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Abstract

The ubiquitin‐proteasome system is a major protein degradation pathway in the cell.

Proteasomes produce several peptides that are rapidly degraded to free amino acids

by intracellular aminopeptidases. Our previous studies reported that proteolysis via

proteasomes and aminopeptidases is required for myoblast proliferation and

differentiation. However, the role of intracellular aminopeptidases in myoblast

proliferation and differentiation had not been clarified. In this study, we investigated

the effects of puromycin‐sensitive aminopeptidase (PSA) on C2C12 myoblast

proliferation and differentiation by knocking down PSA. Aminopeptidase enzymatic

activity was reduced in PSA‐knockdown myoblasts. Knockdown of PSA induced

impaired cell cycle progression in C2C12 myoblasts and accumulation of cells at the

G2/M phase. Additionally, after the induction of myogenic differentiation in

PSA‐knockdown myoblasts, multinucleated circular‐shaped myotubes with impaired

cell polarity were frequently identified. Cell division cycle 42 (CDC42) knockdown

in myoblasts resulted in a loss of cell polarity and the formation of multinucleated

circular‐shaped myotubes, which were similar to PSA‐knockdown myoblasts. These

data suggest that PSA is required for the proliferation of myoblasts in the growth

phase and for the determination of cell polarity and elongation of myotubes in the

differentiation phase.

K E YWORD S

cell polarity, myoblast fusion, myogenic differentiation, proteasome, puromycin‐sensitive
aminopeptidase

1 | INTRODUCTION

The maintenance of skeletal muscle depends largely on muscle stem

cells, also known as satellite cells, which supply myoblasts required

for regeneration and growth (Morgan & Partridge, 2003; Yin

et al., 2013). Upon activation after skeletal muscle damage, satellite

cells proliferate as myoblasts. They fuse each other to form multi-

nucleated myotubes that are integrated into the damaged segments

of skeletal muscle tissue (Brack & Rando, 2012). Owing to its re-

generative capacity, skeletal muscle is capable of recovering from
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damages induced by mechanical overload frequently experienced in

strength training and sports activity.

The ubiquitin‐proteasome system is one of the major in-

tracellular protein degradation pathways (Collins & Goldberg, 2017;

Goldberg, 2003). We previously demonstrated that proteasomal dys-

function in skeletal muscle resulted in significant impairments of

muscle growth and development (Kitajima et al., 2014). We further

demonstrated that a satellite cell‐specific defect in proteasomal

function led to the loss of satellite cells, which critically compromised

the regenerative capacity of skeletal muscle tissue after cardiotoxin‐
induced damage. Primary myoblasts derived from proteasome‐
defective mice exhibited significantly impaired proliferative and dif-

ferentiation abilities (Kitajima et al., 2018). These studies suggest that

proteasome function is essential for myogenesis and the maintenance

of the skeletal muscle tissues. The mechanism responsible for the

impairment in proliferation and differentiation may therefore be de-

pendent on the downstream processes after protein degradation.

Proteasomes generate oligopeptides containing 2–20 amino acids in

the cytoplasm through protein degradation (Hershko & Ciechanover,

1992, 1998); the majority of these peptides are further digested by

aminopeptidases into free amino acids (Botbol & Scornik, 1983, 1997;

Saric et al., 2004). A variety of aminopeptidases, which selectively hy-

drolyze an amino acid residue from the N‐terminus of proteins and

peptides, have been identified in human cells (Mucha et al., 2010). In our

recent study, we reported that the inhibition of intracellular amino-

peptidase by bestatin methyl ester (Bes‐ME) impaired the proliferation

and differentiation of C2C12 myoblasts (Osana, Murayama, et al., 2020).

