
Sun et al., Sci. Adv. 8, eabo0412 (2022)     3 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 13

C E L L  B I O L O G Y

Deacetylation of ATG4B promotes autophagy initiation 
under starvation
Liangbo Sun1,2†, Haojun Xiong3†, Lingxi Chen2†, Xufang Dai4, Xiaojing Yan1, Yaran Wu1, 
Mingzhen Yang1, Meihua Shan1, Tao Li1, Jie Yao5, Wenbin Jiang2, Haiyan He2, 
Fengtian He2*, Jiqin Lian1*

Eukaryotes initiate autophagy when facing environmental changes such as a lack of external nutrients. However, 
the mechanisms of autophagy initiation are still not fully elucidated. Here, we showed that deacetylation of 
ATG4B plays a key role in starvation-induced autophagy initiation. Specifically, we demonstrated that ATG4B is 
activated during starvation through deacetylation at K39 by the deacetylase SIRT2. Moreover, starvation triggers 
SIRT2 dephosphorylation and activation in a cyclin E/CDK2 suppression–dependent manner. Meanwhile, starva-
tion down-regulates p300, leading to a decrease in ATG4B acetylation at K39. K39 deacetylation also enhances 
the interaction of ATG4B with pro-LC3, which promotes LC3-II formation. Furthermore, an in vivo experiment 
using Sirt2 knockout mice also confirmed that SIRT2-mediated ATG4B deacetylation at K39 promotes starvation-
induced autophagy initiation. In summary, this study reveals an acetylation-dependent regulatory mechanism 
that controls the role of ATG4B in autophagy initiation in response to nutritional deficiency.

INTRODUCTION
Macroautophagy/autophagy is a highly conserved protein or organ-
elle degradation system in species ranging from yeast to humans. It 
involves the autophagosome delivering needed degradable mole-
cules into the vacuole/lysosome (1). Autophagy is a multistep process 
that includes commencement, membrane expansion and extension, 
fusion of the autophagosome with the vacuole/lysosome, and de-
struction of components in the autolysosomes (2). Each stage is 
governed by distinct proteins (2). So far, around 40 autophagy-
related (ATG) genes have been identified as being involved in the 
regulation of these intricate membrane dynamics during autophagy 
(3). Recent advances in yeast and human genetics have greatly en-
hanced the knowledge of autophagy′s molecular mechanisms and 
physiological effects (4). Autophagy dysfunction is associated with 
various physiological and pathological processes, including devel-
opment, differentiation, metabolism, immunology, inflammation, 
cancer, and so on (5–7).

Autophagy is initiated by the development and maturation of 
double-membraned autophagosomes, which ingest and transport 
cargo to lysosomes for degradation (1). ATG proteins are the cen-
tral players in autophagy by modulating the initiation and matura-
tion of autophagosomes (8). It is well known that the functions of 
some ATG proteins are regulated by posttranslational modifica-
tions (PTMs), such as phosphorylation, methylation, acetylation, 
and ubiquitination (9, 10). Fine regulation of autophagy in cells oc-
curs through multiple strategies, including PTMs of ATG proteins. 

Therefore, it is crucial to explore the previously unidentified PTMs of 
ATG proteins, especially some key ATG proteins such as autophagy-
related 4B cysteine peptidase (ATG4B).

ATG4 cysteine proteases cut freshly generated ATG8 to expose a 
glycine residue that is conjugated with membrane-bound phospha-
tidylethanolamine (PE) during the process of lipidation at the be-
ginning of autophagy. ATG4 can also remove PE from ATG8 in the 
process of delipidation (8, 11). In humans, the best-characterized 
ATG8 isoform is microtubule-associated protein 1 light chain 3 (LC3) 
(12, 13). Moreover, ATG4B (but not ATG4A, ATG4C, and ATG4D) 
shows a very selective preference for LC3 (ATG4B is 1500-fold more 
catalytically effective than the other three ATG4 isoforms in activat-
ing LC3) (14). The role of ATG4B in physiology and pathology has 
been examined using genetically altered mouse models, and it has 
been demonstrated that ATG4B deficiency can result in the de-
crease of systemic autophagic activity (15–17). In addition, ATG4B 
has been linked as a biomarker and a therapeutic target in cancer 
(18). The level or activity of ATG4B can be regulated at transcrip-
tional, translational, and posttranslational levels. Our previous study 
has shown that heat shock transcription factor 1 (HSF1) enhances 
the transcription of ATG4B and promotes autophagy, which causes 
epirubicin resistance in hepatocellular carcinoma cells (19). In ad-
dition, our team and another group have revealed that the expres-
sion of ATG4B is suppressed by miR-34c-5p and miR-34a (20, 21). 
Furthermore, it has been reported that phosphorylation, ubiquiti-
nation, O-GlcNAcylation, S-nitrosylation, and oxidation modifica-
tion of ATG4B are important for its function and activity (22–24). 
For instance, the phosphorylation of ATG4B at S316, S383, or S392 
is critical for its activity (25, 26). Nevertheless, it is still unclear 
whether the activity and function of ATG4B could be modulated by 
acetylation.

Acetylation of lysine residues on the -amino group has lately 
emerged as a critical PTM for protein function regulation, which 
influences a variety of physiological and pathological processes 
such as development, cell proliferation, metabolism, inflammation, 
and cancer (27–29). Recently, mounting evidence suggested that protein 
acetylation may play an important role in autophagy regulation 
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(9, 10). Acetyl–coenzyme A (Ac-CoA), the only acetyl group donor 
for protein acetylation, has been shown to prevent autophagy caused 
by hunger and aging (30, 31). Numerous regulators and autophagic 
machinery key components, including unc-51–like kinase 1 (ULK1), 
ATG5, ATG7, ATG8, ATG12, sequestosome 1 (SQSTM1), and LC3, 
have been shown to undergo changes in their acetylation levels and 
govern autophagy (32, 33). However, it is unknown whether ATG4B, 
a key “scissor” for processing pro-LC3 and lipidated LC3 to drive 
the autophagy progress, is regulated by acetylation.

In the present study, we found that the level of ATG4B acetylation 
was negatively correlated with autophagy under nutrient deprivation. 
Mechanistically, p300 promoted ATG4B acetylation at K39, while 
silence information regulator 2 (SIRT2) enhanced ATG4B deacetyl-
ation at the same site. Starvation down-regulated p300 protein level 
and increased SIRT2 activity, leading to the deacetylation of ATG4B 
at K39 and the subsequent up-regulation of ATG4B activity and 
autophagy initiation. The in vivo study in Sirt2 knockout (Sirt2−/−) 
mice also showed that SIRT2 promoted autophagy by reducing 
ATG4B acetylation at K39. Together, our results elucidate a previ-
ously unknown molecular mechanism by which acetylation con-
trols ATG4B activity and function in autophagy initiation.

