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Abstract

Background and Aims: Nonalcoholic fatty liver disease 
(NAFLD) is a common chronic liver disease caused by over-
nutrition. Impaired autophagy is closely related to NAFLD pro-
gression. Recently, ubiquitin-specific peptidase-10 (USP10) 
was reported to ameliorate hepatic steatosis, but the un-
derlying mechanism is still unclear. In view of the potential 
effects of USP10 on autophagy, we investigated whether 
USP10 alleviated steatosis through autophagy. Methods: 
HepG2 cells were treated with palmitic acid (PA) to model 
NAFLD in vitro. Lentivirus was used to regulate USP10 level 
in cells. Autophagic regulators were used to autophagic pro-
gression in cells. Western blotting, real-time fluorescence 
quantitative polymerase chain reaction, lipid drop staining 
and immunofluorescent staining were performed to deter-
mine the effect of USP10 on lipid autophagy. Student’s t-test 
and Tukey’s post hoc test were used to compare the means 
among groups. Results: PA induced cellular steatosis with 
dependance on autophagy. USP10 overexpression alleviated 
PA-induced steatosis, restored autophagic activity, promoted 
autophagic flux, including synthesis and degradation of au-
tophagosomes, and lipid-targeted autophagy. In the pres-
ence of autophagy inhibitors, the protective effectiveness 
of USP10 on steatosis decreased. Furthermore, the spe-
cific inhibitor to C-jun N-terminal protein kinase-1 (JNK1), 
DB07268, abolished USP10-induced autophagy. However, 
during early stage inhibition of JNK1, compensatory expres-
sion of tuberous sclerosis complex-2 (TSC2) maintained au-
tophagy. The degree of TSC2-to-JNK1 compensation was 
positively associated with USP10 level. Functionally, JNK1 

and TSC2 were involved in the lipid-lowering effect of USP10. 
Conclusions: USP10 alleviated hepatocellular steatosis in 
autophagy-dependent manner. JNK1/TSC2 signaling path-
ways were required for USP10-induced autophagy.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common 
chronic liver disease worldwide, including developing coun-
tries. NAFLD is a metabolic disease, with significant accumu-
lation of lipid droplets (LDs) in hepatocytes that is usually 
associated with oxidative stress, inflammation, fibrogenesis, 
and insulin resistance. Progressive NAFLD can develop into 
nonalcoholic steatohepatitis (NASH) or hepatocellular car-
cinoma. NAFLD accompanied with obesity, type 2 diabetes 
mellitus, and cardiovascular events increases overall mor-
tality.1 NAFLD has become the most frequent indication for 
liver transplantation.2 An international expert consensus 
recommended renaming NAFLD as metabolic dysfunction-
associated fatty liver disease.3 The pathogenesis of NAFLD is 
unclear and the treatment of NAFLD is limited.

Autophagy is a highly conserved intracellular activity that 
degrades cellular components, such as impaired organelles 
and redundant metabolites. The classic autophagy process 
starts with the synthesis of autophagosomes. Microtubule-
associated protein light chain (LC)3B-1, the inactive form 
of LC3B, located in cytosol, is recruited to membranes of 
autophagosomes and convert to its active form, LC3B-2. 
Target substances are engulfed by autophagosomes, which 
then fuse with lysosomes to form autolysosomes, in which 
the engulfed substances are degraded.4 Autophagy is reg-
ulated by a cluster of autophagy target genes (ATGs) and 
is induced by energic stress and messengers like AMP-acti-
vated protein kinase (AMPK).5 Lack of ATG56 or ATG77 and 
autophagic inhibitors6 increases the concentration of triglyc-
eride in hepatocytes. Palmitate acid (PA) has been shown 
to suppress autophagy in hepatocytes in a time-dependent 
manner.8 Some compounds that promote autophagy allevi-
ate hepatic steatosis.9,10 Therefore, autophagy plays a key 
role in NAFLD progression.

Ubiquitin-specific peptidase (USP)-10 is a deubiquitinat-
ing enzyme located in both the cytoplasm and nucleus,11 and 
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its therapeutic effects on oxidative stress, infection, heat 
shock,12,13 cardiac hypertrophy,14 and hepatic ischemic/rep-
erfusion injury15 have been studied. The protective effects 
of USP10 in NAFLD, include inhibition of hepatic steatosis, 
insulin resistance, and inflammation via sirtuin-6.16 USP10 
is regulated by the long noncoding RNA Mirt2 and micro 
(mi)RNA-34a-5p to suppress hepatic steatosis.17 USP10 in-
teracts with Beclin1, a member of the autophagic complex, 
to stabilize p53 and inhibit cell proliferation,18 and LC3B 
ubiquitination is reversed in H4 cells by USP10.19 However, 
the direct role of USP10 in autophagy in NAFLD is unclear. 
Recently, positive feedback was found between USP10 and 
AMPK,20 and we speculated that USP10 could directly regu-
late autophagy to alleviate hepatic steatosis. In this study, 
HepG2 cells were treated with PA to model NAFLD in vitro. 
HepG2 cells are suitable experimental NAFLD models be-
cause their biological and genetic characteristics.21,22 PA is 
the most abundant unsaturated fatty acid in humans. USP10 
expression was regulated by lentivirus infection. The results 
confirmed the underlying mechanism of the protective ef-
fects of USP10 on autophagic activity, autophagic flux, lipid-
targeted autophagy in hepatic steatosis.