Bes‐ME is known to have a wider spectrum of inhibitory actions across

various aminopeptidases (Mucha et al., 2010). Among bestatin‐sensitive
aminopeptidases, puromycin‐sensitive aminopeptidase (PSA), a member

of the M1 metalloprotease family, is abundantly expressed in skeletal

muscle tissue. It has wide substrate specificity for substrates, such as

leucine, alanine, lysine, and methionine (Constam et al., 1995; Sengupta

et al., 2006). To the best of our knowledge, however, the effects of PSA

on myogenesis have yet to be reported. In this study, we specifically

investigated whether PSA knockdown in proliferating or differentiating

C2C12 myoblasts affects myogenesis.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Mouse C2C12 myoblasts were cultured under standard conditions

(37°C under a humidified atmosphere containing 5% CO2) in high‐
glucose Dulbecco's Modified Eagle Medium (DMEM; FUJIFILM Wako

Pure Chemical Corporation) supplemented with 10% fetal bovine serum

(Thermo Fisher Scientific) and 100mg/ml penicillin–streptomycin solu-

tion (Sigma‐Aldrich Corporation). Myogenic differentiation was induced

in DMEM supplemented with 2% calf serum (Thermo Fisher Scientific)

and 100mg/ml penicillin‐streptomycin. Most myoblasts begin to fuse

after 1 or 2 days and form mature myotubes by 5 days. MyoD and

myogenin are marker proteins of myogenic differentiation.

MyHC is the motor protein of thick muscle filaments (Zammit,

2017). Cells were cultured in 6‐, 12‐, or 24‐well plates. For cell counting,
we prepared a 1:1 dilution of the cell suspension using 0.4% trypan blue

solution (Nacalai Tesque). Cells were counted in four 1‐mm2 square areas

using a hemocytometer to determine the average number of cells.

2.2 | RNA interference

Three small interfering RNA (siRNA) sequences targeting PSA and

CDC42 were produced by Sigma‐Aldrich. siRNA#1, siRNA#2,

and siRNA#3 corresponded to nucleotides 844–864, 1082–1102,

and 493–513 of the PSA open‐reading frame, respectively. In addi-

tion, siRNA#1 and siRNA#2 corresponded to nucleotides 211–231

and 230–250 of the CDC42 open‐reading frame, respectively. A

scramble sequence of siRNA was used as negative control. For siRNA

experiments, the cells in each well were transfected with 20 nM PSA,

CDC42, or scramble siRNAs using Lipofectamine RNAiMAX trans-

fection reagent (Invitrogen) following the manufacturer's instruction.

2.3 | Quantitative real‐time polymerase chain
reaction (qPCR)

Total RNA was extracted from cultured cells using an RNeasy Mini Kit

(Qiagen) and then reverse‐transcribed into cDNA using a QuantiTect

Reverse Transcription Kit (Qiagen). Real‐time qPCR was performed using

a StepOnePlus PCR System with SYBR Green Master Mix (Thermo

Fisher Scientific). The primer sequences for C2C12 were as follows: PSA

forward, TGTGGAAGCTGAACAGGTAGAA; PSA reverse, GGAACCATC

CACTGAGGACA; Myomaker forward, ATCGCTACCAAGAGGCGTT;

Myomaker reverse, CACAGCACAGACAAACCAGG; Minion forward,

GGACCACTCCCAGAGGAAGGA; Minion reverse, GGACCGACGCCTG

GACTAAC; GAPDH forward, AACTTTGGCATTGTGGAAGG; GAPDH

reverse, CACATTGGGGGTAGGAACAC; Ribosomal protein S13 (RPS13)

forward, TGCTCCCACCTAATTGGAAA; and RPS13 reverse, CTTGTG

CACACAACAGCATTT.

2.4 | Western blot analysis

Total protein lysate was harvested using RIPA lysis buffer (ATTO Cor-

poration) from the cultured cells for immunoblotting analysis. We used

the bicinchoninic acid assay to determine protein concentrations. Next,

we extracted the protein fractions using a reducing sample buffer con-

taining 7% β‐mercaptoethanol, a protease inhibitor, and a phosphatase

inhibitor (ATTO Corporation). Protein extracts (10–20μg per lane) were

separated on a 5%–20% gradient sodium dodecyl sulfate‐polyacrylamide

gel and subsequently transferred to a polyvinylidene fluoride (PVDF)

membrane using the Trans‐Blot Turbo System (Bio‐Rad Laboratories,

Inc.). The PVDF membrane was blocked with 3% bovine serum albumin

(Sigma‐Aldrich) in 1 × Tris‐buffered saline–1% Tween‐20 (FUJIFILM

Wako Pure Chemical Corporation) for 1 h at room temperature.
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The PVDF membrane was incubated with a primary antibody for 1 h

at room temperature or overnight at 4°C with continuous shaking.