RESULTS
ATG4B is deacetylated under starvation stimulation
Because acetylation is a general and key PTM that plays important 
roles in autophagy regulation, we explored whether ATG4B could be 
acetylated in HepG2 and HeLa cells. As shown in Fig. 1A, our results 
showed that ATG4B was definitely acetylated in the cells. We found 
that starvation notably reduced acetylated ATG4B (Ac-ATG4B) 
and induced autophagy in HepG2 and HeLa cells (Fig. 1B). Subse-
quently, we investigated whether the other ATG4 family members 
(ATG4A, ATG4C, and ATG4D) could be deacetylated after starvation. 
As shown in fig. S1, starvation just slightly reduced ATG4A acetyla-
tion but had no significant influence on the acetylation of ATG4C 
and ATG4D. Next, we validated the effect of starvation on autophagy 
induction and showed that starvation stimulation remarkably en-
hanced LC3-II processing and SQSTM1 degradation, and increased 
green fluorescent protein (GFP)–LC3 puncta numbers in HepG2 
and HeLa cells (Fig. 1, B to D). Meanwhile, starvation also markedly 
elevated the activity of ATG4B (Fig. 1E), which was consistent with a 
previous report (34). Moreover, knockdown of ATG4B markedly re-
duced LC3-II conversion, SQSTM1 degradation, GFP-LC3 puncta 
formation, and cell viability under starvation conditions (fig. S2, A to 
D). The ATG4B inhibitor NSC 185058 (18) had a similar effect with 
its small interfering RNA (siRNA) on LC3-II conversion, SQSTM1 
degradation, cell viability, and autophagy induction (fig. S2, E to G). 
Furthermore, we examined whether the level of Ac-ATG4B could be 
regulated by starvation in vivo in mouse model. As shown in 
Fig. 1 (F and G), we detected liver tissues of starvation mice and 
found that starvation obviously decreased Ac-ATG4B and enhanced 
autophagy and ATG4B activity in vivo in mice. The findings above 
imply that starvation-induced autophagy in vitro and in vivo is asso-
ciated with a considerable drop in ATG4B acetylation and an in-
crease in ATG4B activity.

ATG4B is acetylated at K39
To determine the acetylation sites in ATG4B, we analyzed the six 
lysine (K) acetylation sites (K39, K137, K153, K154, K244, and 

K259) predicted by bioinformatics on ATG4B. By isolating ectopi-
cally expressed ATG4B and examining ATG4B acetylation using 
mass spectrometry, we found an acetyl-lysine–containing peptide 
(YSIFTEKAcDEILSDVASR) in three different tests, which was 
mapped to the K39-containing region on human ATG4B (Fig. 2A). 
Homology analysis of protein sequences showed that K39 in ATG4B 
is highly conserved among different species (Fig. 2B), and K42 in 
ATG4A has a similar conservation (fig. S3A). To study the function 
of the potential acetylation sites, we separately mutated each corre-
sponding K site to an arginine (R) (KK153/154RR was in one 
mutant construct), which mimicked the deacetylation state on the 
lysine(s). Then, we tested the effects of these mutations on ATG4B 
activity and autophagy regulation in ATG4BCRISPR HepG2 cells 
(ATG4B hemizygous knockout cells) (24). As shown in Fig. 2 (C to F), 
the K-to-R mutation of K39 (ATG4BK39R) resulted in a marked re-
duction in ATG4B acetylation and a significant elevation of autophagy 
induction and ATG4B activity. On the other side, the ATG4BK39Q 
mutation [K39 was mutated to glutamine (Q), which mimics an 
acetylated state] could obviously decrease ATG4B activity and de-
crease GFP-LC3 puncta numbers in ATG4BCRISPR HepG2 cells (fig. 
S3, B to E). In addition, we investigated whether the K39 acetyla-
tion of ATG4B (Ac-ATG4BK39) could influence the lipidation of 
-aminobutyric acid type A (GABAA) receptor–associated protein–
like 2 (GABARAPL2), another member of the ATG8 family. As 
shown in fig. S3 (F and G), ATG4BK39R mutation slightly increased 
the lipidation of GABARAPL2, while the ATG4BK39Q mutation had 
little effect on GABARAPL2 lipidation. These results indicated that 
the K39 deacetylation of ATG4B preferably processed LC3 rather 
than GABARAPL2, which is consistent with the previous study 
(35). Subsequently, we generated the antibody against acetylated 
K39 of ATG4B using N-SIFTE(Ac-K)DE-C as an immunogen, and 
the antibody′s titer was over 1:32,000 (fig. S4A). Then, we verified 
the specificity of the antibody with Western blot (fig. S4, B and C) 
and demonstrated that starvation markedly reduced Ac-ATG4BK39 
using this antibody (Fig. 2G).

Since Earle's balanced salt solution (EBSS) contains neither con-
tain amino acids nor glucose or growth factors, we further investi-
gated which of the deprivations triggers ATG4B K39 deacetylation. 
As shown in fig. S5 (A to C), glucose deprivation only led to a slight 
down-regulation of Ac-ATG4BK39 (fig. S5A), while deprivation of 
amino acids could rapidly decrease Ac-ATG4BK39 at 1-hour point 
(fig. S5B), and serum deprivation (mimicking growth factor defi-
ciency) also markedly reduced Ac-ATG4BK39 at 5-hour point (fig. 
S5C). These results indicated that deficiency of either amino acids 
or glucose or growth factors could trigger ATG4B deacetylation at 
K39, and amino acid starvation had the strongest effect on it. More-
over, we assayed whether the K39 deacetylation of ATG4B is specif-
ic for macroautophagy. As shown in fig. S6A, ATG4BK39R mutation 
obviously up-regulated the expression of PTEN-induced putative 
kinase 1 (PINK1; a marker of mitophagy), while the ATG4BK39Q 
mutation mildly down-regulated PINK1, suggesting that the K39 
deacetylation of ATG4B might play a role in the process of mitoph-
agy. Despite the up-regulation effect of mitophagy inducer cccp on 
PINK1 expression at different doses, the low doses (2.5 and 5.0 M) 
of cccp slightly decreased Ac-ATG4BK39, while the high dose (10 M) 
of cccp even slightly increased Ac-ATG4BK39 (fig. S6B), which sug-
gests that the K39 deacetylation of ATG4B does not play a key role 
in the mitophagy induction. Next, we checked the role of K39 
deacetylation on the interaction of ATG4B with LC3. As shown in 
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Fig. 2H, wild-type (WT) ATG4B interacted with both pro-LC3 
and LC3-II, which was consistent with a previous report (36). 
However, ATG4BK39R mainly interacted with pro-LC3, while 
ATG4BK39Q had no obvious interaction with pro-LC3. In addition, 
we found that the K39 (de)acetylation of ATG4B had little effect on 
ATG4B distribution in the cytoplasm and nucleus (fig. S7, A and B). 
These results above indicate that the acetylation of ATG4B at K39 
is a key PTM that suppresses ATG4B activity and macroautophagy 
initiation.