Methods

Reagents

PA solution was purchased from KunChuang (cat. no. 4; Xi’an, 
China). Hematoxylin (cat. no. 517-28-2), Oil Red O (cat. no. 
G1260), Bafilomycin A1 (cat. no. A8510), and Earle’s bal-
anced salt solution (EBSS) (cat. no. H2020) were purchased 
from Solarbio (Beijing, China). Chloroquine diphosphate salt 
(CQ) (cat. no. C6628) was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). 3-Methyladenine (3-MA) (cat. no. 
HY-19312), rapamycin (cat. no. HY-10219), and DB07268 
(cat. no. HY-15737) were purchased from MedChemExpress 
(Monmouth Junction, NJ, USA). Dulbecco’s modified Eagle’s 
medium (DMEM) (cat. no. 11965092), fetal bovine serum 
(cat. no. 12483020), and penicillin–streptomycin (cat. no. 
15070063) were purchased from Gibco (Waltham, MA, USA). 
Phosphate buffered saline (PBS) (cat. no. G4202) was pur-
chased from Servicebio (Wuhan, China).

Cell culture and treatment

HepG2 human hepatoma cells (GeneChem, Shanghai, Chi-
na) were cultured in DMEM supplemented with 10% fetal 
bovine serum, 100 U/mL penicillin and 100 µg/mL strep-
tomycin 37°C in humidified air containing 5% CO2. PA and 
vehicle were diluted in culture medium to 125–500 µM for 
treatment. Before PA treatment, HepG2 cells were incubat-
ed with CQ (50 µM for 6 h), 3-MA (5 mM for 6 h), EBSS (2 
h), bafilomycin A1 (100 nM for 5 h) and rapamycin (1 µM for 
5 h). During PA treatment, HepG2 cells were co-incubated 
with DB07268 (1–216 µM).

Oil Red O staining

HepG2 cells were seeded in six-well plates at 2.5×105 cells/
mL and treated with PA (125–500 µM) and vehicle for 24 h 
when they reached 50% confluence. Before PA or vehicle 
treatment, cells were pretreated with 3-MA or shATG5. Af-
ter treatment, the cultures were washed three times with 
PBS, and the cells were fixed with 10% formalin for 20 m, 
washed three times with PBS, and stained with Oil Red O 
solution for 30 m. Cells were then washed three times with 

PBS and photographed. To quantify the extent of steatosis, 
LDs in cells were dissolved in isopropanol and absorbance of 
eluates at 520 nm was read with a microplate reader.

Triglyceride assay

The concentration of triglycerides in HepG2 cells was deter-
mined with a triglyceride quantification kit (cat. no. E1013; 
Applygen, Beijing, China).

Cell viability assay

The cytotoxicity of PA, vehicle, and DB07268 was measured 
by cell counting kit-8 (CCK-8) assays. Briefly, 1×104 cells/
well were seeded in 96-well plates overnight and treated by 
PA (125–500 µM), vehicle, or co-incubated with DB07268 
(1–216 µM) for 24 h. CCK-8 (cat. no. C0037; Beyotime, 
Beijing, China) was added to each well and the plates were 
incubated for an additional 1 h. The absorbance of the cul-
tures was measured at 450 nm with a microplate reader.

Quantitative real-time fluorescence polymerase chain 
reaction (qPCR)

HepG2 cells were seeded in 12-well plates at 5×105 cells/
mL and treated with PA (312.5 µM), vehicle, or co-incu-
bated with DB07268 (9–45 µM) when they reached 70% 
confluence. Total RNA was extracted using RNAiso Plus (cat. 
no. 9108; Takara, Tokyo, Japan) PrimeScript RT reagent kit 
(Perfect Real Time, cat. no. RR037; Takara) was used to 
reverse transcribe RNA to cDNA. qPCR was performed on an 
Applied Biosystems 7500 Real-Time PCR System (Hercules, 
CA, USA) using TB Green Premix ExTaq (Tli RNaseH Plus, 
cat. no. RR420; Takara). The qPCR total reaction volume 
was 20 µL, including TB Green Premix ExTaq 10 µL, for-
ward primer 10 μM 0.4 mL, reverse primer 10 µM 0.4 µL, 
ROX Reference Dye II (50×) 0.4 µL, DNA templates 50 ng/
µL and sterile water 6.8 µL. qPCR cycling included three 
stages: 1, 95°C for 30 s; 2, 40 cycles of 95°C for 5 s, 55°C 
for 30 s and 72°C for 30 s; 3, 95°C for 15 s, 60°C for 60 s 
and 95°C for 15 s. Primers were provided by Tianyi Huiyuan 
Biotech Co. Ltd. (Beijing, China). The sequences are shown 
in Supplementary Table 1.

