
Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

UCHL1 regulates muscle fibers and mTORC1 activity in skeletal muscle
Hongbo Gao, Jessica Freeling, Penglong Wu, Ashley P. Liang, Xuejun Wang, Yifan Li⁎

Division of Basic Biomedical Sciences, Sanford School of Medicine, University of South Dakota, United States of America

A R T I C L E I N F O

Keywords:
UCHL1
Skeletal muscle
mTOR
Mice
C2C12 cell

A B S T R A C T

Aims: Skeletal muscle wasting is associated with many chronic diseases. Effective prevention and treatment of
muscle wasting remain as a challenging task due to incomplete understanding of mechanisms by which muscle
mass is maintained and regulated. This study investigated the functional role of Ubiquitin C-terminal hydrolase
L1 (UCHL1) in skeletal muscle.
Main methods: Mice with skeletal muscle specific gene knockout of UCHL1 and C2C12 myoblast cells with
UCHL1 knockdown were used. Muscle fiber types and size were measured using tissue or cell staining. The
mammalian target of rapamycin complex 1 (mTORC1) and mTORC2 activities were assessed with the phos-
phorylation of their downstream targets.
Key findings: In mouse skeletal muscle, UCHL1 was primarily expressed in slow twitch muscle fibers. Mice with
skeletal muscle specific knockout (skmKO) of UCHL1 exhibited enlarged muscle fiber sizes in slow twitch soleus
but not fast twitch extensor digitorum longus (EDL) muscle. Meanwhile, UCHL1 skmKO enhanced mTORC1
activity and reduced mTORC2 activity in soleus but not in EDL. Consistently, in C2C12 cells, UCHL1 knockdown
increased the myotube size, enhanced mTORC1 activity, and reduced mTORC2 activities as compared with
control cells. UCHL1 knockdown did not change the major proteins of mTOR complex but decreased the protein
turnover of PRAS40, an inhibitory factor of mTORC1.
Significance: These data revealed a novel function of UCHL1 in regulation of mTORC1 activity and skeletal
muscle growth in slow twitch skeletal muscle. Given the upregulation of UCHL1 in denervation and spinal
muscle atrophy, our finding advances understanding of regulators that are involved in muscle wasting.

1. Introduction

Skeletal muscle is the most abundant tissue in the body, accounting
for over 40% of total body mass. Not only responsible for the body
locomotion and posture, skeletal muscle is also a critical determinant of
metabolism and energy homeostasis in physiological [1,2] and patho-
physiological conditions [3]. Muscle mass loss, or muscle wasting, is
associated with a variety of chronic diseases, including denervation,
diabetes, heart failure, chronic obstructive pulmonary disease (COPD),
and cancer (cachexia) [4]. Effective prevention and treatment of muscle
wasting remain a challenge due to the incomplete understanding of the
underlying mechanisms [5,6].

Skeletal muscle growth, mass maintenance, and appropriate func-
tion are controlled by multiple factors and signaling pathways. A well-
recognized signaling pathway that is involved in muscle growth and
metabolism is mammalian target of rapamycin (mTOR) [7]. mTOR is a
conserved serine/threonine kinase that is broadly involved in cell sur-
vival, growth, metabolism and energy balance [8,9]. mTOR forms two
distinct complexes (mTORC) that possess different functions. Raptor

containing mTORC1 promotes protein and lipid synthesis, and inhibits
autophage [10–12]. Rictor-containing mTORC2 receives growth factor
stimulation to regulate cell survival and proliferation [10].

Ubiquitin C-terminal hydrolase L1 (UCHL1) was originally identi-
fied as a neuronal protein that accounts for nearly 2% of total brain
proteins [13]. Functionally, UCHL1 is a deubiquitinating enzyme (DUB)
but its functional importance and substrate proteins are still poorly
understood [14]. Reduced hydrolytic activity of mutant UCHL1 is im-
plicated in the pathophysiologic process of Parkinson's [15] and Alz-
heimer's disease [16] due to abnormal neurotoxic protein aggregation
[17,18]. Our lab has reported that UCHL1 regulates acetylcholine
transporter cytosol-plasma membrane translocation in cholinergic cells
[19]. UCHL1 is also found to be highly expressed in some cancer cells to
promote cell proliferation and metastasis [20].