p300 is an acetyltransferase of ATG4B
To identify the acetyltransferase that regulates ATG4B acetylation, 
we separately knocked down five acetyltransferases, which are re-
ported to be closely related to autophagy in mammals, including 
E1A-binding protein/300 kDa (p300) (37), CREB (adenosine 
3′,5′-monophosphate response element–binding protein)–binding 
protein (CBP) (38), p300/CBP-associated factor (PCAF) (39), males 
absent on the first (MOF; also known as MYST1) (40), and general 
control nondepressible 5 (GCN5; also known as KAT2A) (41). As 

Fig. 1. Starvation induces the deacetylation of ATG4B. (A) Acetylated proteins were immunoprecipitated (IP) from cell lysates using an antibody against acetylated 
lysine, and the acetylation level of endogenous ATG4B was determined by immunoblotting (IB). (B) HepG2 and HeLa cells were treated with EBSS for the indicated time, 
the acetylation level of ATG4B was assessed as in (A), and the levels of listed proteins were evaluated by Western blot. (C) Cells with stable GFP-LC3 expression were 
treated with EBSS for the indicated time and then observed under a fluorescence microscope. Representative images were shown. Scale bar, 5 m. (D) The findings from 
(C) were quantified as the proportion of cells with five or more GFP-LC3 puncta. (E) After treatment as in (B), cells were lysed and the activity of ATG4B was determined 
using the AU4S substrate. (F) Six C57BL/6N mice were randomly separated into two groups and either given conventional laboratory chow (mice 1, 2, and 3) or deprived 
(mice 4, 5, and 6) for 48 hours. Mice were then slaughtered, and their livers were harvested and lysed. Following that, the acetylation level of ATG4B and the protein levels 
of ATG4B, SQSTM1, and LC3-I/II were detected. (G) The activity of ATG4B in mouse liver tissue lysates was measured as in (E). The relative intensity of listed proteins in each 
lane was calculated and normalized with control (lane 1) after quantification and shown in (B) and (F). Data are means ± SD (n = 3). **P < 0.01, ***P < 0.001, and 
****P < 0.0001. Ac, acetylated; IgG, immunoglobulin G; EBSS, Earle’s balanced salt solution; GFP, green fluorescent protein.
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shown in Fig. 3A, knockdown of p300 or CBP markedly decreased 
the acetylation level of ATG4B, whereas knockdown of the other 
three acetyltransferases had no obvious influence on ATG4B acetyl-
ation. Meanwhile, we observed that knockdown of p300 (but not 
the other four acetyltransferases) significantly enhanced the activity 
of ATG4B (Fig. 3B). Furthermore, the coimmunoprecipitation 

(co-IP) result showed that ATG4B was physically associated with 
p300 (Fig. 3, C and D). In addition, the ectopic expression of p300 
enriched the acetylation of WT ATG4B (but not mutant ATG4BK39R) 
(Fig. 3, E and F). Together, these data demonstrate that p300 is 
an acetyltransferase of ATG4B and promotes the acetylation of 
ATG4B at K39.

Fig. 2. The K39 acetylation of ATG4B regulates ATG4B activity and autophagy initiation. (A) The acetylation sites of ATG4B were detected using mass spectrometry 
after ATG4B protein was purified by IP and SDS-PAGE. Schematic representation of the acetylated sites on ATG4B. (B) Sequence analysis of the conservation degree of 
Lys39 in different species of ATG4B. (C) ATG4BCRISPR HepG2 cells (ATG4B hemizygous knockout cells) were transfected with the indicated expression plasmids with point 
mutation. Cell lysates were used for IP and Western blot assays with the corresponding antibody. (D) The ATG4BCRISPR HepG2 cells with stable GFP-LC3 expression were 
transfected with the indicated expression plasmids following observation under a fluorescence microscope. Representative images were shown. Scale bar, 5 m. 
(E) Quantification of the data from (D); the proportion of cells harboring five or more GFP-LC3 puncta was calculated. (F) The activity of ATG4B in (C) was measured. (G) HepG2 
cells were treated with EBSS for various times, and ATG4B acetylation was assessed by Western blot using the K39-acetylated ATG4B antibody. (H) ATG4BCRISPR HepG2 cells 
were transfected with the wild-type (WT) or K39R mutated or K39Q mutated ATG4B plasmids for 24 hours, following treatment with EBSS for 5 hours, and then whole-cell 
lysates were immunoprecipitated using an antibody against FLAG tag and analyzed by IB with LC3 antibody. The lysates containing K39R mutation ATG4B or K39Q mutation 
ATG4B were used as input control. The relative intensity of listed proteins in each lane was calculated and normalized with control (lane 1) after quantification and shown 
in (C) and (G). Data are means ± SD (n = 3). n.s., no significance; *P < 0.05 and ***P < 0.001.
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Starvation down-regulates the expression of p300
We next investigate the changes of p300 expression and activity un-
der starvation conditions. As shown in Fig. 4A, starvation stimula-
tion markedly decreased the protein level of p300. Meanwhile, 
starvation markedly reduced the acetylation levels of ATG4BK39 
and p53K373 (a known substrate of p300) (42). A previous study has 
shown that Ac-CoA is an important factor in maintaining p300 ac-
tivity (30). Therefore, we used CTPB (a direct activator of p300) or 
DCA (a drug that increases Ac-CoA by promoting aerobic respira-
tion in cells) to treat cells under starvation conditions. As shown in 
Fig. 4A, both CTPB and DCA substantially attenuated the starvation-
induced deacetylation of ATG4B and p53 and autophagy. Mean-
while, CTPB or DCA remarkably enhanced the suppression effect 
of starvation on cell survival (Fig. 4B). Moreover, ectopic expression 

of p300 obviously weakened the starvation-induced ATG4B deacetyl-
ation, autophagy, and repression of cell survival (Fig. 4, C to F). 
These data indicate that starvation reduces ATG4B acetylation and 
induces autophagy, at least in part by down-regulating the expres-
sion of p300.

SIRT2 is the deacetylase of ATG4B
As acetylation modification can be regulated by acetyltransferase 
and deacetylase, we next investigate which deacetylase regulates 
ATG4B acetylation. First, we treated cells with trichostatin A (TSA) 
[an inhibitor of histone deacetylase (HDAC) classes I, II, and IV] 
and/or nicotinamide (NAM; an inhibitor of the SIRT family 

Fig. 3. p300 is the acetyltransferase of ATG4B. (A) HepG2 cells were transfected 
with indicated siRNAs of five acetyltransferases for 24 hours, and then cell lysates 
were used for IP and Western blot assays with the corresponding antibody. (B) The 
activity of ATG4B in (A) was measured. (C) The association of endogenous ATG4B 
and different acetyltransferases was assessed by IP and Western blot. (D) HepG2 
cells were cotransfected with pHIS-p300 and pFLAG-ATG4B plasmids, and then cell 
lysates were used for IP and IB assays with the corresponding antibodies. (E) HepG2 
cells were transfected with pFLAG-ATG4B with or without pHIS-p300 plasmids, and 
then the acetylation level of ATG4B was detected by IP and IB. (F) HepG2 cells were 
transfected with indicated plasmids, and then the acetylation level of ATG4B was 
analyzed as in (E). The relative intensity of listed proteins in each lane was calculated 
and normalized with control (lane 1) after quantification and shown in (A), (E), and 
(F). Data are means ± SD (n = 3). **P < 0.01.