Western blotting

HepG2 cells were seeded in 12-well plates at 5×105 cells/
mL and treated with PA (312.5 µM), vehicle, or co-incubat-
ed with DB07268 (9–45 µM) when they reached 70% con-
fluence. Total protein was extracted using 1× sodium dode-
cyl sulfate (SDS)-polyacrylamide denaturing protein loading 
buffer (cat. no. B1012; Applygen) supplemented with 1× 
phosphatase inhibitor mixture (cat. no. P1260; Applygen). 
As LC3B-2 is easily degraded when outside cells, western 
blotting was performed after extraction of total protein. 
Equal amounts of cellular proteins were resolved by 6–15% 
SDS-polyacrylamide gel electrophoresis and transferred to 
polyvinylidene fluoride membranes (cat. no. IPVH00010; 
Merck Millipore, Burlington, MA, USA). Membranes were 
blocked with 5% bovine serum albumen (cat. no. G5002; 
Servicebio, Wuhan, China) for 1 h or QuickBlock (cat. no. 
P0252; Beyotime) for 10 m and incubated overnight at 
4°C with specific primary antibodies (1:1,000). Antibodies 
to glyceraldehyde-3-phosphate dehydrogenase (cat. no. 
GB11002) and α-tubulin (cat. no. GB11200) were provided 
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by Servicebio. Antibody to β-actin (cat. no. AF5003) was pro-
vided by Beyotime. Antibody to USP10 (cat. no. ab109219) 
was provided by Abcam (Cambridge, MA, USA). Antibodies 
to LC3B (cat. no. 2775), lysosomal-associated membrane 
protein (LAMP)1 (cat. no. 9091), ATG14 (cat. no. 5504), 
mammalian target of rapamycin (mTOR) (cat. no. 2972) 
and p-mTOR at Ser2448 (cat. no. 2971) were provided by 
Cell Signaling Technology (CST) (Danvers, MA, USA). Anti-
bodies to ATG5 (cat. no. A0203), Beclin1 (cat. no. A11761), 
tuberous sclerosis complex (TSC)2 (cat. no. A19540), C-jun 
N-terminal protein kinase-1 (JNK1) (cat. no. A0288), phos-
phatidylinositol 3-kinase (VPS34) (cat. no. A12295), B-cell 
lymphoma 2 (Bcl2) (cat. no. A19693), p-Bcl2 at Ser70 (cat. 
no. AP0575), ribosomal protein S6 kinase (S6K) (cat. no. 
A4898), p-S6K at Thr389 (cat. no. AP1059) and p62 (cat. 
no. A7758) were provided by ABclonal (Woburn, MA, USA). 
After incubation, membranes were probed with secondary 
antibodies (cat. no. A0208; Beyotime) for 1 h at room tem-
perature. Signals were read with a super enhanced chemi-
luminescence detection kit (cat. no. NE0102; NovovBio, 
Beijing, China). Specific protein bands were visualized with 
a Syngene imaging system and gray values were measured 
with Image J software.

Lentiviral infection and stable cell line establishment

Lentiviral vectors were synthesized by Shanghai Jikai Gene 
Chemical Technology Co., Ltd (Shanghai, China). For USP10 
RNA interference, three pairs of short hairpins were de-
signed and their target sequences (5′ to 3′) were shUSP10 
4-1 ccCATGATAGACAGCTTTGTT, shUSP10 5-1, ccTATGTG-
GAAACTAAGTATT, and shUSP10 6-1 gcTGTGGATAAACTAC-
CTGAT. They were cloned into the lentiviral vector GV344. 
Interfering RNAs for ATG5 (effective target sequence 5′ to 
3′ ccTGAACAGAATCATCCTTAA) and TSC2 (effective target 
sequence 5′ to 3′ cgACGAGTCAAACAAGCCAAT) were also 
synthesized. They were cloned into the lentiviral vector 
GV248. A recombinant lentiviral vector expressing a scram-
bled shRNA was used as a negative control. Lentiviral vec-
tors caring USP10 sequence were also synthesized. Lentivi-
rus particles were used to infect HepG2 cells and establish 
stable cell lines. To select positive cells, 2 µg/mL puromycin 
or flow-cytometric sorting was applied. Infection efficiency 
was confirmed by western blotting and Q-PCR.

Fluorescence staining

HepG2 cells were seeded on in six-well plates at 2.5×105 
cells/mL and treated with PA (312.5 µM) or vehicle for 24 
h, or additional by EBSS, rapamycin, CQ, 3-MA, bafilomy-
cin A1, or DB07260 when they reached 30% confluence. 
After treatment, HepG2 cells were harvested and washed 
three times with PBS. The cells were fixed with 4% para-
formaldehyde for 20 m, washed with PBS, and stained with 
BODIPY 493/503 (cat. no. GC42959; GLPBIO, Montclair, CA, 
USA) 0.5 µg/mL at room temperature. Tyramide signal am-
plification (TSA) was used to detect immunofluorescence in 
cells. HepG2 cells were deparaffinized and rehydrated. After 
antigen retrieval, blocking of endogenous peroxidases, and 
blocking with serum, they were incubated primary antibod-
ies: anti-LC3B 1:200 (cat. no. 3868; CST); anti-LAMP1 1:50 
(cat. no. 9001; CST); anti-USP10 1:50 (cat. no. ab109219; 
Abcam); and anti-TSC2 1:50 (cat. no. A19540; ABclonal). 
They were then incubated with horseradish peroxidase-la-
beled secondary antibodies, Cy3-TSA, or fluorescein isothi-
ocyanate conjugated-TSA, with microwave treatment, the 
second round of primary antibodies and secondary antibod-
ies incubation, and spontaneous fluorescence quenching. 

After stained with Bodipy 493/503 or antibodies, the nu-
clei of HepG2 were stained with 4′,6-diamidino-2-phenylin-
dole (DAPI) at room temperature for 10 m. The cells were 
washed three times with PBS, cover slipped using anti-fade 
mounting medium, and observed by fluorescence micros-
copy and photographed. Details of fluorescent staining are 
described in the Servicebio protocol.

Statistical analysis

The results were reported as means±SD and the sample 
size reported for each procedure corresponds to number 
of results obtained from at least replicates. Between-group 
comparisons were performed with independent sample t-
tests. Comparisons among three or more groups were per-
formed with one-way analysis of variance followed by Tuk-
ey’s post hoc test. Differences were considered statistically 
significant when p was <0.05. GraphPad Prism 8 software 
was used for the statistical analysis.