The primary antibodies and dilution factors were as follows: anti‐PSA
(1:1000; Santa Cruz Biotechnology), anti‐myosin heavy chain (MyHC,

1:1000; Santa Cruz Biotechnology), anti‐Myogenin (1:500; Santa Cruz

Biotechnology), anti‐MyoD (1:500; Santa Cruz Biotechnology), anti‐cyclin
D1 (1:3000; Proteintech), anti‐cyclin B1 (1:1000; Cell Signaling

Technology, Inc.), anti‐CDK4 (1:1000; Proteintech), anti‐CDK6 (1:1000;

Proteintech), anti‐P21 (1:1000; Proteintech), anti‐CDC42 (1:1000;

Abcam), and anti‐glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH;

F IGURE 1 Localization and expression levels of PSA in C2C12 myoblasts and myotubes. (a) The time course of treatment and analysis.
(b) Immunocytochemistry for PSA (green) and nuclei (blue) in myoblasts. PSA localized to the cytoplasm. Scale bar = 50 μm. (c) Immunocytochemistry for
PSA (green) and nuclei (blue) in myotubes. PSA localized to the cytoplasm. Scale bar =50 μm. (d) Immunoblotting of the protein levels of MyHC,
myogenin, MyoD, and PSA during myogenic differentiation. The expression levels of MyHC and myogenin gradually increased during myogenic
differentiation, whereas those of MyoD decreased. The expression level of PSA was significantly increased at 2, 4, and 5 days after the induction of
myogenic differentiation. Values are presented as the mean± SEM (Student's t‐test: NS, not significant, *p< .05, **p< .01 vs. control; n=4 per
group). CBB, Coomassie brilliant blue; GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase; MyHC, myosin heavy chain; MyoD, myoblast determination
protein 1; PSA, puromycin‐sensitive aminopeptidase
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1:2000; Cell Signaling Technology). After repeated washing, the

PVDF membrane was incubated in 2% nonfat milk containing a

horseradish peroxidase‐conjugated secondary antibody for 1 h. The

resultant bands were visualized using enhanced chemiluminescence

reagents (GE Healthcare). Finally, Coomassie brilliant blue (CBB;

FUJIFILM Wako Pure Chemical Corporation) staining was performed

following the manufacturer's instruction. In Western blot analysis,

CBB‐stained bands of 315 kDa were shown as the loading control.

Densitometry was performed using Image Lab software (Bio‐Rad
Laboratories).

2.5 | Immunocytochemistry

Immunocytochemistry of C2C12 myoblasts and myotubes was

performed as described previously (Osana, Kitajima, et al., 2020;

Osana, Murayama, et al., 2020). Samples were incubated with

primary antibodies at 4°C overnight following blocking/permeabilization

with phosphate‐buffered saline containing 0.05% Triton X‐100% and 5%

goat serum for 60min at room temperature. The immunocytochemistry

of anti‐PSA (1:100; Santa Cruz Biotechnology), anti‐Ki67 (1:500;

Abcam), anti‐MyHC (1:200; Developmental Studies Hybridoma Bank),

anti‐α‐actinin (1:200; Abcam), anti‐β‐actin (1:2000; Cell Signaling Tech-

nology), and nuclei was visualized using appropriate species‐specific
Alexa Fluor 488‐ or Alexa Fluor 555‐conjugated secondary antibodies

and Hoechst 33342 (Thermo Fisher Scientific). Samples were then ex-

amined using an Olympus fluorescence microscope (Olympus Corpora-

tion). The relative ratio of Ki67‐positive cells was calculated by dividing

the number of Ki67‐positive cells by the total number of nuclei, namely

the total number of cells. The differentiation index was calculated by

dividing the number of nuclei in myotubes (MyHC‐positive elongated

cells) by the total number of nuclei. The length of myotubes and the

aspect ratio, which represents the ratio of width to length, were mea-

sured using ImageJ Fiji software (Schneider et al., 2012).