Fig. 4. Starvation down-regulates the expression of p300. (A) HepG2 cells were 
treated with EBSS alone, EBSS combined with CTPB (100 M), or EBSS combined 
with DCA (20 mM) for 24 hours. The levels of Ac-ATG4BK39, Ac-p53K373, and listed 
proteins were analyzed by Western blot. (B) Cells were treated as in (A), and cell 
viability was detected using the CCK-8 kit. (C) HepG2 cells were transfected with a 
control vector or pHIS-p300 for 36 hours, following treatment with EBSS or normal 
medium for 5 hours, and then the levels of Ac-ATG4BK39 and listed proteins were 
analyzed as in (A). (D) Cells were treated as in (C), and cell viability was measured 
using the CCK-8 kit. (E) Cells with stable GFP-LC3 expression were treated as in (C) 
and then observed under a fluorescence microscope. Representative images were 
shown. Scale bar, 5 m. (F) Quantification of the data from (E); the proportion of 
cells carrying five or more GFP-LC3 puncta were calculated. The relative intensity of 
listed proteins in each lane was calculated and normalized with control (lane 1) 
after quantification and shown in (A) and (C). Data are means ± SD (n = 3). *P < 0.05, 
**P < 0.01, and ***P < 0.001.



Sun et al., Sci. Adv. 8, eabo0412 (2022)     3 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 13

deacetylases). As shown in Fig. 5A, NAM alone or NAM combined 
with TSA markedly promoted ATG4B acetylation, whereas TSA alone 
had no obvious influence on ATG4B acetylation, suggesting that the 
deacetylase of ATG4B may be a member of the SIRT family. There-
fore, we used three inhibitors separately targeting SIRT1 (selisistat, 

EX527), SIRT3 (3-TYP), and SIRT6 (OSS_128167) to figure out the 
deacetylase involved in ATG4B deacetylation. Each of the three in-
hibitors increased ATG4B acetylation in cells (Fig. 5B). Considering 
the off-target effect of the pharmacological inhibitors, we further 
synthesized the siRNAs separately targeted to SIRT1, SIRT2, SIRT3, 

Fig. 5. SIRT2 is the deacetylase of ATG4B. (A and B) Cells were treated with indicated reagents for 24 hours, and then cell lysates were used for IP and Western blot. 
(C and D) HepG2 cells were transfected with the indicated siRNAs for 24 hours, and cell lysates were used for IP, Western blot (C), and ATG4B activity (D) assays. (E and F) Cells 
were treated with thiomyristoyl for 24 hours, and then the level of Ac-ATG4B (E) and ATG4B activity (F) was measured. (G to I) HepG2 cells were transfected with the indi-
cated siRNAs or plasmids for 24 hours, and then cell lysates were used for IP, Western blot (G and I), and ATG4B activity (H) analysis. (J) The association of endogenous 
ATG4B and SIRT2 was assessed by IP and IB. (K) ATG4BCRISPR HepG2 cells were transfected with the indicated plasmids or siRNAs, and then the level of Ac-ATG4B was de-
termined. (L and M) HepG2 cells were treated as in (C), and cell lysates were used for IP and Western blot (L). Meanwhile, the treated cells were stained with CYTO-ID 
Green, fluorescence intensity of autophagosomes was detected with a flow cytometer, and autophagic cells were calculated (M). (N) Quantification of the data from (M). 
(O) Cells with stable GFP-LC3 expression were treated as in (C) and then observed under a fluorescence microscope. Representative images were shown. Scale bar, 5 m. 
(P) Quantifying the data from (O) and showing as the percentage of cells containing five or more GFP-LC3 puncta. The relative intensity of listed proteins in each lane was 
calculated and normalized with control (lane 1) after quantification and shown in (C) and (L). Data are means ± SD (n = 3). **P < 0.01.
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or SIRT6. As shown in Fig.  5C, knockdown of SIRT2 (but not 
SIRT1, SIRT3, and SIRT6) with siRNA remarkably increased the 
acetylation level of ATG4B. Meanwhile, knockdown of SIRT2 
also markedly decreased the activity of ATG4B (Fig. 5D). More-
over, an effective SIRT2 inhibitor, thiomyristoyl (43), could 
notably enhance ATG4B acetylation and inhibit ATG4B activity 
(Fig. 5, E and F). Next, we found that knockdown of SIRT2 in-
creased Ac-ATG4B (Fig. 5G) and decreased its activity (Fig. 5H), 
while overexpression of SIRT2 reduced Ac-ATG4B (Fig. 5G) and 
elevated its activity (Fig. 5H). Furthermore, the co-IP experiment 
showed that ATG4B was physically associated with SIRT2 at both 
endogenous and exogenous levels (Fig. 5,  I  and  J). In addition, 
knockdown of SIRT2 promoted the acetylation of WT ATG4B (but 
not mutant ATG4BK39R) (Fig. 5K), indicating that SIRT2 deacetylated 
ATG4B at K39. Last, we determined the effect of SIRT2 on autophagy. 
The results showed that knockdown of SIRT2 decreased LC3-II 
and GFP-LC3 puncta and increased Ac-ATG4B and SQSTM1 
(Fig. 5, L to P), indicating that SIRT2 strengthened autophagy. Col-
lectively, these data demonstrate that SIRT2 is the deacetylase of 
ATG4B, and it can enhance autophagy by promoting the deacetyla-
tion of ATG4B at K39.

Starvation activates SIRT2 in cells
To explore the role of SIRT2 in starvation-induced autophagy, we 
examined the expression and activity of SIRT2 after starvation treat-
ment in cells. As shown in Fig. 6A, a short-time nutritional deficiency 
had no obvious influence on the level of SIRT2, but it could substan-
tially reduce the acetylation levels of ATG4BK39 and -tubulinK40 (a 
known substrate of SIRT2) (44), suggesting that starvation may ac-
tivate SIRT2 in cells. Moreover, the SIRT2 inhibitor thiomyristoyl 
notably attenuated the starvation-induced autophagy and deacetyl-
ation of ATG4BK39 and -tubulinK40 in cells (Fig. 6B). Meanwhile, 
thiomyristoyl markedly enhanced the suppression effect of starva-
tion on cell survival (Fig. 6C). Furthermore, knockdown of SIRT2 
markedly alleviated the starvation-induced ATG4B deacetylation, 
autophagy, and inhibition of cell survival (Fig. 6, D to G). These data 
reveal that starvation activates SIRT2 and subsequently promotes 
the deacetylation of ATG4B, which leads to autophagy induction.