Results

Establishing an NAFLD cell model by PA treatment

HepG2 cells were treated with PA (125–500 µM) for 24 
h, and compared with vehicle treatment, the number of 
LDs (Oil red O staining) and the triglyceride concentration 
(triglyceride assay) in HepG2 cells were increased by PA 
(Supplementary Fig. 1A, B). PA induced cellular steatosis 
in HepG2 cells. LDs induce lipotoxic effects in cells, with 
release of reactive oxygen species (ROS), which promotes 
NAFLD progression as a precursor.23,24 A previous study 
found that ROS reaction was inducible when hepatocellu-
lar viability decreased to 50% under PA stimulation.25 In 
this study, cellular viability of HepG2 cells decreased in PA 
groups with dose-independence (Supplementary Fig. 1C). 
Compared with the blank control group, cell viability as re-
duced by 250–375 µM PA (Supplementary Fig. 1C). We thus 
used the mean of 312.5 µM as the PA concentration for the 
modeling NAFLD in subsequent experiments.

PA affected USP10 expression and autophagic activ-
ity of HepG2 cells in a time-dependent manner

Cells were harvested at 6, 12, and 24 h during PA stimu-
lation. Representative molecules were detected to reflect 
different stages of autophagy, including induction of au-
tophagy. They were Beclin1 and ATG14), synthesis of au-
tophagosomes [ATG5, ATG7, and unc-51 like autophagy 
activating kinase (ULK1),4 autophagosome marker (LC3B),4 
substrate of autophagy (p62),4 and degradation of au-
tophagosomes (LAMP1). USP10 gene expression decreased 
successively during PA stimulation (Fig. 1A). LC3B, p62, 
LAMP1, ULK1, ATG7, and ATG14 gene expression increased 
at 6–12 h and then decreased at 24 h (Fig. 1A). USP10 
protein expression decreased significantly at 24 h. ATG5, 
Beclin1 and LC3B-2 protein expression increased at 6 h and 
then fell at 24 h. p62 decreased at 6 h followed by restora-
tion at 24 h (Fig. 1B, C). The results indicate that autophag-
ic activity increased soon after PA stimulation began and 
then decreased with time. A potential association of USP10 
and autophagic activity may exist. We investigated the role 
of autophagy in HepG2 cells treated with PA. The autophagy 
inhibitor bafilomycin A1 enhanced LD accumulation (Fig. 
1D) and the autophagy agonist EBSS reduced LD accumula-
tion (Fig. 1D). These results indicate that autophagy plays 
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an essential role in hepatocellular steatosis.

PA inhibited autophagic flux of HepG2 cells

Autophagic flux reflects the dynamic process of autophagy 
process, which refers to synthesis of autophagosomes and 

their degradation. Blocking either one impairs autophagic 
flux, and fails to scavenge LDs in cells. Because CQ ef-
fectively increases lysosomal pH, and inhibits degrada-
tion of autophagosomes,26 previous studies have it has 
been used to investigate autophagic flux in previous stud-
ies.27,28 Supplementary Figure 2 shows how synthesis and 
degradation of autophagosomes can be detected with CQ. 

Fig. 1.  PA affected autophagic activity and expression of USP10 of HepG2 cells. (A–C) HepG2 cells were treated with PA (312.5 µM) for 6, 12, or 24 h. Then, 
gene and protein expression were detected by quantitative polymerase chain reaction (qPCR) and western blotting. (A) Gene expression of USP10, LC3B, p62, LAMP1, 
ULK1, ATG7 and ATG14 in each group. Data are means±SD, n=3 (*p<0.05; **p<0.01; NS, not significant); (B, C) Protein expression of USP10, p62, ATG5, Beclin1 
and LC3B-2 in each group. Data are mean±SD, n=3 (*p<0.05; **p<0.01; NS, not significant; (D) HepG2 cells were pretreated with EBSS for 2 h or bafilomycin A1 
(Baf A1) (100 nM) for 5 h. HepG2 cells were treated with PA (312.5 µM) for an additional 24 h. LDs in HepG2 cells were stained by Bodipy 493/503. Nuclei were stained 
by DAPI. Bodipy 493/503 staining in each group are shown (*p<0.05; **p<0.01; ****p<0.0001; NS, not significant). ATG, autophagy target gene; EBSS, Earle’s 
balanced salt solution; LAMP, lysosome-associated membrane protein; LC, microtubule-associated protein light chain; PA, palmitic acid; ULK, unc-51 like autophagy 
activating kinase; USP, ubiquitin-specific peptidase.
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The effect of PA on autophagic flux in HepG2 cells was de-
termined, and the average relative protein expression of 
LC3B-2 in each group is shown in Figure 2. In the presence 
of CQ, LC3B-2 expression was lower under PA stimula-
tion compared with vehicle, suggesting that PA inhibited 
synthesis of autophagosomes. The decrease in LC3B-2 
expression in the absence of CQ compared with the ex-
pression in the presence of CQ under PA stimulation was 
smaller compared with vehicle, suggesting that PA inhib-
ited autophagosome degradation. Therefore, PA inhibited 
simultaneously inhibited the synthesis and degradation of 
autophagosomes.

