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Skeletal muscle differentiation is an essential process for the maintenance of muscle 
development and homeostasis. Reactive oxygen species (ROS) are critical signaling 
molecules involved in muscle differentiation. Palmitoyl protein thioesterase 1 (PPT1), a 
lysosomal enzyme, is involved in removing thioester-linked fatty acid groups from modified 
cysteine residues in proteins. However, the role of PPT1 in muscle differentiation remains 
to be elucidated. Here, we found that PPT1 plays a critical role in the differentiation of 
C2C12 skeletal myoblasts. The expression of PPT1 gradually increased in response to 
mitochondrial ROS (mtROS) during muscle differentiation, which was attenuated by 
treatment with antioxidants. Moreover, we revealed that PPT1 transactivation occurs 
through nuclear factor erythroid 2-regulated factor 2 (Nrf2) binding the antioxidant response 
element (ARE) in its promoter region. Knockdown of PPT1 with specific small interference 
RNA (siRNA) disrupted lysosomal function by increasing its pH. Subsequently, it caused 
excessive accumulation of autophagy flux, thereby impairing muscle fiber formation. In 
conclusion, we suggest that PPT1 is factor a responsible for myogenic autophagy in 
differentiating C2C12 myoblasts.

Keywords: palmitoyl protein thioesterase 1, mitochondrial reactive oxygen species, autophagy, mammalian target 
of rapamycin complex, muscle differentiation

INTRODUCTION

Skeletal muscle differentiation is a highly coordinated multistep process, which generates 
myotubes. Muscle differentiation proceeds through cell cycle arrest of myoblasts and requires 
expression of multiple muscle-specific genes, leading to the differentiation of myoblasts to 
mature muscle fibers (Barbieri and Sestili, 2012). Myogenic differentiation requires the expression 
of a group of basic helix-loop-helix muscle regulatory transcription factors, such as muscle 
regulatory factors (MRFs), Myf5, MyoD, myogenin, and MRF4 (Molkentin and Olson, 1996; 
Arnold and Winter, 1998).

Palmitoyl protein thioesterase 1 (PPT1) is a lysosomal hydrolase that catalyzes the cleavage 
of thioester linkages in palmitoylated peptides or proteins, which facilitates the degradation 
of these polypeptides (Camp and Hofmann, 1993; Zeidman et  al., 2009). Palmitoylation is 
one of the most important post-transcriptional protein modifications, which is involved in 
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subcellular membrane localization of the substrates and protein-
protein interactions (Aicart-Ramos et  al., 2011; Zhang and 
Hang, 2017). The palmitoyl group is auto-acylated and 
enzymatically transferred to the protein by protein acyl 
transferases (Draper and Smith, 2009). The deacylation is 
catalyzed by acyl-protein thioesterases (APT1 and APT2) and 
PPT1. APTs are involved in the regulation of the reversible 
protein S-acylation. However, the role of PPT1, distinctly from 
other acyl-protein thioesterases, is considered only in the 
lysosomal degradation of the substrates (Won et  al., 2018).

Defects in the PPT1 gene cause a severe infantile 
neurodegenerative lysosomal storage disorder (Vesa et al., 1995; 
Das et  al., 2001; Simonati et  al., 2009). The hallmarks of the 
disease are progressive neurodegeneration, blindness, seizures, 
cognitive decline, and shortened life span (Nita et  al., 2016). 
Missense mutations are closely associated with later onset or 
a more extended disease course (Kousi et  al., 2012). PPT1 is 
required for the morphological development and synaptic 
function of neurons (Koster and Yoshii, 2019). Moreover, the 
PPT1 deficient-mouse model displayed motor dysfunction at 
3  months of age (Macauley et  al., 2009). Although PPT1 plays 
important roles in developmental biology, the mechanistic 
understanding of PPT1  in muscle differentiation has not 
been explored.

Autophagy is a conserved self-degrading process that regulates 
the balance between the assembly of cellular components and 
the degradation of damaged cellular constituents (Wu and 
Lipinski, 2019). Lysosomal enzymes are involved in autophagic 
degradation and PPT1 depalmitoylates, the palmitoylated protein 
in lysosome, prior to their degradation (Koster and Yoshii, 
2019). PPT1 is one of the target proteins upregulated by 
transcriptional factor EB (TFEB), the master controller of 
autophagy and lysosome biogenesis that influence the promoter 
region of coordinated lysosomal expression and regulation 
elements (Sardiello et al., 2009; Settembre et  al., 2011, 2013). 
TFEB is also regulated by the activation of mammalian target 
of rapamycin complex 1 (mTORC1), which is a well-established 
regulator of the developmental process by coordinating cell 
growth and metabolism (Ge and Chen, 2012; Saxton and 
Sabatini, 2017a). Under nutrient-rich conditions, mTORC1 
interacts with TFEB, and induces TFEB phosphorylation at 
S211 to inhibit autophagy (Napolitano and Ballabio, 2016). 
Conversely, under starvation conditions, TFEB is dissociated 
from mTORC1, and then translocated from the cytosol to the 
nucleus to activate lysosome biogenesis and autophagy (Roczniak-
Ferguson et  al., 2012). However, how autophagy is controlled 
by TFEB, mTORC1, and PPT1 during myoblast differentiation 
has not been explored.

Reactive oxygen species (ROS) are usually composed of 
superoxide (O2

−), hydroxyl radicals (OH), and hydrogen peroxide 
(H2O2). It is well-known that ROS have been implicated as 
essential signaling molecules for metabolic processes including 
cellular proliferation, migration, apoptosis, and autophagy 
(Covarrubias et  al., 2008; Zhang et  al., 2016). In particular, 
increased ROS at physiological levels promote the adaptation 
of antioxidant responses to oxidative conditions during muscle 
differentiation. Moreover, mitochondrial ROS (mtROS) are 

produced as byproducts of the electron transport chain or by 
the dysregulation of cellular redox signaling (Zhang et  al., 
2016). Previous studies have reported that mitochondrial H2O2 
plays a positive role during adipocyte, keratinocyte, stem cell, 
and muscle differentiation (Lee et  al., 2011; Tormos et  al., 
2011; Hamanaka et al., 2013; Khacho et al., 2016). In addition, 
previous research showed that H2O2 activates nuclear factor 
erythroid 2-regulated factor 2 (Nrf2) during muscle differentiation 
(Al-Sawaf et  al., 2014; Rajasekaran et  al., 2020).