Starvation activates SIRT2 by suppressing cyclin E/CDK2
A previous study has demonstrated that cyclin E/cyclin-dependent 
kinase 2 (CDK2) complex–mediated phosphorylation of SIRT2 at 
serine-331 (SIRT2S331) plays a vital role in regulating SIRT2 activity 
(45). Therefore, we detected the levels of phosphorylated SIRT2S331 
(p-SIRT2S331), cyclin E, and CDK2 under starvation conditions. The 
results showed that starvation markedly reduced the levels of 
p-SIRT2S331, Ac-ATG4BK39, cyclin E, SQSTM1, and Ac--tubulinK40 
but increased the protein level of LC3-II (Fig. 7A). As it has been 
demonstrated that CDK2 activation requires the formation of the 
cyclin E/CDK2 complex (46), we speculated that the starvation-
induced cyclin E down-regulation may decrease the formation of 
the cyclin E/CDK2 complex, leading to the inhibition of CDK2 
activity. Consistent with this hypothesis, we found that the CDK2 
inhibitor roscovitine notably reduced the levels of p-SIRT2S331, 
Ac-ATG4BK39, SQSTM1, and Ac--tubulinK40 but elevated the pro-
tein level of LC3-II (Fig. 7B), which was blocked by the SIRT2 acti-
vator thiomyristoyl (Fig. 7C). In addition, the ATG4B inhibitor NSC 
185058 markedly attenuated roscovitine-mediated SQSTM1 down-
regulation and LC3-II up-regulation (Fig. 7D), indicating that ATG4B 

is involved in CDK2-mediated autophagy regulation. In all, these data 
reveal that starvation activates SIRT2 by suppressing cyclin E/CDK2.

SIRT2 is a key modulator of ATG4B deacetylation 
and autophagy in vivo
To further verify the importance of SIRT2 on ATG4B deacetylation 
and autophagy, we used Sirt2 knockout (Sirt2−/−) mice as a starva-
tion animal model in the experiment. The WT or Sirt2−/− mice were 
randomly separated into two groups and starved or not for 2 days, 
and then liver tissues were collected for further analysis. First, we 
did not observe an obvious difference in hematoxylin and eosin 
(H&E) staining in liver tissues between WT and Sirt2−/− mice, 
whether starved or not (Fig. 8A). However, compared with WT mice, 
Sirt2−/− mice exhibited substantially higher levels of Ac-ATG4BK39 
and lower levels of LC3-II, with a defective autophagy phenotype 
[the phenotype is consistent with the previous report (47)] (Fig. 8, A 
and B). Next, we found that starvation markedly down-regulated 
Ac-ATG4BK39 and SQSTM1 but up-regulated LC3-II in WT mice 
(but not in Sirt2−/− mice) (Fig. 8, A to C), indicating that SIRT2 
played an important role in starvation-mediated promotion of 
ATG4BK39 deacetylation and autophagy in vivo. In addition, starva-
tion remarkably enhanced ATG4B activity in liver tissues of WT mice 
(but not Sirt2−/− mice) (Fig. 8D). Together, these data indicate that 
SIRT2 plays a vital role in promoting the deacetylation and activity 
of ATG4B and autophagy in vivo.

DISCUSSION
This study presents evidence that acetylation modulates ATG4B ac-
tivity and autophagy initiation under starvation conditions. Specif-
ically, we found that the deacetylation of ATG4B at K39 plays an 
important role in autophagy initiation, which advances the molecu-
lar mechanisms of starvation-induced autophagy (Fig. 9). In a suffi-
cient nutrient environment, the amount of cyclin E is enough to 
form the cyclin E/CDK2 complex with CDK2 and maintain the ac-
tivity of CDK2. The active CDK2 phosphorylates SIRT2 at S331 and 
inhibits its activity. The low activity of SIRT2 and the high level of 
p300 cause a high acetylation level of ATG4B at K39, resulting in a 
low ATG4B activity and a low level of autophagy initiation. However, 
in a nutrient deficiency environment, cyclin E and p300 are down-
regulated in cells. The amount of the cyclin E/CDK2 complex is not 
enough to keep the activity of CDK2. As a result, the phosphoryl
ation of SIRT2 is suppressed and the activity of SIRT2 is increased. 
The high activity of SIRT2 and the low level of p300 bring a low 
acetylation level of ATG4B at K39, resulting in a high ATG4B activity 
and a high level of autophagy initiation.

Acetylation (here means acetylation of the -amino group of 
lysine residues) is a key PTM for histone and nonhistone proteins, 
which plays an important role in autophagy regulation (9). Ac-CoA, 
the sole acetyl group donor for protein acetylation, has been prov-
en to suppress age-related and starvation-induced autophagy. The 
acetyltransferase p300 has been shown to inhibit autophagy by 
acetylating ATG5, ATG7, ATG8, and ATG12 (48). Our study re-
vealed that deacetylation of ATG4B promoted ATG4B activity and 
autophagy initiation, consistent with previous studies on other 
ATGs (10). We further ascertained the specific K39 acetylation site 
on ATG4B and demonstrated that it is vital for ATG4B activity 
and autophagy initiation. In addition, the K39 of ATG4B is an 
evolutionally conserved site among different species, suggesting 
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that the acetylation of ATG4B may be a general phenomenon 
across species.

Acetylation and deacetylation are a conversed and dynamic pro-
cess, which is catalyzed by lysine acetyltransferases (KATs; also known 
as histone acetylases) and lysine deacetylases (KDACs; also known 

as HDACs), respectively (27). In the current study, we found that 
p300 acts as the KAT of ATG4B acetylation and SIRT2 exerts the 
role of KDAC. p300, a KAT that belongs to the P300/CBP subfamily, 
has been reported to inhibit autophagy by acetylizing several substrates. 
Here, we found that ATG4B is a previously unidentified substrate 

Fig. 6. Starvation activates SIRT2 in cells. (A) Cells were treated with EBSS for 5 hours; the levels of Ac-ATG4BK39, Ac--tubulinK40, Ac-p53K373, and listed proteins were 
analyzed by Western blot using the corresponding antibodies. (B) HepG2 cells were treated with EBSS, thiomyristoyl (50 M), or EBSS combined with thiomyristoyl for 
24 hours, and then the protein levels were detected as in (A). (C) Cells were treated as in (B); cell viability was detected using the CCK-8 kit. (D) HepG2 cells were transfected 
with a control siRNA or SIRT2 siRNA for 24 hours following treatment with EBSS or normal medium for 5 hours, and then protein levels were analyzed as in (A). (E) Cells 
were treated as described in (D), and the vitality of cells was determined using the CCK-8 kit. (F) Cells expressing GFP-LC3 were treated as described in (D) and then viewed 
under a fluorescence microscope. Representative images were shown. Scale bar, 5 m. (G) Quantification of the data from (F); data were expressed as the percentage of 
cells containing five or more GFP-LC3 puncta. The relative intensity of listed proteins in each lane was calculated and normalized with control (lane 1) after quantification 
and shown in (A), (B), and (D). Data are means ± SD (n = 3). **P < 0.01 and ***P < 0.001.



