as in normal cells (Fig.  4C). Together these data suggest 
that autophagy is critical for SQSTM1 restoration, likely through 
production of amino acids.

If amino acid limitation is indeed a cause of the defect in 
starvation induced-SQSTM1 synthesis in Baf-treated cells, 
exogenous amino acid supplementation should increase the 
SQSTM1 level. We added amino acids at 3 h after starvation 
to Baf- (or CQ-) treated cells and found that the SQSTM1 
expression level increased to considerably higher than basal levels 
(Fig. 5). Amino acid treatment also activated MTORC1, thus it 
is possible that MTORC1 non-specifically increased SQSTM1 
protein synthesis either at a translational or transcriptional step. 
To rule out this possibility, we added Torin1 together with amino 
acids to suppress MTORC1. Even in this setting, the SQSTM1 
protein levels increased following amino acid addition in Baf-
treated cells (Fig.  5). Thus, MTORC1 reactivation does not 
have a role in amino acid-induced SQSTM1 protein synthesis. 
We also tested whether amino acid treatment could increase the 
SQSTM1 protein level in starved Rb1cc1 KO MEFs. However, 
exogenous amino acids did not result in an increase in the 
SQSTM1 level (Fig. S4). This may be because accumulation of 
SQSTM1 (Fig. 1) masked an increase in SQSTM1.

Collectively, the findings in wild-type cells demonstrated 
that exogenously added amino acids can compensate for the 
inhibitory effect of Baf on SQSTM1 protein synthesis, and 

Figure 4 (See opposite page). Inhibition of lysosomal function abolishes SQSTM1 restoration. (A) Wild-type MEFs were cultured in DMEM lacking 
both amino acids and serum in the presence of 20 µM chloroquine (CQ) or 0.1 µM bafilomycinA1 (Baf) for 1, 2, 4, 6, and 8 h. Densitometric quantifica-
tion of SQSTM1 protein levels is shown on the graph. (B) Wild-type MEFs were cultured in regular DMEM medium. These MEFs were pretreated with  
1 µM LysoTracker for 30 min and washed with PBS twice. Pretreated MEFs were treated with 20 µM CQ or 0.1 µM Baf for indicated times. Scale bar: 5 µm.  
(C) Wild-type and Rb1cc1 KO MEFs were cultured in regular DMEM medium or starvation medium (DMEM without amino acids and serum) for 4 h. Wild-
type MEFs were also treated with 20 µM CQ or 0.1 µM Baf during the 4 h of starvation. Relative Sqstm1 mRNA was estimated by quantitative PCR. Data 
represent mean ± SEM of 3 independent experiments.
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suggest that amino acids that are generated by the autophagy–
lysosomal pathway are used for SQSTM1 restoration during 
prolonged starvation.

Discussion

We have shown that SQSTM1, which is degraded by autophagy 
during short-term starvation, is restored to basal levels during 
prolonged (~4 to 8 h) starvation at least in MEFs and HepG2 
cells. Furthermore, this depends on transcriptional upregulation 
of Sqstm1 mRNA and production of amino acids by autophagy, 
but not on MTORC1 reactivation. We propose the following 
model to explain these findings (Fig.  6). Under nutrient-rich 
conditions, SQSTM1 protein is synthesized using basal levels of 
Sqstm1 mRNA and an abundance of extracellular amino acids. 
When cells are subjected to short-term starvation, autophagy is 
induced, which degrades SQSTM1 protein as a selective substrate. 
At this time point, transcriptional upregulation of SQSTM1 
has started, but only slightly. In addition, intracellular and 
extracellular amino acid pools should be limited. However, after 

prolonged starvation, high levels of Sqstm1 mRNA and sufficient 
amounts of intracellular amino acids, which are produced by 
autophagy, are now available. Thus, the SQSTM1 protein level is 
restored to basal levels by de novo protein synthesis.

This restoration phenomenon of SQSTM1 was clearly 
observed in cells starved with both amino acids and serum, 
but not in cells starved only with either amino acids or serum 
(Fig. 3). Serum starvation alone does not induce transcriptional 
upregulation of SQSTM1. In contrast, amino acid starvation can 
induce Sqstm1 mRNA but the effect is modest. Moreover, amino 
acids sufficient for SQSTM1 synthesis may be produced only 
by full activation of autophagy induced by withdrawal of both 
amino acids and serum.