In this study, we  evaluated whether mtROS regulate the 
induction of PPT1 which is an essential molecule of mTORC1-
TFEB signaling pathway, required for myogenic autophagy 
during muscle differentiation and regeneration.

MATERIALS AND METHODS

Cell Culture
C2C12 cells were purchased from ATCC (Manassas, VA, 
United  States). C2C12 was maintained in Dulbecco modified 
Eagle’s medium (DMEM) containing 10% (v/v) fetal bovine 
serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin 
(proliferation medium, PM). Cells were induced to differentiate 
by replacing them in DMEM containing 2% (v/v) horse serum, 
100 U/ml penicillin, and 100 μg/ml streptomycin (differentiation 
medium, DM). Full differentiation was achieved 5  days after 
induction. The differentiation was increased based on the 
morphology. The culture media were replaced with fresh 
media daily.

Reagents and Antibodies
N-acetyl L-cysteine, 4,5-dihydroxy-1,3-benzenedisulfonic acid, 
and bafilomycin A1 were purchased from Sigma-Aldrich (St. 
Louis, MO, United States). Specific antibodies for myosin heavy 
chain (MHC), Nrf2, p62, lamin B, and β-actin were purchased 
from Santa Cruz Biotechnology (Dallas, TX, United  States). 
Anti-SOD1 and superoxide dismutase 2 (SOD2) antibodies 
were purchased from AbFrontier (Seoul, Republic of Korea). 
The specific antibody for PPT1 was purchased from Sigma-
Aldrich. Specific antibodies for lysosomal-associated membrane 
protein 1 (LAMP1), LAMP2, TFEB, phospho-TFEB (S211), 
mTOR, phospho-mTOR (S2448), p70S6K, phospho-p70S6K 
(S371 and T421/424), Atg3, Atg5, Atg7, Atg12, and LC3 were 
purchased from Cell Signaling Technology (Inc., Beverly, MA, 
United  States).

Flow Cytometry Analysis
Total intracellular ROS levels were measured with CM-H2DCFDA 
(DCF-DA) using a flow cytometer (Beckman Coulter, Inc., CA, 
United States). C2C12 cells were incubated with 5 μM DCF-DA 
at 37°C for 30  min. The mean DCF-DA fluorescence intensity 
was measured with excitation at 488 nm and emission at 525 nm. 
Mitochondrial superoxide levels were measured with MitoSOX 
using a flow cytometer (Beckman Coulter, Inc., CA, United States). 
C2C12 cells were incubated with 1  μM MitoSOX at 37°C for 
30 min. The mean MitoSOX fluorescence intensity was measured 
with excitation at 510  nm and emission at 580  nm.
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PPT1 Enzyme Activity Assay
PPT1 enzymatic activity was measured as previously reported 
(Van Diggelen et  al., 1999; Thada et  al., 2016). C2C12 cells were 
collected and sonicated in double distilled water supplemented 
with protease inhibitor. Around 10 μg of total protein was incubated 
in a mixture containing 0.64 mM of substrate, 4-methylumbelliferyl-
6-thio-Palmitate-b-D-glucopyranoside (CAYMAN CHEMICAL, 
Ann Arbor, MI, United  States), 15  mM dithiothreitol, 0.375% 
(w/v) Triton X-100, and 0.1  U β-glucosidase from almonds 
(Sigma-Aldrich) in McIlvains phosphate/citric-acid buffer (4.0 
pH). The total protein reaction mixture was then incubated for 
1  h at 37°C. The reaction was stopped with the addition of 
0.5  M NaHCO3/0.5  M Na2CO3 buffer (10.7 pH) with 0.025% 
Triton X-100, and fluorescence was measured by microplate reader 
(Bio-Rad, CA, United  States). Relative enzymatic activity was 
estimated using the total fluorescence minus background.

Reverse Transcription Polymerase Chain 
Reaction
For analysis of PPT1 messenger RNA (mRNA), total RNA was 
prepared using Trizol reagent (Thermo Fisher Scientific, Waltham, 
MA, United  States) according to the manufacturer’s protocol. In 
short, C2C12 cells were lysed with 1  ml of Trizolreagent and 
were collected, mixed with 0.1 ml of chloroform, and centrifuged 
in a refrigerated centrifuge at 14,000  rpm for 15  min. The clear 
supernatants were separately collected, and the nucleic acids were 
precipitated using isopropanol. The precipitated total RNAs were 
washed by 70% ethanol, and then the pellets were dissolved by 
nuclease free water (Thermo Fisher Scientific, Waltham, MA, 
United  States). The quantity and purity of RNA were estimated 
using a SynergyHTX Multi-Mode Microplate Reader equipped 
with a Take3 Micro-Volume Plate (BioTek Instruments, Inc., 
Winooski, VT, United States). Samples with optical density 260/280 
value above 1.8 were used for further experiments. The 
complementary DNA (cDNA) was generated from the total RNA 
(1  μg) using the PrimeScript™ first strand cDNA Synthesis Kit 
(Takara Bio Inc., Shiga, Japan) according to the manufacturer’s 
protocol. The PCR products were amplified using PerfectShot™ 
Ex Taq (Takara Bio Inc., Shiga, Japan) and specific primers as 
follows: PPT1 forward, 5'-CCTGATCTCAGTTGGAGGAC-3'; PPT1 
reverse, 5'-GGGCAGTAAACCATTCT-3'; GAPDH forward, 
5'-CAACTTTGGCATTGTGGAAGGG-3'; and GAPDH reverse 
5'-ACACATTGGGGGTAGGAACA-3'. The PCR reactions were 
conducted for 5  min at 95°C, followed by 25  cycles of 95°C for 
30  s, 58°C for 30  s, and 72°C for 1  min. The amplified products 
were visualized on 1% agarose gel. GAPDH was used as a 
loading control.