Sun et al., Sci. Adv. 8, eabo0412 (2022)     3 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 13

of p300. The activity of ATG4B is suppressed by p300-medicated 
acetylation in normal cells. Consistent with previous studies (48), re-
duced p300 levels alleviated ATG4B acetylation and boosted its 
activity under hunger conditions. On the other hand, a member of 
the NAM adenine dinucleotide (NAD)–dependent deacetylase family, 
SIRT2 has been reported to play important roles in numerous bio-
logical processes, including genome integrity, mitosis regulation, cell 
homeostasis, cell differentiation, infection, aging, inflammation, au-
tophagy, and oxidative stress. In recent years, increasing substrate 
numbers of SIRT2 have been validated to mediate a wide range of 
biological processes (49). In this study, we verified that SIRT2 is the 

HDAC of ATG4B deacetylation. Selisistat, 3-TYP, or OSS_128167 
cotreatment could increase ATG4B acetylation. Selisistat (EX527) 
can effectively inhibit the activity of SIRT1 deacetylase (50), accom-
panied by partial inhibition on the activity of SIRT2 and SIRT3. The 
median inhibitory concentration (IC50) of 3-TYP for SIRT1, SIRT2, 
and SIRT3 is 88, 92, and 16 nM, respectively. The SIRT6 inhibitor 
OSS_128167 can also partially inhibit the activity of SIRT1 and 
SIRT2. Therefore, the effect of selisistat, 3-TYP, or OSS_128167 on 
ATG4B acetylation may attribute to its action on SIRT2. The results 
of SIRT1, SIRT2, SIRT3, and SIRT6 knockdown further supported 
this point. Furthermore, the role of SIRT2 in autophagy regulation 

Fig. 7. Starvation activates SIRT2 by suppressing cyclin E/CDK2. (A) Cells were treated with EBSS for the indicated time; the levels of Ac-ATG4BK39, Ac--tubulinK40, 
p-SIRT2S331, and listed proteins were analyzed by Western blot using the corresponding antibodies. (B) Cells were treated with roscovitine (100 M) for 24 hours, and then 
the protein levels were analyzed as in (A). (C) Cells were treated with roscovitine (100 M), thiomyristoyl (50 M), or their combination for 24 hours, and then the protein 
levels were analyzed as in (A). (D) Cells were treated with roscovitine (100 M), NSC 185058 (50 M), or their combination for 24 hours, and then the protein levels were 
analyzed as in (A). The relative intensity of listed proteins in each lane was calculated and normalized with control (lane 1) after quantification and shown in (A) to (D). The 
experiments were repeated three times, with similar results obtained.
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is paradoxical (51). An impaired autophagy process has been ob-
served in Sirt2−/− mice (47). However, SIRT2 reduction promotes 
autophagy in normal HCT116 cells (52). Our study revealed that 
SIRT2 promotes autophagy by accelerating ATG4B deacetylation 
when facing nutrient deprivation. We guess that the discrepancy of 
SIRT2 on autophagy regulation may attribute to the different treat-
ment conditions, different cells, or tissue backgrounds.

Although several pathways such as MTOR (mechanistic target 
of rapamycin) (53), AMPK (AMP-dependent protein kinase) (54), 
and AKT/protein kinase B (55) have been reported to regulate auto-
phagy under nutrient and energy deprivation, the molecular mech-
anisms of the rapid initiation of autophagy are far from elucidation. 
In this study, we observed that the acetylation of ATG4B at K39 is 
markedly decreased, accompanied by autophagy induction even at 
1 hour after starvation. Although deficiency of either amino acids or 

glucose or growth factors could trigger ATG4B deacetylation at K39, 
we preliminarily speculate that amino acid deficiency is more im-
portant in triggering ATG4B deacetylation. Amino acid deficiency 
may rapidly activate SIRT2, which is consistent with the report of 
SIRT2 in amino acid–related lipid metabolism (56, 57). These find-
ings may supply a previously unidentified perspective on the rapid 
initiation of autophagy because posttranslational regulation is more 
convenient and faster than transcription regulation. We further ob-
served that short-term starvation promoted the deacetylation of ATG4B 
by enhancing the activity of SIRT2, which was demonstrated by the 
fact that short-term starvation has little effect on the protein level of 
SIRT2 but notably reduces the acetylation level of -tubulin (a recog-
nized substrate of SIRT2 that indirectly reflects the activity of SIRT2). 
Short-term starvation down-regulates the protein but not the mRNA 
level of cyclin E and inhibits the activity of CDK2, which leads to the 
dephosphorylation of SIRT2 at the S331 site. Previous studies have 
demonstrated that starvation can block the cell cycle and keep cells in 
the G0-G1 phase. Therefore, we speculate that the down-regulation 
of cyclin E may lead to cell cycle arrest and autophagy induction to 
maintain cell survival in a nutrient-deficient environment.

In our model, starvation induces the deacetylation of ATG4B and 
its activation, which promotes the conversion of pro-LC3 to LC3-I 
and accelerates autophagy initiation. Our data show that the deacetyl-
ated ATG4B mainly interacts with pro-LC3, while the acetylated 
ATG4B has no interaction with pro-LC3. We also found that the 
acetylated ATG4B level is closely negative relative to the level of 
LC3-II in cells. Therefore, we speculate that activated ATG4B pro-
motes the generation of LC3-I by cleaving pro-LC3, and then LC3-I 
is further turned into LC3-II rapidly. According to Nguyen et al.’s 

Fig. 8. SIRT2 is a key modulator of ATG4B deacetylation and autophagy in vivo. 
WT C57BL/6N mice or Sirt2 knockout mice (Sirt2−/−) were starved or not for 2 days, and 
then liver tissues were used for further analysis. (A) The levels of SIRT2, Ac-ATG4BK39, 
and LC3 were detected by immunohistochemistry. Positive cells were counted among 
a total of 1000 cells on average. Images were obtained at ×4 or ×20 magnification. 
Scale bar, 250 or 25 m. ***P < 0.001. (B) The level of Ac-ATG4BK39 was assessed by 
immunofluorescent staining. Scale bar, 25 m. (C) The levels of Ac-ATG4BK39, Ac--
tubulinK40, and listed proteins were evaluated by Western blot. Relative intensity of 
Ac-ATG4B and LC3-II in each lane was calculated and normalized with control (lane 1) 
after quantification and shown. The experiments were repeated three times, with 
similar results obtained. (D) The activity of ATG4B was measured. ****P < 0.0001.