Expression of UCHL1 in skeletal muscles was unknown until re-
cently. A few studies have reported the expression of UCHL1 in mouse
skeletal muscles in some disease conditions [21,22]. Our recent study
showed that UCHL1 was expressed in C2C12 mouse myoblast cells and
was involved in regulation of cell proliferation and differentiation [23].
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Fig. 1. UCHL1 is selectively expressed in oxidative muscle fibers. (A) Representative images of Western blot and quantifications of UCHL1 signal from soleus and EDL
normalized with loading control Actin. “*” indicates p < 0.05 as compared to Soleus, n = 8 for Soleus, n = 6 for EDL. (B) Fluorescent staining of gastrocnemius from
wild type mice. Immunohistochemistry tissue sections were fluorescently stained with primary antibodies against type I, IIa and IIb myosin heavy chain and UCHL1
followed by appropriate fluorescently conjugated secondary antibodies. The scale bar is 20 μm.

Fig. 2. UCHL1 skmKO leads to larger fiber size. (A) Representative images of Western blots for UCHL1 and GAPDH in soleus, brain and heart from WT-Cre and
UCHL1 skmKO mice. (B) Representative immunofluorescent staining of UCHL1 in gastrocnemius muscle from WT and UCHL1 skmKO mice. (C) Representative
micrographs of H&E staining of gastrocnemius from WT and UCHL1 skmKO mice. (D) Quantification of gastrocnemius muscle fiber cross-section area of 150 fibers in
three areas from 5 individual WT mice and 3 individual UCHL1 skmKO mice. “*” indicates p < 0.05. (E) Immunofluorescent staining of Type I or IIa MyHC in
gastrocnemius from WT or UCHL1 skmKO mice. (F) and (G) Measurement of cross-section areas of type I (E) and Type IIa (F) MyHC positive muscle fiber, with 6 to
10 fibers per mouse from WT mice (n = 4 mice) and UCHL1 skmKO mice (n = 3 mice), *p < 0.05 vs. WT, one-way ANOVA followed by t-test. The scale bars in the
images indicate 20 μm.
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The function of UCHL1 in skeletal muscles, however, remains to be fully
understood. To this end, we have recently developed a mouse line with
skeletal muscle specific knockdown (skmKO) of UCHL1. Here we report
novel observations of UCHL1 distribution in skeletal muscle and the
effects of UCHL1 skmKO on muscle mass and mTORC1 activity.

2. Methods

2.1. Animals and genotyping

Use of animals in this study were in compliance with NIH guidelines
and were reviewed and approved by the University of South Dakota
Institutional Animal Care and Use Committee. Mouse strain “UCHL1
HEPD0603 _7_h04” generated from EUCOMM/KOMP-CSD ES cells
[24–26] was provided by Medical Research Council (MRC)-Harwell,
UK, on behalf of the European Mouse Mutant Archive (EMMA) and the
International Mouse Phenotyping Consortium (IMPC, www.
mousephonogype.org). By crossing this strain with a mouse expres-
sing Flp recombinase, the targeting cassette (LacZ and Neo genes) were
removed. Further breeding with wild type (WT) mice separated the Flp
transgene out, the resulting strain carrying the exon 2 floxed UCHL1
gene and free of Flp was then crossed to a mouse expressing Cre re-
combinase driven by the myosin light chain 1 promoter (Myl1tm1(cre)sjb/
J, Jackson Lab, stock # 024713) [27] to generate a mouse strain with
skeletal muscle specific UCHL1 knockout (skmKO). Genotyping was
conducted using PCR with appropriate primers for floxed UCHL1 and
Cre. UCHL1 skmKO and WT mouse littermate were used in this study.

2.2. Sciatic denervation

The sciatic nerve of the hindlimb was severed in 8 to 12 week old
male and female mice as described previously [28]. Briefly, mice were
anesthetized with 2% isoflurane in oxygen. The right hindlimb was
aseptically prepared. A small incision was made in the skin and the
muscles of the hindlimb gently retracted to reveal the sciatic nerve.
Approximately 3 mm of sciatic nerve was removed using micro-scissors.
The skin incision was sealed using surgical glue and Buprenorphine
analgesia was given subcutaneously. The contralateral hindlimb was
left intact as the control. After two weeks, under isoflurane anesthesia,
muscles from denervated and control hindlimb were collected.

2.3. Tissue collection

As described previously [28], male mice were anesthetized with
isoflurane. Hindlimb muscles were carefully exposed by removing skin.
Soleus and extensor digitorum longus (EDL) were collected and frozen
on dry ice for Western blot assay. Gastrocnemius muscles were isolated
and snap frozen in pre-chilled 2-methylbutane for ~20 s [29] and
transferred to −70 °C until sectioning. Mid-belly region of muscles was
sectioned into 8.5 μm thickness and adhered on the slides. The slides
were stored at −70 °C for future staining.