Promoter Analysis and Luciferase Assay
Serial Cloner1 (Version 2.6.1) was used to analyze the PPT1 
promoter sequence and determine the DNA binding consensus 
of Nrf2. The 1,425-base pair (bp) of PPT1 promoter region 
and the antioxidant response element (ARE)-mutated fragment 
was chemically synthesized and cloned into the pGL3 plasmid 
vector by using XhoI and HindIII restriction enzymes 

1 http://serialbasics.free.fr/Serial_Cloner.html

(Cosmogenetech, Seoul, Republic of Korea). The pGL3 basic 
vector was purchased from Promega. C2C12 cells were transfected 
with 0.2  μg of pGL3 basic vector, pGL3-PPT1/Wt or pGL3-
PPT1/Mt. along with the internal control plasmid, and pSV-β-
Galactosidase (β-gal) Control Vector (Promega, Madison, WI, 
United  States) with or without pcDNA3.0 or pcDNA3.0-Nrf2. 
After transfection, cells were incubated in PM or DM for 
48  h. Luciferase assay was performed using Luciferase Assay 
System kit (Promega, Madison, WI, United  States). The 
transfectants were lysed by lysis buffer that manufacturer 
provided. Luciferase and β-gal activities were measured in 50 μl 
cell lysates using a microplate reader (BioTek, Winooski, VT, 
United  States), and the luciferase activity was normalized to 
the β-gal activity.

Chromatin Immunoprecipitation Assay
A conventional chromatin immunoprecipitation (ChIP) assay 
was conducted as described previously (Kim et  al., 2008). 
C2C12 cells were grown under PM and DM conditions, and 
then fixed by addition of formaldehyde to the media to final 
concentration of 1%. To harvest cells, plates were rinsed with 
cold phosphate buffered saline (PBS), covered with 10  ml of 
5% FBS in PBS, and then scraped. Chromatin was prepared 
using SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling 
Technology, Danvers, MA, United  States) according to the 
manufacturer’s protocol, with 25  s sonication pulses at 10  s 
intervals, which yielded chromatin fragments of an apparent 
size of 100–400  bp. An aliquot from each sample representing 
2% of the total volume was used as the input fraction and 
was processed with the eluted immunoprecipitates beginning 
at the cross-link reversal step. Equal amounts of chromatin 
from each sample were incubated at 4°C overnight with 5  μl 
of antibodies against Nrf2. The PPT1 promoters containing 
the Nrf2 binding sites were amplified using the following 
primers: candidate for −3,309  bp forward, 5'-CCAG 
CAAAACCCAGGGA-3' (start site: −3,209  bp); candidate for 
−3,309  bp reverse, 5'-AAATCAGAGTAAAAACAAAGGAAA 
G-3' (start site: −3,402 bp) and candidate for −1,269 bp forward, 
5'-TCATTGTTAACTTCATAACTGTA-3' (start site: −1,065 bp); 
and candidate for −1,269 bp reverse, 5'-TAAGTCTTTGGCCTAC 
CTTT-3' (start site: −1,369  bp). The PCR reactions were 
conducted for 5  min at 95°C, followed by 40  cycles of 95°C 
for 30  s, 55°C for 30  s, and 72°C for 30  s. The amplified 
products were visualized on 2% agarose gel. The PCR product 
sizes are 193 and 214  bp, respectively.

The precipitated chromatins were also quantified by real-
time PCR (RT-PCR) with same primers using SYBR® Green 
PCR Master Mix and the Applied Biosystems™ 7500 Real-
Time PCR system (Applied Biosystems, Foster City, CA, 
United  States) according to the manufacturer’s instructions. 
The samples were first denatured at 95°C for 15 min, followed 
by 40  cycles of denaturation at 95°C for 15  s, annealing at 
60°C for 15  s, and elongation at 72°C for 20  s. Finally, the 
samples were held at 65°C, and melting curves were conducted 
from 65 to 95.1°C. All tests were performed in triplicate, 
and all experiments were repeated three times. Nonspecific 
antibody (IgG) served as a negative control. The relative levels 
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of the fragments of interest in the immunoprecipitated DNA 
were determined from the threshold cycle (Cᴛ) for each PCR 
reaction. The percentage of input was calculated: ΔCᴛ normalized 

ChIP   =  CᴛChIP−[CᴛInput  −  Log2(Input Dilution Factor)], Input Dilution 
Factor  =  (fraction of the input chromatin)−1  =  (2%)−1 = 50; 
%Input  =  2−ΔCᴛ normalized ChIP  ×  100%.

Small Interference RNA
Palmitoyl protein thioesterase 1 small interference RNAs (siRNAs; 
#1 sense, 5'-GAUACAAUGCUAUUGGCUU-3'; #1 antisense, 
5'-AAGCCAAUAGCAUUGUAUC-3'; #2 sense, 5'-GUUCUCAC 
AUCUGCGACUU-3'; and #2 antisense, 5'-AAGUCGCAGAU 
GUGAGAAC-3') and control-siRNA (sense, 5'-UCCCAGAUAG 
AGACUUCA-3'; antisense, 5'-UUGAAGUCUCUAUCUGG 
GATT-3') were purchased from Sigma-Aldrich. The siRNAs 
(100  nM/60  mm dish) were transfected into C2C12 cells by 
using TransIT®-2020 Transfection Reagent (Mirus Corp., 
Madison, WI, United  States) according to the manufacturer’s 
instructions. When cells reached 50–60% confluence, they were 
transfected with each siRNAs, and further incubated for 24  h. 
The efficiency of siRNAs interference of PPT1 was monitored 
by western blot analysis.