USP10 restored autophagy in HepG2 cells

We established HepG2 cells with USP10 overexpression 
(USP10-OE) or USP10 knockdown (USP10-KD) through 
lentivirus infection. Two batches of HepG2 cells infected 
with USP10-sequence (LV-USP10) were established, Gene-
chem-1 and Genechem-2. Western blotting showed that, 
compared with the control (LV-NC), USP10 level in Gene-
chem-2 was higher than that in Genechem-1 (Supplemen-
tary Fig. 3A). Therefore, Genechem-2 was used in sub-
sequent procedures in the USP10-OE model. HepG2 cells 
infected with three shRNAs targeting the USP10 gene (LV-
shUSP10) were established, i.e. 4-1, 5-1, and 6-1. qPCR 
and western blotting showed that, compared with the con-
trol (LV-shScram), USP10 expression was the lowest in 5-1 
(Supplementary Fig. 3B). Therefore, 5-1 was used subse-
quent procedures in the USP10-KD model.

Gain- and loss-of-function experiments were performed 
to ascertain whether USP10 regulated autophagic activ-
ity in HepG2 cells. qPCR showed that USP10-OE increased 
the expression of LC3B, p62, LAMP1, ULK1, and ATG14, 
but not ATG7 compared with PA alone (Fig. 3A). Western 
blotting showed that USP10-OE increased the expression 
of LC3B-2, LAMP1, ATG5, and Beclin1, but not p62 com-
pared with PA alone (Fig. 3B). qPCR showed that USP10-
KD suppressed the expression of LC3B, LAMP1, ATG7, 
ATG14, and p62, but not ULK1 compared with PA alone 
(Supplementary Fig. 4A). Western blotting showed that 
USP10-KD suppressed protein expression of LAMP1 and 
Beclin1, and promoted protein expression of p62 in con-
trast to PA-alone stimulation. Changes in LC3B-2 and ATG5 
were not significant (Supplementary Fig. 4B). The results 
show that USP10 played a significant role in regulating 

autophagic activity of HepG2 cells under PA stimulation. 
3-MA, an upstream inhibitor of autophagy,26 was used to 
investigate whether USP10 regulated autophagic activity 
through the classic pathway. The increase in expression of 
VPS34, ATG5, Beclin1, and LC3B-2 induced by USP10 was 
inhibited by 3-MA (Fig. 4A). Also, as the efficacy and toxic-
ity of 3-MA were debatable, shATG5 was used to block au-
tophagosome formation. shATG5 significantly suppressed 
LC3B and USP10 was overexpressed (Fig. 4B). The results 
reveal that USP10 regulated autophagic activity through 
the classic autophagy pathway.

USP10 promoted autophagic flux in HepG2 cells

Western blotting and immunofluorescence were used to de-
termine the effects of gain- and loss-of-function of USP10 
on autophagic flux in HepG2 cells.

Western blotting: Supplementary Figure 2 illustrates 
how CQ was used to detect autosome synthesis and deg-
radation. Average relative protein expression of LC3B-2 in 
each group is shown in Figure 5A and B. In the presence 
of CQ, the amount of LC3B-2 increased when USP10 was 
overexpressed compared with the expression in controls, 
whether or not the cells were treated with PA. The result 
suggests that USP10 promoted autophagosome synthesis. 
With PA treatment, difference in LC3B-2 expression in the 
absence of CQ compared with expression in the presence 
of CQ was greater in cells overexpressing USP10 com-
pared with controls, suggesting that USP10 promoted of 
autophagosome degradation (Fig. 5A). In the presence 
of CQ, whether or PA was also present, LC3B-2 expres-
sion decreased when USP10 was knocked down compared 
with controls, suggesting that lack of USP10 inhibited au-
tophagosome synthesis. In the presence of PA and USP10 
knockdown, the difference in LC3B-2 expression in the ab-
sence of CQ was smaller than the expression when CQ was 
present, in contrast to controls. The result suggests that 
lack of USP10 inhibited autosomal degradation (Fig. 5B) 
and that USP10 simultaneously increased autophagosome 
synthesis and degradation.

Immunofluorescence: In the presence of CQ synthe-
sized autophagosomes appear as red dots (LC3B) and lys-
osomes appear as green dots (LAMP1).29 Autolysosomes 
appear as yellow dots, i.e. degraded autophagosomes. 
USP10-OE increased the numbers of red and yellow dots 
(Fig. 5C, D), and USP10 knockdown resulted in decreases in 

Fig. 2.  Palmitic acid inhibited autophagic flux of HepG2 cells. HepG2 cells were pretreated with CQ (50 µM) for 6 h, followed by PA (312.5 µM) for an additional 
24 h. LC3B-2 protein expression was assayed by western blotting. Italic numbers on histograms are average relative grayscale values. Data are means±SD, n=3 
(**p<0.01). CQ, chloroquine diphosphate salt; LC, microtubule-associated protein light chain; PA, palmitic acid.
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the numbers of red and yellow dots decreased (Fig. 5C, D). 
USP10 thus increased autophagosome synthesis and degra-
dation. Taken together, the results of western blotting and 
immunofluorescence confirmed the positive effect of USP10 
on autophagic flux in HepG2 cells.

USP10 promoted LD-targeted autophagy of HepG2 
cells

USP10-OE alleviated, and USP10-KD aggravated HepG2 

cells steatosis (Fig. 6A), but the role of autophagy induced 
by USP10 in regulating intracellular LDs was not clear. The 
autophagy inhibitors bafilomycin A1, CQ, 3-MA, and shATG5 
and agonists EBSS and rapamycin significantly reversed the 
effects of USP10-OE and USP10-KD on intracellular LDs (Fig. 
6A, B). These results show that USP10 alleviated cellular 
steatosis that depended on autophagy. Specifically, USP10 
regulated lipid-targeted autophagy. USP10-OE enhanced 
and USP10-KD abolished, colocalization of LC3B puncta and 
LAMP1 with LDs (Fig. 6C, D); USP10 thus promoted lipid-
targeted autophagy in HepG2 cells.