2.4. Immunohistochemistry staining

Frozen sections were left at room temperature for 20 min, and then
incubated in phosphate buffered saline-Tween 20 (PBST) solution for
5 min. Sections were treated with 4% paraformaldehyde (PFA) in

Fig. 3. UCHL1 skmKO enhances mTORC1 activity. (A, D) Representative images of Western blots for pAKTS473, AKT, pS6KT389, S6K, UCHL1, and β-Actin in soleus
(A) or EDL (D) from WT and UCHL1 skmKO mice under 4 h of starvation with or without 1.5 IU/kg insulin stimulation for 15 min. (B–C, and E–F) Quantifications of
Western blots for pS6KT389/S6K (B, E), and pAKTS473/AKT (C, F) in soleus or EDL. Results were normalized to WT Basal level, black bars are WT mice and grey bars
are UCHL1 skmKO mice. “*” indicates p < 0.05, as compared between WT and skmKO group (genotype effect), by two-way ANOVA followed by t-test; n = 6 for
each group.
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phosphate buffered saline (PBS) for 10 min and rinsed with PBST for
5 min. Sections were microwaved in sodium citrate for 20 min. After
20 min siting at room temperature, sections were rinsed with PBST for
5 min. Sections were blocked with 3% bovine serum albumin (BSA) and
10% AffiniPure Goat Anti-Mouse IgG + IgM Fab (H + L) (Jackson
ImmunoResearch, 115-005-044) PBST solution for 1 h at room tem-
perature. After washed with PBST for 5 min, sections were incubated
with primary antibodies diluted in 3% BSA and 5% Donkey Serum PBST
solution at 4 °C overnight. Sections were then washed with PBST for 3

times, 5 min each, and then incubated with secondary antibodies con-
jugated with fluorescent dye Alexa 594 or Alexa 488 diluted in 3% BSA
PBST (1:400) for 1 h at room temperature. Sections were then in-
cubated in PBST containing Hoechst (1:15000) for 5 min, followed by
washes with PBST 2 times, 5 min each. The sections were mounted with
coverslips using Fluomount-G solution (Southern Biotech, 0100-01).
Immunostaining images were taken using a confocal microscope
(Olympus FluoView 500, Center Valley, PA).

Fig. 4. UCHL1 gene knockdown leads to increased mTORC1 activity in C2C12 cells. (A) Phase-contrast images of 6-day differentiated C2C12 myotubes treated with
control (Ctrl) or UCHL1 siRNA. The scale bar = 50 μm, (B) Quantification of myotube width of control (black bar) and UCHL1 KD cells (grey bar). “*” indicates
p < 0.05; For control group, n = 56 fibers from 4 independent dishes;-For UCHL1 KD group, n = 64 fibers from 4 independent dishes. (C) Representative images of
Western blots of pAKTS473, AKT, pS6KT389, S6K, UCHL1 and β-Actin from C2C12 cells treated with Ctrl or UCHL1 siRNA exposing to two days of DM with or without
100 nM insulin stimulation for 10 min. (D–E) Quantifications of Western blots for pS6KT389/S6K (D), and pAKTS473/AKT (E). Results were normalized to Ctrl siRNA
basal level, black bars represent control siRNA and grey bars represent UCHL1 siRNA group. “*” indicates p < 0.05, as compared between control group and UCHL1
knockdown group (genotype effect), by two-way ANOVA followed by t-test; n = 6 for each group.

Fig. 5. Rapamycin abolishes UCHL1-induced myotube hypertrophy. (A) Phase-contrast images of 3-day differentiated C2C12 myotubes treated with control or
UCHL1 siRNA with DMSO or rapamycin. The scale bar = 50 μm (B) Quantification of myotube width of each group. “*” indicates p < 0.05 as compared between the
control and UCHL1 KD group (genotype effect), by two-way ANOVA followed by t-test; n = 40, 37, 32, and 30 for control+DMSO, UCHL1 KD + DMSO, control
+rapamycin, and UCHL1 KO + rapamycin from 3 independent dishes per group, respectively.
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2.5. Hematoxylin and Eosin (H&E) staining

Muscle sections were dried, recovered at room temperature for
20 min, and subjected to H&E staining using a standard procedure [30].
Slides were immersed in hematoxylin solution for 10 min. After thor-
oughly washing with tap water, slides were stained with Eosin solution
for 3 min, and successively transferred in 70% ethanol for 20 s, 90%
ethanol for 20 s, 100% ethanol for 1 min, and xylene for 3 min. The
slides were mounted with coverslips using DPX Mountant for histology
media (Sigma, 06522) and imaged.