Confocal Microscopy Observations
For LC3 puncta determination, C2C12 cells were plated onto 
glass coverslips. After 5  days of differentiation in DM, the 
cells were incubated with 1 μM of LysoTracker™ Red DND-99 
and Lysosensor Green DND-189 (Thermo Fisher Scientific, 
Waltham, MA, United  States) for 30  min, and then fixed with 
4% paraformaldehyde for 30  min and rinsed with PBS twice. 
The coverslips were then permeabilized and blocked with 5% 
bovine serum albumin in PBS for 1  h at room temperature, 
and were incubated with anti-rabbit mTORC1 and LC3 primary 
antibodies (1:200, Cell Signaling Technology, Inc., Beverly, MA, 
United States) overnight at 4°C, followed by secondary antibody 
(1:300, FITC-conjugated goat anti-rabbit IgG, ThermoFisher 
Scientific, Waltham, MA, United  States). Nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI), rinsed, and mounted 
in Vectashield mounting medium (Vecta Laboratories, Inc., 
Burlingame, CA, United  States). Images were acquired using 
a Zeiss LSM800 confocal laser scanning microscope.

Preparation of Nuclear Extracts
Nuclear extracts were obtained using NE-PER nuclear and 
cytoplasmic extraction kit from ThermoFisher (Cat #78835). 
Confluent cells were detached by trypsinization and centrifuged 
at 90  ×  g at 4°C for 5  min. Cells were resuspended in PBS, 
centrifuged at 20,000  ×  g at 4°C for 5  min, and once again 
resuspended in 200 μl of buffer (10 mM HEPES, pH7.9, 10 mM 
KCl, 1  mM DTT, 0.5  mM PMSF, and 0.1  mM EDTA). After 
incubation on ice for 10  min, cells were lysed by addition of 
12.5 μl of 10% NP-40. Harvesting of the nuclei was accomplished 
by centrifugation at 20,000 × g at 4°C for 2 min. The supernatant 
(cytosolic extract) was transferred to a new tube, and the 
nuclear pellets were resuspended in 50  μl of extraction buffer 
(20  mM HEPES, pH 7.9, 0.4  M NaCl, 1  mM DTT, 1  mM 

PMSF, 1  mM EDTA, and 1% NP-40) and incubated on ice 
for 10  min. Nuclear debris were removed by centrifugation 
at 20,000  ×  g at 4°C for 10  min, and the supernatant was 
used as nuclear protein extract.

Cathepsin Enzyme Activity Assay
The enzymatic activities of cathepsin B, D, and K were measured 
using a fluorometric assay kit from Abcam (ab65300, ab65302, 
and ab65303, respectively), according to the manufacturer’s 
instructions. Briefly, C2C12 cells were washed twice in ice-cold 
PBS and then homogenized in extraction buffer, as described 
by the manufacturer. After incubation on ice, the extract was 
centrifuged at 10,000  ×  g at 4°C for 5  min, and 50  μl of 
supernatant was mixed with an equal volume of 2  ×  reaction 
buffer and 2  μl of substrate in a 96-well microplate. Plates 
were kept in the dark at 37°C for 1  h, and fluorescence was 
recorded using a microplate reader (Bio-Rad, CA, United States). 
Protein concentration was determined by the Bradford assay 
(Bio-Rad, CA, United  States). Cathepsin B, D, and K activities 
were determined by fluorometry at Ex/Em = 400/505, 328/460, 
and 400/505  nm, respectively.

Muscle injury
The left mouse tibialis anterior (TA) muscle was injured by 
a cardiotoxin (CTX) injection. Before the procedure, the mice 
were anesthetized. TA muscles were injected with 50  μl of 
10  mM CTX solution in 0.9% NaCl. CTX-injured muscles 
were dissected on 1, 2, 4, 6, and 8  days following injury. 
Immediately after isolation, the muscles were frozen in liquid 
nitrogen and preserved at −80°C. These tissues were homogenized 
and lysed with lysis buffer (50  mM Tris-HCl, pH 7.4, 0.1% 
NP40, and 150 mM NaCl) containing protease and phosphatase 
inhibitors and assessed by western blot analysis. In every 
experiment, at least three animals were analyzed for each time 
point after CTX injury.

Western Blot Analysis
Cells were lysed with radioimmunoprecipitation assay (RIPA) 
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 
1% Na-deoxycholate, and 1% NP-40), supplemented with protease 
inhibitors (200 mM PMSF, 200 mM Na2VO4, and 200 mM NaF). 
The TA muscles were lysed with protein extraction solution 
(Intron Biotechnology, Chinju, Korea). Protein concentrations 
of lysates were measured using a Bio-Rad DC protein assay 
(Bio-Rad Laboratories, Inc., Hercules, CA, United  States). The 
lysates were separated by 8  ~  12% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 
onto a nitrocellulose membrane (Pall Corporation, Washington, 
NY, United  States) for 1.5  h at 100  V at 4°C. The membranes 
were blocked with 3% bovine serum albumin in TBST 
(20  mmol/L Tris-HCl, pH 7.5, 50  mmol/L NaCl, and 0.1% 
Tween 20). After blocking, the membranes were incubated for 
1  h with primary antibodies diluted to 1:1,000  in TBST. After 
washing, the membranes were incubated for 1 h with horseradish 
peroxidase-labeled secondary antibody diluted to 
1:2,000 ~ 5,000 in TBST. The protein bands were then visualized 
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by an enhanced chemiluminescence kit (Santa Cruz 
Biotechnology, Dallas, TX, United  States) and detected with 
an AI600 Imager (GE Healthcare, Chicago IL, United  States). 

Quantitative results are presented as the ratio of the band 
intensity of the protein of interest to the band intensity  
of β-actin.