Fig. 3.  USP10 restored autophagy in HepG2 cells. HepG2 cells overexpressing USP10- were treated with PA (312.5 µM) for 24 h. Gene and protein expression were 
assayed by qPCR and western blotting. (A, D) Gene expression of USP10, LC3B, p62, LAMP1, ULK1, ATG7 and ATG14 Data are means±SD, n=3 (*p<0.05; **p<0.01; 
NS, not significant). (B, C, E, F) Expression of USP10, LAMP1, p62, ATG5, Beclin1, and LC3B-2 expression. Data are mean±SD, n=4 (*p<0.05; **p<0.01; NS, not 
significant). ATG, autophagy target gene; LAMP, lysosome-associated membrane protein; LC, microtubule-associated protein light chain; PA, palmitic acid; ULK, unc-51 
like autophagy activating kinase; USP, ubiquitin-specific peptidase.
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USP10 activated JNK1 and TSC2 signaling pathways 
to induce autophagy

We investigated whether USP10 regulated induction-stage 
autophagy. JNK1-Beclin1 and TSC2-mTOR are classic sign-
aling pathways for inducing autophagy.30 In contrast to 
treatment with PA alone, USP10-OE increased TSC2, JNK1, 
VPS34, and ATG14 protein expression accompanied by up-
regulation of the p-Bcl2/Bcl2 ratio and downregulation of 
the p-mTOR/mTOR and p-S6K/S6K ratios (Fig. 7A, B). The 
results show that USP10 activated the JNK1-Becin1 and 
TSC2-mTOR signaling pathways in HepG2 cells.

We also investigated whether USP10 induced autophagy 
that depended on JNK1. HepG2 cells were treated with 
DB07268, a specific inhibitor of JNK131 in the presence 
of PA. The concentration–viability curve is shown in Sup-
plementary Figure 5, and the half maximal-inhibitory con-
centration (IC50) of 90.51 µM. Subsequently, DB07268 at 
1/10 (9 µM), 1/5 (18 µM), and 1/2 (45 µM) the IC50 was 
used to treat HepG2 cells. When USP10 was overexpressed, 
DB07268 significantly decreased JNK1 with dose-depend-

ence (Fig. 8), but the changes in LC3B-2 and TSC2 were not 
consistent with those observed for JNK1. DB07268 (9–18 
µM) did not significantly change TSC2 expression, but did 
increase LC3B-2. DB07268 (45 µM) inhibited both TSC2 and 
LC3B-2, and DB07268 (9–18 µM) treatment significantly in-
creased the TSC2/JNK1 ratio (Fig. 8). We speculate that 
the rebound increase in LC3B-2 during DB07268 (9–18 µM) 
treatment was driven by compensatoryTSC2 expression 
against lack of JNK1. The compensatory expression of TSC2 
was not observed when JNK1 was entirely inhibited entirely, 
leading to a rapid decrease in LC3B-2.

DB07268 treatment on HepG2 cells resulted in similar 
outcomes when USP10 was knocked down (Supplementary 
Fig. 6). The TSC2/JNK1 ratio was lower with DB07268 (9–
18 µM) treatment than it was in cells overexpressing USP10 
(Supplementary Fig. 6), which indicated that the degree 
of TSC2 compensatory expression was associated with the 
USP10 level. Immunofluorescence showed the strong colo-
calization of USP10 and TSC2 in HepG2 cells treated with 
DB07268 (18 µM) treatment (Supplementary Fig. 7). We 
thus speculate that the compensatory expression of TSC2 
was directly mediated by USP10.

Fig. 4.  USP10 restored autophagic activity of HepG2 cells through the classic autophagy pathway. HepG2 cells overexpressing USP10 were pretreated 
with 3-Methyladenine (3-MA) (5 mM) for 6 h, or shATG5 (MOI=20) for 12 h and treated with PA (312.5 µM) for an additional 24 h. Protein expression was assayed by 
western blotting. (A) Expression of VPS34, ATG5, Beclin1, and LC3B-2 protein. Data are means±SD, n=4 (*p<0.05; **p<0.01; NS, not significant). (B) Expression of 
ATG5 and LC3B-2 protein in. Data are means±SD, n=3 (**p<0.01). ATG, autophagy target gene; LC, microtubule-associated protein light chain; MOI, multiplicity of 
infection; PA, palmitic acid; USP, ubiquitin-specific peptidase; VPS34, phosphatidylinositol 3-kinase.
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We determined whether the TSC2-to-JNK1 compensa-
tion was required for the rebound increase in LC3B-2. When 
TSC2 was knocked down, LC3B-2 decreased rapidly with 
DB07268 treatment without the rebound increase (Sup-
plementary Fig. 8A). TSC2-to-JNK1 compensation was thus 

required to maintain LC3B-2 expression. Of note, in the ab-
sence of DB07268, expression of JNK1 and LC3B-2 induced 
by USP10 were not affected by TSC2 knockdown (Supple-
mentary Fig. 8B). The results show that JNK1 was involved 
in the autophagy induced by USP10, and that TSC2 had an 