F IGURE 2 Loss of PSA expression suppresses enzymatic activity. (a) The time course of treatment and analysis in C2C12 myoblasts in which PSA
was depleted using RNA interference (PSA‐KD). (b) Real‐time PCR analysis of PSA mRNA expression in C2C12 myoblasts in which PSA was depleted
using RNA interference. PSA depletion led to a significant reduction of PSA mRNA levels in C2C12 myoblasts. Values are presented as the
mean ± SEM (Student's t‐test: ***p < .001 vs. control; n = 3 per group). (c) Immunoblotting of the protein levels of PSA in PSA‐KD myoblasts. PSA
protein expression was significantly decreased following PSA depletion in C2C12myoblasts. Values are presented as the mean ± SEM (Student's t‐test:
***p < .001 vs. control; n =3 per group). (d) Measurement of the enzymatic activity of PSA on leucine and alanine substrates in PSA‐KD myoblasts.
PSA depletion resulted in significant inhibition of the aminopeptidase enzymatic activity on leucine and alanine substrates in C2C12 myoblasts.
Values are presented as the mean ± SEM (Student's t‐test: **p < .01 vs. control; n = 3 per group). CBB, Coomassie brilliant blue; GAPDH,
glyceraldehyde‐3‐phosphate dehydrogenase; mRNA, mesenger RNA; PCR, polymerase chain reaction; PSA, puromycin‐sensitive aminopeptidase
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F IGURE 3 (See caption on next page)
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2.6 | Aminopeptidase enzymatic activity

Cells were disrupted with RIPA buffer and transferred into 96‐well
plates. The lysate was combined with 1.6mM leucine substrate

(L‐leucine‐p‐nitroaniline hydrochloride; FUJIFILM Wako Pure Chemical

Corporation) and 0.7mM alanine substrate (L‐alanine‐p‐nitroaniline;
Peptide Institute, Inc.) for 60min at 37°C. Enzymatic activity was

measured using a Multiskan Go Microplate Reader (Thermo Fisher

Scientific) at an excitation and emission wavelength of 405 nm.

2.7 | Cell cycle assay

C2C12 myoblasts were cultured for 2 days after siRNA treatment in

24‐well plates. The cell cycle status was measured using a

Cell‐Clock™ Cell Cycle Assay kit (Biocolor Life Science Assays). The

treated cells were stained with the supplied redox dye (Cell‐Clock
Dye Reagent) for 1 h at 37°C, and images were captured using a

fluorescence microscope. The percentage of cells in each phase was

obtained from digitized photomicrographs using ImageJ Fiji software.

G0/G1, S, and G2/M phase cells were stained yellow, green, and dark

blue, respectively.

2.8 | Statistical analyses

Statistical analyses were performed using JMP Pro (SAS Institute) to

determine significant differences from a two‐tailed distribution using

Student's t‐test. p < .05 denoted statistical significance. Data are

presented as the mean ± SEM.

3 | RESULTS

3.1 | Expression of PSA in C2C12 myoblasts
and myotubes

First, we examined the localization of PSA in C2C12 myoblasts and

myotubes (Figure 1a). PSA expression was mainly localized in the

cytoplasm in both C2C12 myoblasts (Figure 1b) and myotubes

(Figure 1c). Following the induction of myogenic differentiation,

Myogenin and MyHC levels gradually increased, and MyoD levels

gradually decreased, as reported previously. PSA expression was

significantly increased at 2, 4, and 5 days after the induction of

myogenic differentiation compared with expression levels before

induction of myogenic differentiation (Figure 1d).

3.2 | Investigation of enzymatic activity in
PSA‐KD myoblasts

To deplete PSA gene and protein expression, the PSA gene was

knocked down in C2C12 myoblasts using three siRNAs

(Figures 2a and S1a). siRNA#2 reduced PSA gene expression by more

than 95% in myoblasts compared with the effect of scrambled siRNA

(control; Figures 2B and S1b). PSA protein levels were significantly

reduced in cells transfected with siRNA#2 (Figure 2c). For the fol-

lowing experiments, we decide to use siRNA#2 for PSA depletion.

The PSA enzymatic activities for leucine and alanine substrates were

suppressed in PSA‐KD myoblasts (Figure 2d).