A

B C

D

F G

E

FIGURE 1 | Palmitoyl protein thioesterase 1 (PPT1) is increased during muscle differentiation. (A) Morphological changes were observed at 5-day after induction of 
differentiation in C2C12 cells. (B) Expressions of PPT1, myosin heavy chain (MHC), SOD1, and superoxide dismutase 2 (SOD2) were analyzed during muscle 
differentiation by western blot analysis. β-Actin is used as loading control. (C) Activity of PPT1 was determined by fluorometry at 358 and 448 nm excitation and 
emission wavelengths during muscle differentiation, and expressed by percentage.*p < 0.01, compared to cells in proliferation medium (PM). (D) Reactive oxygen 
species (ROS) levels were detected by DCF-DA after 24 h of differentiation medium (DM) using FACS analysis.*p < 0.01, compared to cells in PM. (E) Mitochondrial 
ROS (mtROS) levels were analyzed by Mitosox fluorescence after 24 h of DM. *p < 0.01, compared to cells in PM. (F) Cells were treated with 2 mM NAC, 250 μM 
Tiron, and 250 μM MitoQ 5 days after induction of differentiation, and observed morphological changes and expression levels. (G) PPT1 activity was measured after 
treatment with antioxidant for 5-day differentiation by fluorometry at 358 and 448 nm excitation and emission wavelengths, and expressed by percentage. *p < 0.01, 
compared to cells in PM. #p < 0.05, compared to cells in DM. p < 0.01, compared to cells in DM. In graphs, the data shown represent the mean ± SE of three 
independent experiments. Scale bar: 500 μm.
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Statistical Analysis
The results are expressed as mean  ±  SE of the mean of at 
least three independent experiments. The differences between 
two means were analyzed with the Student’s t-test and were 
considered statistically significant when the p values were < 0.05.

RESULTS

PPT1 Is Increased During Muscle 
Differentiation
To investigate the role of PPT1 during muscle differentiation, 
we  examined the morphological changes in C2C12 cells. 
Replacement of PM with DM results in the formation of 
multinucleated myotubes in a day-dependent manner (Figure 1A). 
The expression level of MHC steadily increased until 5  days 
(Figure 1B). PPT1 expression and activity also gradually increased 
during muscle differentiation (Figures  1B,C). We  next tested 
whether ROS levels were elevated during muscle differentiation. 
SOD2 expression level was remarkably increased without changes 
of SOD1 expression (Figure 1B; Kuwahara et al., 2010; Lustgarten 
et  al., 2011; Gordon et  al., 2019). Moreover, cytosolic and 
mitochondrial ROS levels were significantly elevated for 24  h 
in DM compared to PM (Figures  1D,E).

To further examine whether expression of PPT1 is induced 
by cytosolic and mitochondrial ROS, we  treated cells with 
NAC (a glutathione mimic), Tiron (a superoxide scavenger), 
and Mitoquinone (MitoQ, a mitochondria-targeted antioxidant) 
in culture medium. Treatment with these antioxidants resulted 
in suppression of PPT1 expression and activity, as well as 
decrease in myotube formation and MHC expression levels 
(Figures 1F,G). These outcomes show that PPT1 was increased 
and was inhibited by antioxidant during muscle differentiation.

PPT1 Promoter Is Transactivated by Nrf2 
During Muscle Differentiation
Previous studies have demonstrated that ROS activate Nrf2 
and induce muscle differentiation (Piao et  al., 2005; De Vries 
et  al., 2008). Thus, to investigate whether the expression of 
PPT1 is transcriptionally upregulated during muscle 
differentiation, we  first evaluated the expression level of PPT1 
mRNA during muscle differentiation. As expected, the expression 
of PPT1 mRNA was markedly increased in 5  days of muscle 
differentiation (Figure  2A). Next, we  analyzed the promoter 
region of the PPT1 gene by 5  kb and identified two putative 
Nrf2 binding sequences, 5′-TGAVNNNGC-3′, which were 
located at −3,308 and −1,269  bp upstream of PPT1 ORF 
(Figure  2B). To investigate the binding site of Nrf2 to the 
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FIGURE 2 | PPT1 is transcriptionally upregulated by nuclear factor erythroid 2-regulated factor 2 (Nrf2) during muscle differentiation. (A) messenger RNA (mRNA) 
expression of PPT1 was observed via real-time PCR (RT-PCR) at 5-day after induction of differentiation. GAPDH is used as loading control. (B) Map of putative Nrf2 
binding sites in PPT1 promoter region. (C) Chromatin from individual samples was precipitated using antibodies against Nrf2 and control IgG in chromatin 
immunoprecipitation (ChIP) assay for 5-day differentiation. Input genomic DNA was used as a positive control, and nonspecific IgG was used as a negative control. 
(D) ChIP assay at −1,269 region were observed via RT-PCR in PM and DM. *p < 0.01, compared to cells in PM. (E) PPT1 promoter activities were monitored. Cells 
were transiently transfected with the pGL3 empty vector in PM and DM.*p < 0.01, compared to cells in PM. (F) Cells transfected with pcDNA3-Nrf2 were observed 
in PM and DM. *p < 0.01, compared to cells in PM.
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PPT1 promoter region, we  conducted ChIP-assay for muscle 
differentiation. Our results showed that the binding sequence 
at −1,269  bp upstream of the PPT1 ORF was associated with 
Nrf2 (Figures 2C,D) using Electrophoresis and Real-Time PCR.