Fig. 9. Schematic illustration for the ATG4B deacetylation–induced autopha-
gy initiation. In a sufficient nutrient environment (left), cyclin E and p300 are in 
relative high levels in cells. Cyclin E is sufficient to form the cyclin E/CDK2 complex 
with CDK2 and maintain the activity of CDK2. The active CDK2 phosphorylates 
SIRT2 at S331 and inhibits its activity. The low activity of SIRT2 and the high level of 
p300 cause a high acetylation level of ATG4B at K39, leading to low levels of ATG4B 
activity and autophagy initiation. In a nutrient deficiency (starvation) environment 
(right), cyclin E and p300 are down-regulated in cells. The amount of the cyclin E/
CDK2 complex is not enough to keep the activity of CDK2. Subsequently, the phos-
phorylation of SIRT2 is suppressed and the activity of SIRT2 is increased. The high 
activity of SIRT2 and the low level of p300 bring a low acetylation level of ATG4B at 
K39, resulting in high levels of ATG4B activity and autophagy initiation. Ac, acetyl-
ation; p, phosphorylation; ↑, up-regulation; ↓, down-regulation.
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report (35), ATG4B can also promote mitophagy independent of its 
activity. Our data showed that the acetylation of ATG4B does not play a 
key role in the mitophagy induction. Therefore, we presume that the 
acetylation of ATG4B mainly regulates autophagy by changing its activity.

In conclusion, our research revealed that the acetylation of 
ATG4B regulates its activity and autophagy initiation. Moreover, 
we verified that p300 acetylates ATG4B at K39, which the SIRT2 can 
antagonize. Specifically, nutrient deprivation, on one side, down-
regulates p300 and, on another side, activates SIRT2 by suppressing 
cyclin E/CDK2. Consequently, ATG4B was deacetylated and activated. 
Last, autophagy was induced. These findings not only reveal a pre-
viously unknown posttranslational modification of ATG4B but 
also may supply a clinical opportunity for treating ATG4B and 
ATG diseases. It will be interesting to find out whether the above 
results apply to the treatment of other ATG4B and ATG diseases.

MATERIALS AND METHODS
Cell culture and reagents
HepG2 and HeLa cells were obtained from the American Type Culture 
Collection (ATCC) and cultured in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum (GE Health-
care Life Sciences), streptomycin (100 mg/ml), and penicillin (100 U/ml) 
(Gibco). The cell lines were originally evaluated by ATCC and pas-
saged for less than 6 months in the laboratory. Cells were rinsed with 
phosphate-buffered saline (PBS) and grown for 1 to 5 hours in EBSS 
(Sigma-Aldrich) to induce autophagy and starvation. Cells were in-
cubated with 100 M CTPB, 20 mM DCA, 0.5 M TSA, 100 M 
NAM, 1 M EX527, 100 M 3-TYP, 100 M OSS_128167, 5 M 
thiomyristoyl, 50 M NSC 185058, or 100 M roscovitine at 37°C 
under 5% CO2. The small-molecule inhibitors listed above were 
obtained from Selleck Chemicals LLC. Transient transfection of HepG2 
and HeLa cells with expression vectors was performed using Lipo-
fectamine 3000 (Invitrogen) according to the package recommendations.

Antibodies
The antibodies against acetyl-lysine (ab22550), p53 (acetyl K373, 
ab62376), p53 (ab131442), ATG4A (ab108322), ATG4C (ab183516), 
ATG4D (ab237751), and SIRT2 (ab211033) were from Abcam. The 
antibodies against SQSTM1 (P0067), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (G9545), LC3 (L7543), GABARAPL2 
(HPA036726), FLAG (F3165), His (SAB1305538), and hemaggluti-
nin (HA) (H9658) were purchased from Sigma-Aldrich. The anti-
bodies against ATG4B (#13507), p300 (#86377), CBP (#7389), PCAF 
(#3378), MOF (#46862), GCN5 (#3305), SIRT1 (#2493), SIRT3 (#2627), 
SIRT6 (#12486), acetyl--tubulin (Lys40, #5335), -tubulin (#3873), 
CDK2 (#18048), PINK1 (#6946), and cyclin E (#20808) were ob-
tained from Cell Signaling Technology. The antibody against SIRT2 
phospho-Ser331 (61363) was from Active Motif.

RNA interference
All siRNAs were obtained from GeneCopoeia. Transfection of siRNA 
was performed using Lipofectamine 3000 (Invitrogen) following the 
manufacturer’s protocol. siGENOME SMARTpool reagents (Dharmacon) 
were diluted with Opti-MEM reduced serum medium (Invitrogen). 
The siRNA sequences for the target genes were as follows: p300 
(5′-GCAAAGGAAUUGCCUUAUUTT-3′), CBP (5′-GCGUGU​
GUACAUUUCUUAUTT-3′), PCAF (5′-GGAGCCACUUUAAUGG-
GAUTT-3′), MOF (5′-CCCUGCAAUCCCUCAAUAUTT-3′), GCN5 

(5′-GCUACCUACAAGGUCAAUUTT-3′), SIRT1 (5′-GGAUA-
GAGCCUCACAUGCA-3′), SIRT2 (5′-GCCAACCAUCUGU-
CACUACUU-3′), SIRT3 (5′-GAAACUACAAGCCCAACGU-3′), 
SIRT6 (5′-GAAUGUGCCAAGUGUAAGA-3′), and ATG4B 
(5′-GGUGUGGACAGAUGAUCUUUG-3′).

Plasmids and transfection
The plasmids pcDNA3.1, pcDNA3.1-SIRT1-HA, pEX-M06, pEX-
M06-SIRT2-HA, pCMV-ATG4BK39R, pCMV-ATG4BK39Q, pCMV-
ATG4BK137R, pCMV-ATG4BKK153/154RR, pCMV-ATG4BK244R, and 
pCMV-ATG4BK259R were obtained from GeneCopoeia. The plas-
mids CON85-p300 and CON85 were purchased from Genechem 
(Shanghai, China). The plasmids pCMV-ATG4B and pCMV were 
products of Lab Cell Biotechnology (Chongqing, China). Lipofect-
amine 3000 (Invitrogen) was used to transfect plasmids according 
to the manufacturer’s instructions.

Western blot
Whole-cell extracts were prepared by directly lysing cells with cell 
lysis buffer (Thermo Fisher Scientific). Lysates were boiled with 
6×  SDS loading buffer for 10  min and electrophoresed on SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) gels. A total of 25 g 
of protein in each sample was analyzed. Then, protein samples were 
electrophoretically transferred to a polyvinylidene difluoride mem-
brane (Bio-Rad). Membranes were blocked with 5% skimmed milk 
for 1 hour at room temperature and then incubated with primary 
antibodies overnight at 4°C. After washing three times with PBST 
(phosphate-buffered saline, 0.1% Tween 20), membranes were in-
cubated with horseradish peroxidase–labeled secondary antibodies 
for 1 hour at room temperature. The protein blots were detected 
and imaged with ChemiDoc Touch System (Bio-Rad).