3.3 | PSA depletion leads to impaired cell cycle
progression

We investigated cell proliferation capacity in PSA‐KD myoblasts by

cell count, immunocytochemistry, Western blot, and cell cycle assays

(Figure 3a). The number of cells was significantly decreased 4 days

after PSA depletion (Figures 3B and S1c). Additionally, the number of

Ki67‐positive cells was significantly decreased by PSA depletion

(Figure 3c). Next, we examined the expression of cell cycle‐related
proteins in PSA‐KD myoblasts. Cyclin D1 and CDK4/6 complex are

required for the progression of the G1 phase of the cell cycle, and

p21 is known to inhibit the activity of the complex. We found that

the levels of these proteins were not changed in PSA‐KD myoblasts

(Figures 3D and S1d). The level of cyclin B1, essential for mitosis

(Strauss et al., 2018), was significantly decreased in PSA‐KD myo-

blasts (Figures 3D and S1d). Consequently, cell cycle analysis of PSA‐
KD myoblasts revealed a significantly reduced G0/G1 and S phase

subpopulations as compared with that in the control cells, and the

accumulation of G2/M phase population in PSA‐KD as compared to

the control cells (Figures 3E and S1e).

F IGURE 3 Genetic loss of PSA impairs cell cycle progression. (a) The time course of treatment and analysis in C2C12 myoblasts in
which PSA was depleted using RNA interference (PSA‐KD). (b) Evaluation of cell growth 0, 1, 2, 3, and 4 days after PSA depletion in C2C12
myoblasts. Cell growth was significantly decreased in PSA‐KD myoblasts at 4 days after PSA depletion. Values are presented as the mean ± SEM
(Student's t‐test: NS, not significant, **p < .01 vs. control; n = 3 per group). (c) Immunocytochemistry for Ki67 (red) and nuclei (blue) in
PSA‐KD myoblasts. The relative ratio of Ki67‐positive cells was significantly reduced in PSA‐KD myoblasts. Scale bar = 100 μm. Values are
presented as the mean ± SEM (Student's t‐test: **p < .01 vs. control; n = 6 per group). (d) Immunoblotting of the protein levels of cyclin D1, cyclin
B1, CDK4, CDK6, p21, and GAPDH in PSA‐KD myoblasts. PSA depletion resulted in a significant reduction of cyclin B1 levels, whereas
cyclin D1, CDK4, CDK6, and P21 levels were unchanged. Values are presented as the mean ± SEM (Student's t‐test: NS, not significant,
***p < .001 vs. control; n = 3 per group). (e) Cell cycle analysis in PSA‐KD myoblasts. The populations of cells in the G0/G1 and S phase were
significantly reduced in PSA‐KD myoblasts, whereas the G2/M phase population was significantly increased. Scale bar = 100 μm. Values
are presented as the mean ± SEM (Student's t‐test: *p < .05, ***p < .001 vs. control; n = 3 per group). CBB, Coomassie brilliant blue;
CDK, cyclin‐dependent kinase; GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase; PSA, puromycin‐sensitive aminopeptidase
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F IGURE 4 (See caption on next page)
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3.4 | PSA‐KD myoblasts exhibit irregular
myogenic differentiation

To reveal the potential role of PSA in C2C12 myoblast differentia-

tion, myogenic differentiation was induced in PSA‐KD myoblasts, and

their differentiation was assessed by immunocytochemistry,

Western blot analysis, and qPCR (Figure 4a). MyHC expression was

increased in PSA‐KD myotubes as well as control myotubes, fol-

lowing the induction of myotube formation; however, PSA‐KD
myotubes displayed apparent morphological abnormalities after 3

and 5 days of myogenic differentiation (Figure 4B, white arrows;