Fig. 5.  USP10 promoted autophagic flux in HepG2 cells. HepG2 cells overexpressing USP10- or with USP10-knockdown were pretreated with CQ (50 µM) for 6 
h, followed by PA (312.5 µM) for an additional 24 h. Protein expression was assayed by western blotting, with immunofluorescence staining of LC3B and LAMP1. (A, 
B) Expression of LC3B-2. Data are means±SD, n=6 (**p<0.01; NS, not significant). Italic numbers on histograms indicate average relative grayscale value in each 
group. (C, D) Immunofluorescence staining and counting of autophagosomes and autolysosomes. Nuclei were stained by DAPI. Data are means±SD, n=6 (*p<0.05; 
**p<0.01). CQ, chloroquine diphosphate salt; LAMP, lysosome-associated membrane protein; LC, microtubule-associated protein light chain; PA, palmitic acid; USP, 
ubiquitin-specific peptidase.
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important supplementary role in maintaining autophagy. We 
also investigated whether the TSC2-to-JNK1 compensation 
impacted the lipid-lowering effect of USP10. When TSC2 
was knocked down, DB07268 abolished the lipid-lowering 

effect of USP10 in a dose-dependent manner (Supplemen-
tary Fig. 9). The results show that the JNK1/TSC2 signaling 
pathway was required for USP10 to induce autophagy and 
scavenge LDs in HepG2 cells.

Fig. 6.  USP10 promoted lipid-targeted autophagy of HepG2 cells. (A–B) HepG2 cells overexpressing USP10 or with USP10-knockdown were pretreated with 
EBSS for 2 h, rapamycin (1 µM) for 5 h, bafilomycin A1 (100 nM) for 5 h, CQ (50 µM) for 6 h, 3-MA (5 mM for 6 h), or shATG5 (MOI=20) for 12 h followed by PA 
(312.5 µM) for an additional 24 h. Lipid droplets were stained by (A) Bodipy 493/503 and (B) Oil Red O. Nuclei were stained by DAPI. Data represent mean±SD, n=4 
(**p<0.01). (C–D) HepG2 cells overexpressing USP10 or with USP10-knockdown were treated with PA (312.5 µM) for 24 h. Lipid droplets, LC3B, and LAMP1 were 
stained fluorescently. (C, D) Fluorescence staining for Lipid droplets, LC3B and LAMP1. Nuclei were stained with DAPI. Baf A1, bafilomycin A1; CQ, chloroquine diphos-
phate salt; EBSS, Earle’s balanced salt solution; LAMP, lysosome-associated membrane protein; LC, microtubule-associated protein light chain; MOI, multiplicity of 
infection; PA, palmitic acid; Rap, rapamycin; USP, ubiquitin-specific peptidase.
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Discussion

NAFLD places an enormous burden on global healthcare. It 
can coexist with other metabolic syndromes including type 
2 diabetes mellitus, obesity, and chronic cardiovascular dis-
ease, and contributes to a vicious cycle that increases liver-
specific and overall mortality.1 Although the two-hit theory 
is a cornerstone for pathogenesis of NAFLD, details need 
to be addressed. USP10 is a novel mediator of NAFLD that 
inhibits hepatic steatosis, insulin resistance, and inflamma-
tion. In this study, USP10 had positive effects on autophagy 
in HepG2 cells that were stimulated by PA, including resto-
ration of autophagic activity, promoting autophagic flux, in-
creasing lipid-targeted autophagy, and activating signaling 

pathways that promoted autophagy. Of note, we discovered 
TSC2-to-JNK1 compensation for maintaining autophagy 
that was associated with USP10 level. The collective effects 
on autophagy are important pathway of USP10 to alleviate 
steatosis in hepatocytes.

Autophagy has an essential role in NAFLD. Immunohis-
tochemical staining of liver tissue from NASH patients has 
shown that the number of LC3B puncta was significantly de-
creased compared with normal controls.32 In a mouse NASH 
model induced by a methionine- and choline-deficient diet, 
transmission electron microscopy showed a decrease in the 
number of autophagosomes and LC3B-2 expression in liver 
tissue.33 In our study, HepG2 cells were used to model hepa-
tocellular steatosis. PA suppresses autophagy, and leads to 
accumulation of LDs and lipotoxicity,34 and in our study, PA 

Fig. 7.  USP10 activated TSC2 and JNK1 signaling pathways in HepG2 cells. HepG2 cells overexpressing USP10 were treated with PA (312.5 µM) for 24 h. 
Protein expression was assayed by western blotting. (A) Protein expression of tuberous sclerosis complex-2 (TSC2), mammalian target of rapamycin (mTOR), p-mTOR, 
ribosomal protein S6 kinase (S6K), and p-S6K. Data are means±SD, n=3 (**p<0.01). (B) Expression of C-jun N-terminal protein kinase-1 (JNK1), VPS34, ATG14, Bcl2, 
and p-Bcl2. Data are means±SD, n=3 (*p<0.05; **p<0.01; NS, not significant). ATG, autophagy target gene; JNK, C-jun N-terminal protein kinase; mTOR, mamma-
lian target of rapamycin; S6K, ribosomal protein S6 kinase; TSC, tuberous sclerosis complex; USP, ubiquitin-specific peptidase; VPS34, phosphatidylinositol 3-kinase.
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had time-dependent effects on autophagy in HepG2 cells. 
PA promoted autophagy at an early stage but autophagy 
was impaired later on. Similar results have been obtained in 
HL-7702, cells, L02 cells, and AML-12 cells.8,35 Adenovirus-
mCherry-GFP-LC3B has been used to measure autophagic 
flux,36,37 but has some limitations. First, adenovirus-mCher-
ry-GFP-LC3B cannot completely replace the endogenous 
LC3B in cells. Second, it is suitable for detecting autophago-
some degradation but not synthesis. Co-immunofluorescence 
staining of LC3B puncta and LAMP1, and quantitative anal-
ysis of LC3B-2 protein expression,38 are novel approaches 
to discriminate between disturbed autophagic initiation and 
lysosome function that were used in this study to evaluate 
autophagic flux. PA inhibited synthesis and degradation of 
autophagosomes. Specifically, colocalization of LC3B puncta 
and LAMP1 with LDs showed that PA inhibited lipid-targeted 
autophagy. The result is consistent with a previous study in 
which DAPGreen and LysoTracker were used to detect the 
effect of oleic acid on lipid-targeted autophagy.10 Another 
study found that lipophagy was weakened in AML12 cells 
treated with oleic acid and PA, which supports our findings.35