The promoter of the SQSTM1 gene is regulated by a variety 
of factors such as NFE2L2,26,27 SPDEF/PDEF (SAM pointed 
domain containing ETS transcription factor),28 MAPK8/9/10 
(mitogen-activated protein kinase 8/9/10, formerly also known 
as JNK1/2/3, respectively),29 NFKB and XBP1,30 but none of 
them seems to account for the starvation-induced upregulation of 
SQSTM1. Recently, it has been shown that TFEB (transcription 

Figure 5. Amino acid replenishment causes restoration of SQSTM1 in bafilomycinA1-treated cells. (A) Wild-type MEFs were cultured in starvation medium 
containing 0.1 µM bafilomycinA1 (Baf) for 1, 2, 4, 6, and 8 h. After 3 h of starvation treatment, the medium was replaced with regular DMEM containing 
amino acids with or without 250 nM Torin1. Densitometric quantification of SQSTM1 protein levels using ImageJ software is shown on the graph. Data 
represent the mean ± SEM of 3 independent experiments. (B) Wild-type MEFs were cultured in starvation medium containing 20 µM chloroquine (CQ) 
for 1, 2, 4, 6, and 8 h. After 3 h of starvation treatment, the medium was replaced with regular DMEM containing amino acids with or without 250 nM 
Torin1.
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factor EB), a transcriptional factor for lysosomal biogenesis, is 
activated upon starvation and induces expression of several 
autophagy-related proteins including SQSTM1.31,32 Thus, TFEB 
could be involved in SQSTM1 restoration. Another possible 
factor is CEBPB/C/EBPβ, [CCAAT/enhancer binding protein 
(C/EBP), β], which is one of the key transcription factors 
responsible for starvation,33,34 and is also implicated in circadian 
regulation of autophagy.35 However, knockdown of CEBPB 
increased the level of Sqstm1 mRNA (unpublished observation). 
Furthermore, during revision of this paper, it was reported 
that amino acid starvation upregulates Sqstm1 transcription 
through the EIF2AK4/GCN2-EIF2A/eIFα-ATF4 and DDIT3/
CHOP pathways.36 These complex regulatory mechanisms may 
contribute to the different responses to prolonged starvation 
among cell lines. A more comprehensive study is needed to clarify 
the specific transcriptional factor responsible for SQSTM1 
restoration during long-term starvation.

The findings of this study also illuminate the important role 
of autophagy as an amino acid generator. It is generally believed 
that autophagy-derived amino acids during starvation are used 
for protein synthesis, energy production, and gluconeogenesis.4,37 
In yeast, amino acids produced by starvation-induced autophagy 
are important for synthesis of amino acid biosynthetic enzymes 
(e.g., Arg1/argininosuccinate synthetase), vacuolar enzymes 
(e.g., Ape1/aminopeptidase I and Prc1/carboxypeptidase 
Y),38 respiratory chain proteins (e.g., cytochrome c oxidase 
components), and antioxidant enzymes (e.g., Cta1 and Ctt1).39 
To our knowledge, our study is the first to demonstrate in 
mammalian cells that autophagy-derived amino acids are used 
for upregulation of a specific protein during starvation.

What is the significance of SQSTM1 restoration during long-
term starvation? It is notable that the restored level is quite similar 

to the original level in wild-type cells. Returning to this “default” 
level may be important for SQSTM1 to properly function in 
multiple pathways including selective autophagy.40 This also 
seems to be the case for LC3. LC3-family proteins, which are 
required for autophagy, are paradoxically degraded by autophagy 
because they bind to the inner autophagosomal membrane. 
However, LC3A and LC3B are transcriptionally upregulated 
during starvation.32 This could be to supplement the loss of LC3 
and in order to adapt to persistent starvation. Another possibility 
is that restored SQSTM1 may be involved in reactivation of 
MTORC1 during prolonged amino acid starvation, because 
SQSTM1 interacts with MTORC1 to mediate amino acid 
signaling.41 Indeed, the kinetics of SQSTM1 restoration are 
similar to those of MTORC1 reactivation (Fig. 1A).

Finally, endogenous SQSTM1 should be used as an indicator of 
autophagy flux with caution, as its level is regulated by a number of 
factors. Generally, the rate of starvation-induced reduction in the 
SQSTM1 protein level is considered to correspond to the activity 
of autophagic degradation.15,16 However, our data showed that a 
clear reduction may be observed only during the first couple of 
hours of starvation, at least in MEFs and HepG2 cells. Prolonged 
starvation treatment causes SQSTM1 restoration, which may 
lead to underestimation of autophagic activity. Monitoring 
SQSTM1 under the control of an exogenous promoter would be 
better for this purpose, because GFP-SQSTM1 under the control 
of the CMV promoter can be degraded by autophagy, but is not 
restored even following prolonged starvation (Fig. 3D). Artificial 
control of SQSTM1 expression using a tetracycline-regulated 
system would be an ideal method to measure autophagic flux.42 
We recommend that the level of Sqstm1 mRNA should be 
simultaneously determined along with the SQSTM1 protein 
level as an autophagy indicator.