Figures S2a,c and S3a). After 1 day of myogenic differentiation,

MyHC expression was weaker in PSA‐KD myoblasts relative to ex-

pression in control myoblasts, whereas MyoD and Myogenin levels

were similar in both conditions (Figure S2b). After 3 days of myo-

genic differentiation, the increase in MyHC expression levels was

markedly enhanced in PSA‐KD myoblasts compared with expression

in control myoblasts. On the other hand, the level of MyoD

expression was significantly lower in PSA‐KD myoblasts relative to

expression in control myoblasts. However, Myogenin expression le-

vels did not differ between the two conditions (Figure 4c). Further-

more, the differentiation index, representing the number of nuclei

per myotube, was significantly increased in PSA‐KD myoblasts

(Figures 4D and S3b). Additionally, the length of the myotubes was

significantly shorter for PSA‐KD myotubes than for control myo-

tubes (Figures 4E and S3b). Consequently, the aspect ratio was sig-

nificantly decreased in PSA‐KD myotubes (Figures 4F and S3b). After

5 days of differentiation, the level of Myogenin expression was re-

duced in PSA‐KD myoblasts, whereas MyHC and MyoD expression

levels did not differ between PSA‐KD and control myoblasts

(Figure S2d). In addition, the differentiation index was significantly

increased in PSA‐KD myoblasts (Figures S2e and S3c). Additionally,

the length of the myotubes was significantly shorter for PSA‐KD
myotubes than for control myotubes (Figures S2F and S3C). Con-

sequently, the aspect ratio was significantly decreased in PSA‐KD
myotubes (Figures S2G and S3C).

The fusion of myoblasts is essential for the formation of multi-

nucleated myotubes. Myomaker and Minion are muscle‐specific

fusion proteins responsible for myoblast plasma membrane fusion

(Bi et al., 2017; Zhang et al., 2017). After 1 day of differentiation,

these mRNA levels were no different in the levels of Myomaker

and Minion expression in PSA‐KD myoblasts and control cells

(Figure S4A). Expectedly, after 3 days of myogenic differentiation,

the level of Myomaker and Minion mRNA expression was significantly

higher in PSA‐KD myotubes (Figure 4g). Furthermore, after 5 days of

myogenic differentiation, the level of Myomaker mRNA expression

remained significantly larger, but there was no statistically significant

difference in the level of Minion mRNA expression (Figure S4b).

3.5 | Cell polarity disappears in the early phase of
myogenic differentiation of PSA‐KD myoblasts

Reorganization of the cytoskeleton is essential for myoblast fusion and

myotube formation (Guerin & Kramer, 2009). Therefore, to identify

the structural organization of the cytoskeleton, we performed im-

munocytochemistry in PSA‐KD myotubes (Figure 5a). In normal

myotubes, β‐actin and α‐actinin were elongated, with the direction of

myotube formation exhibiting a linear strain (Figures 5B and S5).

However, in PSA‐KD myotubes, β‐actin and α‐actinin linear structures

were not identified (Figures 5B and S5). Because cell polarity is in-

volved in cytoskeleton formation, we examined the expression of

CDC42, a key regulator of cell polarity and a Rho family GTPase

(Etienne‐Manneville, 2004), during myogenic differentiation in

PSA‐KD myoblasts. Before the induction of differentiation, there was

no difference in CDC42 levels between control and PSA‐KD myo-

blasts (Figure 5c). Interestingly, however, after 1 and 3 days of myo-

genic differentiation, there was a clear and significant reduction in

CDC42 expression levels in PSA‐KD myoblasts (Figure 5c).

3.6 | CDC42 depletion leads to apparent
morphological abnormalities in myotubes

To examine whether depletion of CDC42 affects myotube formation

was assessed by immunocytochemistry and Western blot analysis

F IGURE 4 Loss of PSA expression in myoblasts results in irregular myogenic differentiation. (a) The time course of treatment and analysis in
C2C12 myotubes in which PSA was depleted using RNA interference (PSA‐KD). (b) Immunocytochemistry for myosin heavy chain (MyHC,
green) and nuclei (blue) in PSA‐KD myotubes at 3 days after myogenic differentiation. PSA depletion led to abnormalities of myotube
morphology (white arrows) after 3 days of myogenic differentiation. Scale bar = 100 μm. (c) Immunoblotting of the protein levels of MyHC,