Immunoprecipitation
For IP, we used the Pierce Cross-link Magnetic IP/Co-IP Kit (Ther-
mo Fisher Scientific). Cells were collected by a cell scraper and cen-
trifuged at 15,000g for 10 min. For immunoprecipitation, 1.5 mg of 
protein in 500 l of cell lysis buffer solution (pH 7.4, 25 mM tris, 
150 mM NaCl, 1 mM EDTA, 1% NP-40, and 5% glycerol) was added 
to each sample, using 5 g of the antibody against the protein of 
interest. First,  the target antibody was  bound to Protein A/G mag-
netic beads and cross-linked with disuccinimidyl suberate. Second, 
500 l of the diluted cell lysate from each of the lysed samples was 
added to a tube containing the cross-linked magnetic beads and in-
cubated overnight at 4°C on a rotator or mixer. The final eluate was 
neutralized, and a nonreducing electrophoresis loading buffer was 
added to boil, denature, and perform immunoblotting. The mem-
branes were blocked with 5% nonfat milk in TBS-T (tris-buffered 
saline–Tween 20) and probed for the proteins of interest. The pro-
tein band density was analyzed using Image Lab software. On the 
basis of three replicated experiments, the ratios relative to the con-
trol were calculated.

Immunocytochemistry
Liver tissue was fixed in 4% paraformaldehyde, embedded in par-
affin, sectioned, and stained with H&E. Immunohistochemical 
staining of paraffin-embedded tissues was performed using SIRT2 
(Abcam, ab211033), Ac-ATG4B (Lys39), and LC3 (Sigma-Aldrich, 
L7543) primary antibodies and an ABC Elite immunoperoxidase kit 
according to the manufacturer’s instructions.

https://www.cellsignal.cn/products/primary-antibodies/atg4b-d1g2r-rabbit-mab/13507?site-search-type=Products&amp;N=4294956287&amp;Ntt=atg4b&amp;fromPage=plp
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Immunofluorescent staining
Liver tissue was fixed with 4% formaldehyde (Thermo Fisher Scientif-
ic) and then dehydrated with 30% sucrose solution (Sangon Biotech). 
The frozen liver tissue sections were dried at room temperature for 
15  min, permeabilized with 0.5% Triton X-100 for 10  min, then 
blocked with 3% bovine serum albumin (BSA) + 0.1% Triton X-100 
for 30 min, diluted 1:100 with primary antibody, and incubated at 4°C 
overnight. Tissue sections were incubated with Alexa 488–labeled sec-
ondary antibody (dilution 1:200), washed several times, mounted with 
4′,6-diamidino-2-phenylindole (DAPI)–containing mounting solu-
tion Vectashield (Vector Laboratories), and observed using a Nikon 
inverted microscope equipped with an Eclipse Ti-U digital camera.

Cell viability assay
In 96-well plates, cells were plated at a density of 2000 cells per well 
and grown overnight (specific density depends on cell type). After 
24 hours, cells were treated following the prescribed protocol. Then, 
cells were cultured in the dark for 1 to 3 hours with CCK-8 reagent 
(Dojindo Molecular Technologies) according to the manufacturer’s 
procedure. Last, absorbance values were measured at 450 nm using 
a microplate reader.

GFP-LC3 analysis
Cells with stable GFP-LC3 expression were plated into six-well 
plates at appropriate densities, treated with different reagents, and 
finally fixed for 10 min with 4% formaldehyde. Following that, five 
random views of the cells were taken with a fluorescence micro-
scope (Olympus IX81). The number of positive autophagic cells 
containing five or more GFP-LC3 puncta was counted from 50 cells 
per view. Representative cell pictures were captured by laser confo-
cal microscopy (Carl Zeiss AG).

ATG4B activity assay
Following our previous study (34), cells or tissues were lysed with lysis 
buffer containing 2 mM dithiothreitol. The lysates were incubated 
with 0.2 M AU4S for 40 min. The reaction solution without cell ly-
sates was used as background control and incubated with AU4S. Then, 
fluorescence intensity was analyzed with a fluorescence microplate 
reader. The value (the difference between AU4S and background flu-
orescence intensity) was calculated and normalized by the amount of 
protein. Data are means ± SD from three experiments.

Fluorescent assay of autophagosomes
Autophagy in living cells was examined using the Cyto-ID Autophagy 
Detection Kit (Enzo) and a proprietary probe to selectively detect 
autophagosomes according to the manufacturer’s procedure. Cells 
were collected, resuspended in 500 l of freshly diluted Cyto-ID 
Green Detection Solution, and incubated for 30 min at room tem-
perature in the dark. Then, fluorescence intensity was measured 
using a flow cytometer (Beckman).

Mass spectrometry
HepG2 cells were transfected with the ATG4B expression plasmid 
for 36 hours and then treated with 0.5 M TSA and 100 M NAM 
for 24 hours. Subsequently, cells were harvested and lysed with IP 
lysis buffer supplemented with 2 mM TSA and 10 mM NAM. Next, 
cell lysates were immunoprecipitated using ATG4B antibody–coupled 
protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology), and 
immunoprecipitates were separated by SDS-PAGE and stained 

with Coomassie blue. After treatment with destaining solution, the 
ATG4B band was extracted from the gel, followed by tryptic diges-
tion and mass spectrometry. Database searches were used to identify 
proteins and modifications, and peptide identifications were con-
firmed using the Peptide Prophet.

Mice
Sirt2 knockout (Sirt2−/−) mice and WT litters were used to analyze 
liver autophagy in mice induced by starvation. This research used 
only male mice. Mice were obtained from Cyagen Biosciences Inc. 
Mouse breeding was conducted at the Army Medical University’s 
Animal Center’s specific pathogen–free mouse facility. Army Medical 
University’s Institutional Animal Care and Use Committee autho-
rized all mouse trials.

Statistical analysis
Data are reported as means ± SD of at least three independent ex-
periments. Comparisons between multiple groups were performed 
by one-way analysis of variance (ANOVA) with Tukey’s multiple 
comparisons tests using GraphPad Prism 6.0 software (GraphPad 
Software). For comparison between two groups, paired t test was 
used. In all cases, a difference of P < 0.05 was judged statistically 
significant. For in vivo experiments, sample size was determined, 
taking into account experimental feasibility and statistical signifi-
cance. Animals and samples were randomized, and investigators 
were not blinded to allocation during studies and result evaluation.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo0412

View/request a protocol for this paper from Bio-protocol.
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