To further confirm the response of the ARE sequence located 
at −1,269 bp in the muscle differentiation condition, we designed 
two luciferase reporter constructs, wild type (pGL3-PPT1), and 
mutated ARE type (pGL3-PPT1/M) and conducted the luciferase 
assay. The pGL3-PPT1-transfected cells showed significant 
transactivation under DM conditions, while pGL3-PPT1/M-
transfected cells, which contained 5′-AAAAGCAGC-3′ instead 
of the wild-type motif at the ARE site, did not exhibit significant 
changes under DM conditions (Figure  2E). In addition to, 
the activity of Nrf2 transactivation on the PPT1 promoter, 
we  overexpressed Nrf2 via transfection of the pcDNA3-Nrf2 
expression vector under PM conditions. The results were similar 
to those observed under DM conditions, in terms of luciferase 
activity (Figure  2F). Additionally, PPT1 knockdown-cell 

promoted levels of ROS and Nrf2 translocation to nucleus 
(Supplementary Figure  1). These results indicate that the 
expression of PPT1 is transcriptionally induced by Nrf2 during 
muscle differentiation.

Inhibition of PPT1 Attenuates the Muscle 
Differentiation
To further explore the roles of PPT1 in muscle differentiation, 
we employed commercially available siRNAs. PPT1 knockdown 
blocked morphological changes in myofiber formation and 
MHC expression, compared to scrambled siRNA-transfected 
cells (SC; Figures 3A,B). Previous studies have demonstrated 
that PPT1 knockout cells increase lysosomal pH though 
suppression of v-ATPase V0a1 activity (Bagh et  al., 2017; 
Rebecca et  al., 2017, 2019). Thus, we next examined whether 
knockdown of PPT1 causes changes in lysosomal pH during 
muscle differentiation. Through confocal microscopy analysis 
and the use of DND-189, we  showed that PPT1-knockdown 

A
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D

FIGURE 3 | Inhibition of PPT1 attenuates muscle differentiation. (A) C2C12 cells were transfected with 100 nM two different PPT1 small interference RNAs 
(siRNAs; si#1 and si#2) for 48 h, and then PPT1 expressions were assessed by western blot. (B) Cells were further incubated in DM for 5-day after transfected with 
100 μM siRNAs, and morphological changes were observed. The expression of MHC was evaluated by western blot analysis for 5-day differentiation.  
(C) Fluorescence was visualized by confocal microscopy by pH-sensitive LysoSensor DND-189 in PM and DM. (D) Cells were treated with bafilomycin A1 at 125, 
250, and 500 nM in DM for 5 days. Cell picture scale bar: 500 μm and confocal imaging scale bar: 200 μm.
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cells present a markedly increased lysosomal pH compared 
to SC in PM and DM conditions (Figure  3C). Consistent 
with this, we  confirmed the pharmacological inhibitor 
bafilomycin A1, which suppresses v-ATPase activity (Sandri, 
2010). Treatment with bafilomycin A1 suppressed the  
formation of morphological changes and expression of MHC 
(Figure  3D). Additionally, treatment of bafilomycin A1 
increased lysosomal pH compared to PM and DM conditions 
(Supplementary Figure  2). These findings indicated that the 
defect in PPT1 leads to increased lysosomal pH and blocks 
muscle differentiation.

PPT1 Is an Essential Molecule for 
Maintaining Lysosomes
To further investigate the lysosomal changes induced by  
the suppression of PPT1 during muscle differentiation, 
we  examined the levels of lysosomal proteins during muscle 
differentiation. The expression of LAMP1 protein, a lysosome 
marker, gradually increased during muscle differentiation  
without changes in LAMP2 (Figure  4A). Phosphorylation 

of TFEB, a well-known master controller of lysosomal 
biogenesis (Vega-Rubin-De-Celis et al., 2017), was also elevated 
and translocated from the cytosol to the nucleus during 
muscle differentiation (Figure  4A). In addition, as number 
of increased lysosome, we investigated activity of Cathepsin 
B, D, and K, well-known represented lysosomal hydrolase 
(Kirschke et  al., 1983; Colella et  al., 1986; Bechet et  al., 
1991; Ebisui et  al., 1994; Ogasawara et  al., 2018). Cathepsin 
B, D, and K activities were elevated during muscle 
differentiation (Figure  4B). In previous results, PPT1 
knockdown-cell showed increased lysosomal pH. Therefore, 
we investigated whether inhibition of PPT1 causes the changes 
of lysosomal protein, PPT1 knockdown-cells had an enhanced 
expression of LAMP1 and TFEB when compared to SC under 
DM conditions (Figure 4C). However, the activity of cathepsin 
proteins in PPT1 knockdown cells was significantly decreased 
compared to that in SC under DM conditions (Figure  4D). 
These results indicate that the dysfunction of the lysosome 
by knockdowns of PPT1 induces the upregulation of 
non-functional lysosomal proteins.

A B

C D

FIGURE 4 | PPT1 is an essential molecule maintaining lysosomes. (A) The expression levels of lysosomal-associated membrane protein 1 (LAMP1), LAMP2, 
transcriptional factor EB (TFEB), phospho-TFEB at serine 211 (S211), and MHC on the indicated 5-days were evaluated by western blot analysis. Lamin-B is used 
as nuclear protein loading control. (B) Cathepsin B, D, and K activity was determined during myoblast differentiation by fluorometry at Ex/Em = 400/505 nm, 
328/460 nm, and 400/505 nm then expressed by percentage, #p < 0.05, compared to cells in PM. *p < 0.01, compared to cells in PM. (C) C2C12 cells transfected 
with PPT1 siRNAs were incubated in DM for 5-days, and were assessed by western blot analysis. (D) Under the same conditions as in (C), cathepsin activities were 
measured during 5-day differentiation by fluorometry and expressed by percentage, #p < 0.05, compared to cells in scramble siRNA. *p < 0.01, compared to cells in 
scramble siRNA.
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Deficiency of PPT1 Blocks mTORC1 
Activation
Previous studies have shown that mTORC1 is only activated in 
the presence of nutrients and growth factors, which induces its 
movement to the lysosome surface (Saxton and Sabatini, 2017b). 
In addition, mTORC1 is known to stimulate muscle differentiation 
(Yoon, 2017). Moreover, mTORC1 regulates phosphorylation of 
TFEB and inhibits its nuclear translocation (Kim and Guan, 2019). 
Consistent with this, we  found that the expression of mTORC1 
and phospho-p70S6K was gradually promoted during muscle 
differentiation (Figure 5A). Next, we tested whether the elevation 
of TFEB translocation by PPT1 knockdown affects the expression 
of mTORC1 during muscle differentiation. The silencing of PPT1 
diminished the expression levels of mTORC1 and phospho-p70S6K 
in DM (Figure  5B). Interestingly, confocal microscopic analysis 
showed that reduced mTORC1 expression exhibited a limited 
translocation to the lysosome compared to SC in a 5-day 
differentiation process (Figure  5C). Consistently, treatment with 
rapamycin, an mTORC1 inhibitor, dramatically upregulated the 