myogenin, MyoD, and PSA 3 days after the induction of myogenic differentiation in PSA‐KD myoblasts. MyHC expression increased
significantly in PSA‐KD myoblasts, while MyoD and PSA levels were significantly reduced and myogenin levels were not changed. Values are
presented as the mean ± SEM (Student's t‐test: NS, not significant, *p < .05, **p < .01 vs. control; n = 3 per group). (d) The differentiation index
was significantly reduced in PSA‐KD myotubes after 3 days of myogenic differentiation. Values are presented as the mean ± SEM (Student's
t‐test: ***p < .001 vs. control; n = 5 per group). (e,f) The length and aspect ratio of myotubes were significantly reduced in PSA‐KD myotubes
after 3 days of myogenic differentiation as measured using ImageJ software. Values are presented as the mean ± SEM (Student's t‐test:
***p < .001 vs. control; n = 5 per group, n = 100 number of myotube in each sample). (g) Quantitative real‐time PCR analysis of the mRNA levels
of Myomaker and Minion 3 days after the induction of myogenic differentiation in PSA‐KD myoblasts. Myomaker and Minion mRNA levels were
significantly increased. Values are presented as the mean ± SEM (Student's t‐test: NS, not significant, *p < .05, **p < .01 vs. control; n = 3 per
group). CBB, Coomassie brilliant blue; MyHC, myosin heavy chain; MyoD, myoblast determination protein 1; PSA, puromycin‐sensitive
aminopeptidase
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F IGURE 5 (See caption on next page)
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(Figures 6A and S6A). To inhibit CDC42 protein expression, the

CDC42 gene was knocked down in C2C12 myoblasts using two

siRNAs. CDC42 protein levels were markedly reduced in cells trans-

fected with siRNA#2 (Figure 6c). MyHC expression was increased in

CDC42‐KD#2 myotubes as well as the control myotubes following the

induction of myotube formation, but CDC42‐KD myotubes displayed

apparent morphological abnormalities after 3 and 5 days of myogenic

differentiation similar to PSA‐KD myotubes (Figure 6C, white arrows;

F IGURE 6 CDC42 depletion leads to apparent morphological abnormalities in myotubes. (a) The time course of treatment and analysis in
C2C12 myotubes in which CDC42 was depleted using RNA interference#1, #2 (CDC42‐KD). (b) Immunoblotting of the protein levels of CDC42
in CDC42‐KD myoblasts. CDC42 protein expression was markedly decreased following CDC42 depletion in C2C12 myoblasts. (c)
Immunocytochemistry for myosin heavy chain (MyHC, red) and nuclei (blue) in CDC42‐KD#2 myotubes at 3 days after myogenic
differentiation. CDC42 depletion led to abnormalities in myotube morphology (white arrows) after 3 days of myogenic differentiation. Scale
bar = 100 μm. (d) The differentiation index was significantly reduced in CDC42‐KD#2 myotubes after 3 days of myogenic differentiation. Values
are presented as the mean ± SEM (Student's t‐test: *p < .05 vs. control; n = 6 per group). (e,f) The length and aspect ratio of myotubes were
significantly reduced in CDC42‐KD#2 myotubes after 3 days of myogenic differentiation (as measured using ImageJ software). Values are
presented as the mean ± SEM (Student's t‐test: ***p < .001 vs. control; n = 6 per group; n = 100 myotubes in each sample). GAPDH,
glyceraldehyde‐3‐phosphate dehydrogenase; MyHC, myosin heavy chain

F IGURE 5 Depletion of PSA in myotubes impaired cytoskeleton formation and cell polarity. (a) The time course of treatment and analysis in
C2C12 myotubes in which PSA was depleted using RNA interference (PSA‐KD). (b) Immunocytochemistry for β‐actin (red) and nuclei (blue) in
PSA‐KD myotubes. In normal myotubes, β‐actin was elongated along with the direction of myotube formation. PSA depletion resulted in an
abnormal β‐actin structure. Scale bar = 20 μm. (c) Immunoblotting of CDC42 protein levels 0, 1, and 3 days after the induction of myogenic
differentiation in PSA‐KD myoblasts. CDC42 expression was unchanged in PSA‐KD myoblasts before myogenic induction. After 1 and 3 days of
myogenic differentiation, CDC42 expression was significantly decreased. Values are presented as the mean ± SEM (Student's t‐test:
NS, not significant, **p < .01 vs. control; n = 3 per group). CBB, Coomassie brilliant blue; PSA, puromycin‐sensitive aminopeptidase
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Figure S6b). After 3 and 5 days of differentiation, the differentiation

index was significantly increased in CDC42‐KD myoblasts (Figures 6D

and S6C). Interestingly, however, CDC42‐KD myotubes were sig-

nificantly shorter in length than control myotubes (Figures 6E and

S6C). Consequently, the aspect ratio was significantly decreased in

PSA‐KD myotubes (Figures 6F and S6C).