2.6. Measurement of fiber size

Cross-sections of muscles from 3-month-old mice were immuno-
fluorescence-stained for dystrophin or laminin. Four digital images (X
10 or X 20) were taken from non-overlapping areas from each slide, and
muscle fiber size was measured from roughly 150 myofibers in three
representative fields in each animal of 5 WT mice and 3 UCHL1 skmKO
mice using Image J software. The same approach was used to measure
myotube width of differentiated C2C12 cells.

2.7. Cell culture

As previously described [23], C2C12 myoblasts (1.5 × 105/ml)
were seeded in the growing medium (GM), Dulbecco's Modified Eagle's
Medium (DMEM, ATCC) supplemented with 10% fetal bovine serum
(FBS, GE HyClone, Logan, UT) and 1% penicillin-streptomycin and
Hepes. Medium was changed every 24 h until cells grew to 80–90%
confluence (~2 days growing in GM). The cells were then transferred to
differentiating medium (DM) DMEM (GE HyClone) supplemented with
2% horse serum (GE HyClone) and 1% penicillin-streptomycin and
Hepes. Medium were changed in every 24 h.

2.8. Knockdown of UCHL1 gene expression

For UCHL1 gene knockdown, 24 h after seeding in GM, cells were
treated with siRNA mixture as previously reported [23] with minimal
modification. Media were changed to half amount of fresh GM, and
siRNA mixed with Lipofectamine RNAiMAX was added into media with
a final concentration of 10 nM. After 24 h, medium was changed to
fresh DM and cells were grown for desired periods.

Before harvest, cells were rinsed once with warm serum free
medium and transferred to serum free medium. Some cells were treated
with 100 nM insulin for 10 min.

2.9. Total protein extraction and Western blot analysis

As described previously [28], cells or tissues were homogenized in
1X RIPA buffer containing protease inhibitor cocktail (Santa Cruz,
Dallas, TX) and 2% phosphatase inhibitor (Research Product Interna-
tional, Mount Prospect, IL). Protein concentration of samples were
adjusted to 1 μg/μL by a standard BCA assay, and 15 μg of proteins were
fractionated in 9–16% gradient gels under 90 V for 3 h. Proteins were
transferred onto Nitrocellulose membranes using a Trans-blot apparatus
(Bio-Rad, Hercules, CA), and blocked with 3% non-fat milk in PBST
solution for 1 h. Proteins were detected by using primary antibodies
with overnight incubation at 4 °C. The primary antibodies used for
Western blot in this study: anti UCHL1 (Abcam, EPR4118, ab108986),
anti actin (Santa Cruz Biotech, 2Q1055, sc-58673), and anti GAPDH
(Santa Cruz BioTech, 0411, sc-47724), and following antibodies from
Cell Signaling Technologies: anti-phosphor-AKP473 (D9E, #4060); anti-
total AKT (40D4, #2920), anti-phosphor-S6K389 (1A5, #9206), anti
S6K (49D7, #2708), anti mTOR (7C10, #2983), anti-raptor (24C12,
#2280), anti rictor (53A2, #2114), and anti PRAS40 (#2610) The
appropriate secondary antibodies conjugated with Alex-680 or 800
(Invitrogen) were used to recognize primary antibodies and scanned
with LI-COR scanner (LI-COR Biosciences, Lincoln, NE). The band
density was quantified by subtracting background using LI-COR Image
Studio software. The ratio of the band density of the protein of interest
vs loading control protein (actin or GAPDH) of each sample was cal-
culated. For protein phosphorylation, the ratio of the band density of
the phosphorylated protein vs the total protein of each sample was
calculated. To normalize the data from different batches of Western
blot, the ratios to the WT control group of the same batch were used for
comparison.

2.10. Data analysis

Data calculation, graphing and descriptive statistics were performed
using Microsoft Excel Data Analysis Package or GraphPad Prism 7.03.
Data were presented as Mean ± Standard Deviation of the Mean
(SDM). Statistical significance was compared by one-factor analysis of
variance (ANOVA) or two-way ANOVA followed by two-tailed Student's
t-test. Statistical significances were defined as p value < 0.05.

Fig. 6. Effects of UCHL1 knockdown on expression of major regulatory proteins
of mTOR complexes. (A) Western blot image of mTOR, Raptor, Rictor, UCHL1,
and actin from C2C12 cells treated with control or UCHL1 siRNA; (B) Western
blot image and the quantification of PRAS40 from C2C12 cells treated with
control or UCHL1 siRNA with or without rapamycin. “*” indicates p < 0.05 as
compared between the control and UCHL1 KD group (genotype effect), by two-
way ANOVA followed by t-test; n = 4 dishes for each group.