expression levels of LAMP1 and translocation of TFEB from the 
cytosol to the nucleus compared to SC (Figure 5D). These outcomes 
show that PPT1 plays an essential role in mTORC1 activation.

PPT1 Is Required for the Degradation of 
Autophagy Flux During Muscle 
Differentiation
It is well-established that autophagy is activated during muscle 
differentiation for muscle fiber formation (Ownby et  al., 1993). 
Consistent with this, we  found that the expression levels of 
autophagy-related gene (Atg) proteins and LC3 conversion 
gradually increased, and p62, which is the classical receptor of 
autophagy was degraded during muscle differentiation (Figure 6A). 
We next investigated whether silencing of PPT1 affects the change 
in Atg proteins and autophagic degradation. Although the 
knockdown of PPT1 did not change the Atg proteins, accumulation 
of LC3 and p62 was generated during muscle differentiation 
(Figure 6B). In addition, confocal microscopic analysis indicates 
that silencing of PPT1 compared to SC, promoted the accumulation 
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FIGURE 5 | Deficiency of PPT1 blocks mammalian target of rapamycin complex 1 (mTORC1) activation. (A) The levels of mTOR, phospho-mTOR serine 2448 
(S2448), p70S6K, phospho-p70S6K at serine 371 (S371), and threonine 421/serine424 (T421/S424) were analyzed during myoblast differentiation by western blot 
analysis. (B) C2C12 cells transfected with PPT1 siRNAs were incubated in DM for 5 days, and then expression of mTOR, p-mTOR, p70S6K, and p-p70S6K was 
assessed by western blot analysis. (C) mTORC1 inactivation was observed by confocal microscopic analysis in 5-day differentiation. (D) Cells were treated with 
125, 250, and 500 nM rapamycin for 5-day and analyzed by western blot analysis. Scale bar: 200 μm.
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of autophagy flux during muscle differentiation under both PM 
and DM conditions (Figure  6C). These findings indicated that 
the defect in PPT1 induced the accumulation of autophagy flux 
without changes in autophagosome formation.

Transient Expression of PPT1 During 
Muscle Regeneration Following Acute 
Injury
To determine whether expression of PPT1 participates in muscle 
regeneration in vivo, we  injected CTX, inducer of muscle 
necrosis (Azad et  al., 2009), into the TA muscle, and mice 
are euthanized at 1, 2, 4, 6, and 8 day after injection. TA 
muscle damage increased up to 6  days after CTX injection, 
and recovery was observed on day 8 (Figure  7A). Expression 
of PPT1, SOD2, and MHC levels gradually increased during 
TA muscle regeneration (Figure 7B). LAMP1, p-TFEB, mTOR, 
mTORC1, and p70S6K were remarkably upregulated after CTX 
injection (Figures  7C,D). Autophagy markers were promoted 
during muscle regeneration (Figure  7E).

DISCUSSION

Although lysosomal storage disease (LSD) is a well-known 
manifestation of metabolic disorders that cause defects in 

lysosome function in neurons, kidneys, and melanomas, it has 
not yet been reported in muscle differentiation (Surendran 
et  al., 2014; Bagh et  al., 2017; Rebecca et  al., 2019). Here, 
we  report for the first time that PPT1 gene expression is 
upregulated via transcriptionally induced Nrf2  in muscle 
differentiation. Exogenous antioxidant treatment repressed PPT1 
expression and, impaired muscle differentiation. We  also found 
that PPT1 is interrelated with lysosomal function. Moreover, 
inhibition of PPT1 expression attenuated autophagic degradation. 
Intracellular ROS are known to be essential molecules for muscle 
differentiation (Lee et al., 2010). Previous studies have reported 
that an increase in mitochondrial H2O2, which was dismutated 
from mitochondrial O2

− by SOD2, is required to induce muscle 
differentiation (Kim et al., 2018). Furthermore, when ROS levels 
are increased up to pathological levels, the ARE pathway defends 
against cellular oxidative stress (Piao et  al., 2005; De Vries 
et  al., 2008). In the current study, we  demonstrated through 
a bioinformatics analysis that the consensus Nrf2 binding 
sequences exist in the human, mouse, and rat PPT1 promoter. 
One of these, which was located at −1,269  bp upstream of 
the mouse PPT1, start codon ORF directly bound to Nrf2 
during muscle differentiation. Thus, PPT1 is transcriptionally 
induced through Nrf2 activation during muscle differentiation.

To date, the characterization of PPT1 and TFEB signaling 
pathway has not been reported during muscle differentiation. 
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FIGURE 6 | PPT1 is required for the degradation of autophagy flux during muscle differentiation. (A) Expression of Atg3, Atg5, Atg7, Atg12–5, p62, and LC-3 was 
accessed during muscle differentiation. (B) C2C12 cells were transfected with PPT1 siRNAs in DM, and then expression of autophagy-related gene (Atg) proteins, 
p62, and LC3-II conversion was evaluated in PM and DM by western blot analysis. (C) Under the same conditions as in (B), fluorescence was visualized by confocal 
microscopic analysis. Scale bar: 200 μm.
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Our findings showed that the defect of PPT1 with its specific 
siRNA attenuated the lysosome function and muscle 
differentiation. In addition, we  previously reported that the 
inhibition of autophagosome formation and fusion with 
lysosomesby compounds such as bafilomycin, chloroquine, 
3-Methyladenine, and wortmannin attenuated muscle 
differentiation (Kim et  al., 2018). The lysosome is thought to 
be  an essential organelle during cell development (Ballabio 
and Gieselmann, 2009; Shen and Mizushima, 2014; Perera and 
Zoncu, 2016). Furthermore, PPT1 knockdown attenuated the 
activity of cathepsin proteins unlike elevated TFEB and LAMP1, 
indicating that inhibition of PPT1 causes accumulation of 
non-functional lysosomes and lipidated proteins.