4 | DISCUSSION

In this study, we revealed that PSA was mainly localized in the

cytoplasm in myoblasts, and the protein was associated with cell

cycle progression. Specifically, PSA depletion resulted in significant

reductions in the levels of cyclin B1, involved in the cell cycle pro-

gression from G2 to M phase (Dienemann & Sprenger, 2004; Gavet &

Pines, 2010), but not the levels of cyclin D1 and CDK4/6 complex,

essential for cell cycle progression from G1 to S phase (Albrecht &

Hansen, 1999; Du et al., 2013). A previous study reported that PSA

localized to the cytoplasm (Constam et al., 1995). In addition, the

treatment with puromycin, which inhibits PSA, arrested the cell cy-

cle, leading to the accumulation of cells in the G2/M phase (Janss

et al., 2001; Yuan et al., 2004). These results are in line with the

result of the present study. It was previously reported that ubiquitin‐
proteasome‐dependent protein degradation regulates the cell cycle

and mediates the timely and precise expression of key cell cycle

proteins, such as cyclins and CDKs (Bassermann et al., 2014; Tu

et al., 2012). Our results further support these observations and

suggest that the cell cycle regulation by proteasome‐dependent
protein degradation is mediated by the downstream activity of PSA.

We previously reported that proteasome dysfunction in satellite

cells induced apoptosis, resulting in the loss of the cells (Kitajima

et al., 2018). The inhibition of intracellular aminopeptidase by

Bes‐ME and depletion of PSA, however, did not induce cell death.

This apparent discrepancy may be because proteasome dysfunction‐
induced apoptosis is a consequence of impaired degradation of ubi-

quitinated p53 (Maki et al., 1996). The proteasome dysfunction in

our previous study differs from the PSA depletion in the present

study or chemical inhibition by Bes‐ME in which the proteasome

function itself remains intact. Therefore, PSA activity downstream of

proteasomal proteolysis is not involved in cell loss due to apoptosis

in proteasomal‐defective satellite cells.

In this study, differentiated PSA‐KD myotubes exhibited a

spherical structure, an abnormal phenotype in myogenic differ-

entiation. Recent studies have identified intracellular microprotein,

Myomaker and Minion (also called Myomixer or Myomerger), to be

essential for myoblast fusion (Bi et al., 2017; Millay et al., 2013;

Quinn et al., 2017; Zhang et al., 2017). The expression of Myomaker

and Minion, which have definitive roles in the plasma membrane

fusion of myoblasts, is increased during myogenic differentiation.

Interestingly, overexpression of both Myomaker and Minion in

myoblasts using vectors resulted in the formation of spherical

myotubes (Bi et al., 2017), similar to PSA‐KD myotubes in this

study. Considering the increased expression of Myomaker and

Minion mRNA in PSA‐KD myoblasts during myogenic differentia-

tion, it is possible that the excessive fusion of myoblasts due to

enhanced expression of these proteins was responsible for the

spherical myotubes in this study. This is the first report in which the

involvement of aminopeptidases was demonstrated in the regula-

tion of myoblast fusion.

Cell polarity is important in morphogenesis during tissue

development and adult tissue regeneration. The absence of cell po-

larization can lead to tissue disorganization (Martin‐Belmonte &

Perez‐Moreno, 2011). In myoblasts, cell polarity is essential for fu-

sion and differentiation (Cadot et al., 2012). CDC42 is one of the

major regulators of cytoskeletal and cellular polarization (Etienne‐
Manneville, 2004). In the present study, induction of myogenic dif-

ferentiation on CDC42‐KD myoblasts resulted in myotubes with a

spherical structure, similar to PSA‐KD myotubes. Therefore, the

spherical structure of PSA‐KD myotubes may be attributable to

abnormal cell polarity caused by CDC42 downregulation in the early

phase of myogenic differentiation.

In conclusion, loss of PSA in myoblasts exhibited impaired cell

cycle progression, abnormal myotube formation, and a lack of cell

polarization. These data suggest that PSA contributes to the pro-

liferation and differentiation of myoblasts.
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