Figure 6. A model of SQSTM1 restoration during prolonged starvation. Under nutrient-rich conditions, SQSTM1 protein is maintained at basal levels. 
During short-term starvation (~2 h), SQSTM1 is rapidly degraded by autophagy. As starvation-induced transcriptional upregulation of SQSTM1 is only 
modest, overall SQSTM1 protein levels decrease. Following prolonged starvation, high levels of Sqstm1 mRNA and sufficient amounts of intracellular 
amino acids derived from autophagy promote de novo synthesis of SQSTM1, which restores SQSTM1 protein expression to basal levels.
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Materials and Methods

Cell culture
Cells were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) (Sigma, D6546) supplemented with 10% 
fetal bovine serum (FBS), L-glutamine, and 50 µg/ml penicillin/
streptomycin in a 5% CO

2
 chamber at 37 °C. rb1cc1–/– (Rb1cc1 

knockout [KO])43 and atg5–/– (Atg5 KO)44 mouse embryonic 
fibroblasts (MEFs) were previously generated. MEFs stably 
expressing GFP-SQSTM1 were generated using pMXs-puro-
GFP-SQSTM1 as previously described.14 To induce starvation, 
cells were washed with phosphate-buffered saline (PBS) and 
incubated in amino acid-free DMEM without FBS (GIBCO, 
custom-made).

Western blotting
Cells were washed with ice-cold PBS, harvested in cold 

PBS and centrifuged at 3,000 rpm for 5 min. Cells were lysed 
in lysis buffer (50 mM TRIS-HCl, 150 mM NaCl, 1 mM 
EDTA, 1% Triton X-100, 10 mM NaF, 0.4 mM Na

3
VO

4
,  

1 mM phenylmethylsulfonyl fluoride, and protease inhibitor 
cocktail [Complete EDTA-free protease inhibitor; Roche 
05056489001]). The lysate was clarified by centrifugation at 
15,000 rpm for 5 min at 4 °C and was mixed with 6× sample 
buffer. Samples were subsequently separated by SDS-PAGE and 
transferred to Immobilon-P Transfer Membrane (Millipore, 
IPVH00010). Immunoblot analysis was performed with the 
indicated antibodies and visualized with Immobilon Western 
(Millipore, WBKLS0500). Signal intensities were analyzed 
using an imaging analyzer (LAS-3000mini; Fujifilm) and Multi 
Gauge software (version 3.0; Fujifilm). Contrast and brightness 
adjustment was applied using Photoshop 7.0.1 (Adobe).

Antibodies and reagents
Rabbit polyclonal antibody against EIF4EBP1/4E-BP1 

(9542), RPS6KB1 (2217), and RPS6KB1 pThr389 (9234) were 
purchased from Cell Signaling. Guinea pig polyclonal and rabbit 
polyclonal anti-SQSTM1/p62 antibodies were purchased from 
Progen (GP62-C) and MBL (PM 045), respectively. Anti-GFP 
(NACALAI TESQUE, 04404) and anti-Multi Ubiquitin (MBL, 
D058-3) antibodies were purchased. Anti-LC3B45 antibody 
production was described previously. Horseradish peroxidase-
conjugated anti-mouse (315035003) and anti-rabbit (111035144) 
IgG antibodies were purchased from Jackson ImmunoResearch, 
bafilomycin A

1
 (02911643) and α-amanitin (23109059) were 

purchased from Wako, cycloheximide (01810) and chloroquine 
(C6628) were purchased from Sigma, and Torin1 was purchased 
from Tocris Biosciences (4247). LysoTracker Red (L7528) was 
purchased from Molecular Probes.

Quantitative RT-PCR
Total RNA was extracted from MEFs using ISOGEN 

(Nippon Gene, 31102501) according to the manufacturer’s 
instructions. CDNA was generated with ReverTra Ace (Toyobo, 
TRT101) and was analyzed by quantitative real-time RT-PCR 
using the SYBR Green assay (Takara, RR018B). All data 
were normalized to Actb/β-actin or Gapdh expression. Primer 
sequences were: 

Sqstm1: 5′-GCCAGAGGAACAGATGGAGT-3′ 
and 5′-TCCGATTCTGGCATCTGTAG-3′; 
Actb: 5′-CTGGGTATGGAATCCTGTGG-3′ 
and 5′-GTACTTGCGCTCAGGAGGAG-3′. 
GFP: 5′-ACAAGCAGAAGAACGGCATC-3′ 
and 5′-ACTGGGTGCTCAGGTAGTGG-3′ 
Gapdh: 5′-GCCAAGGTCATCCATGACAACT-3′ 
and 5′-GAGGGGCCATCCACAGTCT-3′.
Fluorescence microscopy
Cells were cultured on a glass-bottomed dish and directly 

observed. For examination by immunofluorescence microscopy, 
cells grown on gelatin-coated coverslips were fixed with 4% 
paraformaldehyde, permeabilized using 50 µg/ml digitonin, and 
then stained with specific antibodies. All images acquired using 
confocal laser microscope (FV1000D IX81; Olympus), using 
a 60× PlanApoN oil immersion lens (1.42 numerical aperture; 
Olympus).

Statistical analyses
All numerical data including error bars represent the mean 

± SEM. Statistical comparisons were made using the unpaired 
Student t test.
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