USP10 plays is involved in tumorigenesis39–41 and energy 
metabolism16,20 in the liver. In this study, USP10 restored 
autophagy and promoted autophagic flux to alleviate hepato-
cellular steatosis. Of note, USP10 upregulated p62 gene ex-

pression, but did not affect its protein expression. We specu-
late that p62 was degraded during autophagic flux after its 
translation. In fact, autophagy cannot be evaluated based 
only on p62. p62 is a substrate protein and mediates binding 
of autophagosomes and their cargo.4 Impaired autophagy 
induces p62 accumulation,10,35 and a previous study found 
that p62 itself directly induced autophagy.42 Therefore, it is 
hard to distinguish p62 protein as an outcome of impaired 
autophagy or as a requirement for autophagy activation.

USP10 regulates downstream molecules by post-transla-
tional modification, and a recent study reported that USP10 
reduced the ubiquitination of LC3B-2 in H4 cells.19 Other 
explanations of the how USP10 may have increased LC3B-
2 include elevated LC3B gene expression in response to 
USP10 overexpression. A second explanation is that ATG5 
and ATG7 gene and protein expression, which are involved 
in synthesis and maturity of LC3B-2 protein, were regulated 
by USP10. Third, USP10 promoted the expression of LC3B-
2 protein, with dependence on VPS34 and ATG5. Signaling 
pathways associated with inducing autophagy were identi-
fied in our study. In the mTOR signaling pathway, USP10 de-
creased the p-mTOR/mTOR and p-S6K/S6K ratios in HepG2 
cells. A previous study found that USP10 functioned as a 
tumor suppressor in hepatocellular carcinoma cells, stabiliz-
ing AMPKα by inhibiting its polyubiquitylation and negative 

Fig. 8.  USP10 mediated autophagy through JNK1. HepG2 cells overexpressing USP10- were treated with DB07268 (0–45 µM) for 24 h in the presence of PA 
(312.5 µM). Expression of TSC2, JNK1, and LC3B-2 protein was assayed by western blotting. Data are means±SD, n=4 (*p<0.05; **p<0.01; NS, not significant). LC, 
microtubule-associated protein light chain; JNK, C-jun N-terminal protein kinase; TSC, tuberous sclerosis complex; USP, ubiquitin-specific peptidase.
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regulation of mTOR.43 USP10 has been found to increase 
Beclin1, VPS34 and ATG14 simultaneously. USP10-OE was 
reported to reduce the levels of ubiquitinated Beclin1 in 
H4 and 293T cells, without affecting the ubiquitination of 
VPS34, ATG14 and p150, were not affected.18 Post-trans-
lational modifications may thus be important, but not a 
unique mechanism, of the USP10 regulation of autophagy 
in HepG2 cells exposed to PA.

JNK1 and TSC2 are molecules upstream of Beclin1 and 
mTOR, and a JNK1 inhibitor was used to determine whether 
USP10 induced autophagy required JNK1. Previous studies 
have used SP600125 to inhibit JNK1-induced autophagy,44,45 
but SP600125 inhibits other JNK family members (JNK1, 
JNK2 and JNK3). DB07268 is a specific JNK1 inhibitor, and it 
revealed that USP10 induced autophagy that depended on 
JNK1 rather than TSC2. TSC2-to-JNK1 compensation was 
seen to maintain autophagy to some extent when JNK1 was 
inhibited. The extent of TSC2-to-JNK1 compensation was 
associated with the USP10 level. However, possible mecha-
nisms of interaction among USP10, JNK1 and TSC2 have not 
been previously reported.

In our study, autophagic inhibitors and shATG5 de-
creased the protective effect of USP10 on LD accumula-
tion. Lipid-targeted autophagy was promoted when USP10 
was overexpressed, which makes autophagy a novel path-
way for USP10 to alleviate hepatocellular steatosis. Lack of 
JNK1/TSC2 caused severe steatosis in HepG2 cells even if 
USP10 was overexpressed. As a consequence, USP10 had 
lipid-lowering effects in HepG2 cells through JNK1/TSC2-
induced autophagy.

Conclusions

USP10 alleviated PA-induced hepatocellular steatosis 
through autophagy, USP10 restored autophagy, promoted 
autophagic flux, and increased lipid-targeted autophagy. 
JNK1/TSC2 signaling pathways were required for USP10 
to achieve its lipid-lowering effect. Some limitations exist. 
First, experimental outcomes were only observed in HepG2 
cells. Second, research on lipotoxicity, inflammation, and 
fibrosis induced by autophagy was lacking. Third, other spe-
cial types of autophagy such as lipophagy and mitophagy 
were not investigated. The effect of USP10 on autophagy 
should be investigated in NAFLD rodent models and pa-
tients. Additional mechanisms of the regulation of JNK1, 
TSC2, and ATGs by USP10 should be investigated.
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