The myogenic controller mTOR is well-known not only for 
its roles in the development but also in the inactivation process 
of TFEB by serine phosphorylation (Vega-Rubin-De-Celis et al., 
2017; Napolitano et  al., 2018). Under sufficient nutrient 
conditions, mTORC1 is recruited to be  activated for lysosomal 
surface positioning (Lawrence and Zoncu, 2019). Consistently, 
we found that mTORC1 was inactivated by inhibition of PPT1, 
and treatment with rapamycin diminished muscle differentiation. 
However, TFEB was translocated from the cytosol to the nucleus 
when mTORC1 is activated during muscle differentiation, 
indicating that both TFEB and mTORC1 are elevated to facilitate 
cellular remodeling during muscle differentiation. Previously, 

the relationship between PPT1 and mTORC1 was not known 
during muscle differentiation. Our findings suggest that 
suppression of PPT1 inhibits mTORC1 activation in nutrient-
rich conditions. Autophagy is well-known to not only assist 
in cellular development but also inhibit the activation of 
mTORC1 (Mizushima and Levine, 2010; Nnah et  al., 2019). 
Much of our understanding of mTOR is restricted in the 
context of suppressingeffects on autophagy in nutrient-enriched 
conditions. However, myoblast differentiation requires autophagy 
to assist the removal of pre-existing structures and elevate 
cellular remodeling, indicating that the autophagy mechanism 
during muscle differentiation is completely different. In addition, 
our results showed that PPT1 knockdown-cells were increased 
levels of ROS, Nrf2 translocation, and accumulation of p62. 
In previous studies, Nrf2 was upregulated by accumulation of 
p62, which competes with Nrf2 for Keap 1 binding. Our results 
showed that autophagy does not act as mTORC1 inactivator 
during muscle differentiation, and PPT1 is induced by Nrf2  in 
muscle differentiation but in pathological processes such as 
inhibition of PPT1, the accumulation of p62 seems to be increase 
Nrf2 compare to physiological process (Bellezza et al., 2020). 
In addition, our findings indicate that PPT1 regulates mTORC1 
activation and TFEB phosphorylation, resulting in the molecule 
that controls autophagic degradation. However, suppression of 
PPT1 did not result in changes in autophagosome formation, 

A

B C

D E

FIGURE 7 | Transient expression of PPT1 during muscle regeneration following acute injury. (A) Mouse left tibialis anterior (TA) muscles were injected with 50 μl 
(10 mM) cardiotoxin (CTX). TA muscles were stained with hematoxylin-eosin. (B) Mouse TA muscle tissues were homogenized and assessed by western blot 
analysis. The expression levels of PPT1, SOD2, and MHC were elevated. (C) The expression levels of lysosome biogenesis marker including LAMP1 and phospho-
TFEB at serine 211 (S211) were evaluated. (D) The expression levels of mTOR, phospho-mTOR serine 2448 (S2448), p70S6K, phospho-p70S6K at serine 371 
(S371), and threonine 421/serine424 (T421/S424) were analyzed by western blot analysis. (E) The expression levels of Atg3, Atg5, Atg7, Atg12–5, p62, and LC-3 
were accessed by western blot analysis. 4X scale bar: 500 μm and 20X scale bar: 100 μm.
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indicating that autophagosome formation is an independent 
mechanism regardless of the inactivation of mTORC1 and 
TFEB in dysfunctional lysosomes. In addition, autophagosomes 
are not produced in the dysfunction of lysosomes, and only 
lysosomes are continuously formed, it is thought that it is 
regulated by specific signaling molecules. Therefore, it is important 
to further study molecules that recognize the dysfunction of 
lysosomes during myoblast differentiation. In addition to, skeletal 
muscle regeneration is a physiological process that occurs in 
skeletal muscle in response to disease or injury. CTX is well-
known acute-injury-induced skeletal muscle regeneration inducer. 
Our findings showed that during muscle regeneration in vivo, 
expression levels of PPT1 and SOD2 were increased, and 
lysosome biogenesis, mTORC1, and autophagy were activated.

In conclusion, we demonstrated for the first time that elevated 
ROS levels induce the expression of PPT1.We also showed 
that PPT1 is transactivated via Nrf2 during muscle differentiation. 
Lastly, we  demonstrated that PPT1 might play important roles 
in maintaining lysosomal degradation by the mTORC1-TFEB 
signaling pathway during myoblast differentiation.
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Supplementary Figure 1 | ROS levels and translocation of Nrf2 is increased in 
PPT1 knockdown-cells. (A) ROS levels were detected by DCF-DA after 24 h of 
DM using FACS analysis. *p < 0.01, compared to SC in PM. #p < 0.05, compared 
to SC in PM. p < 0.01, compared to SC in DM. (B) The expression levels of Nrf2 
on the indicated 5-days were evaluated by western blot analysis. Lamin-B is used 
as nuclear protein loading control.

Supplementary Figure 2 | Bafilomycin A1 promoted lysosomal pH in muscle 
differentiation. Fluorescence was visualized by confocal microscopy by pH-
sensitive LysoSensor DND-189 in proliferation medium, differentiation medium 
and treatment of bafilomycin 100, 200, and 400 nM. Scale bar: 200 μm.
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