H. Gao, et al. Life Sciences 233 (2019) 116699

5



3. Results

1. UCHL1 is primarily expressed in oxidative muscle fibers

Examining the expression of UCHL1 in mouse skeletal muscles, we
observed that UCHL1 expression was muscle type specific. Western blot
analyses showed a much higher level of UCHL1 proteins in slow oxi-
dative muscle soleus than in the fast-glycolytic muscle extensor digi-
torum longus (EDL) (Fig. 1A). Immunofluorescent staining further
identified that UCHL1 was highly expressed in type I (slow oxidative)
muscle fibers, moderately expressed in type IIa (fast oxidative) fibers,
but undetectable in type IIb (fast glycolytic) fibers (Fig. 1B). These data
indicate that UCHL1 is primarily expressed in oxidative muscle fibers.

2. UCHL1 skmKO increases muscle fiber size

To investigate the functional role of UCHL1 in skeletal muscle, we
have generated a mouse line with UCHL1 skmKO. Western blotting and
immunofluorescent staining confirmation showed that UCHL1 expres-
sion was specifically knocked out in skeletal muscles but not in the
brain and the heart (Fig. 2A and B). At 2 to 3-months of age, mice with
UCHL1 skmKO developed normally without any observable abnorm-
alities. However, H&E staining of gastrocnemius muscle sections re-
vealed enlarged muscle fibers in muscle from skmKO mice as compared
to the WT control muscle (Fig. 2C). The distributions of muscle fiber
size (cross sectional areas, CSA) of UCHL1 skmKO muscles were shifted
rightward. The number of smaller muscle fibers was significantly re-
duced, and the number of larger fibers was significantly increased in
skmKO as compared with WT muscles (Fig. 2D). This indicates that loss

of UCHL1 in skeletal myocytes leads to muscle hypertrophy. Notice-
ably, the hypertrophic fibers were primarily type I fibers (Fig. 2D, F and
G), consistent with the UCHL1 expression pattern. Interestingly, low
tinctorial areas of H&E staining as well as immunofluorescent staining
were often observed in the skmKO muscle. Whether those represent
alterations of muscle fiber composition or deposition remain to be
further investigated.

3. UCHL1 skmKO enhances mTORC1 activity in soleus in response to
insulin stimulation

In search for potential signaling pathways that are involved in the
UCHL1 skmKO-induced muscle hypertrophy, we found that, although
the basal level was unchanged, phosphorylation of p70 ribosomal S6
Kinase at T389 (pS6KT389) by mTORC1 in response to insulin stimula-
tion was significantly elevated in UCHL1 skmKO muscle, (Fig. 3A and
B). In contrast, AKT phosphorylation at S473 (pAKTS473) by mTORC2
was significantly inhibited (Fig. 3A and C) in UCHL1 skmKO muscle in
response to insulin, compared to WT muscles.

In contrast, phosphorylation of S6KT389 by mTORC1 and pAKTS473

by mTORC2 was comparable in fast twitch muscle EDL from WT and
UCHL1 skmKO mice upon insulin stimulation (Fig. 3D, E and F). This
result was consistent with the lack of UCHL1 expression in the fast
glycolytic muscles.

Overall, these results suggest that UCHL1 elicits a negative effect on
mTORC1 and a positive effect on mTORC2 activity in slow twitch
skeletal muscle.

4. UCHL1 knockdown increases myotube hypertrophy and mTORC1

Fig. 7. Denervation upregulates UCHL1 in skeletal muscles, but ablation of UCHL1 in skeletal muscles fails to prevent denervation-induced atrophy. (A)
Representative images of Western blots for UCHL1 and GAPDH in soleus and EDL from WT and skmKO mice after 14 days of denervation. (B) Quantifications of
Western blots for UCHL1 in soleus and EDL from WT (n = 4) and skmKO (n = 5). Results were normalized to WT innervated soleus, black bars are samples from
innervated muscles, and grey bars are data from denervated muscles, “*” indicates p < 0.05 as compared between WT innervated vs WT denervated group (de-
nervation effect), by two-way ANOVA followed by t-test. (C) Immunohistochemistry staining of cross sections of innervated and denervated gastrocnemius from WT
(n = 4) and UCHL1 skmKO (n = 3) mice, stained with Dystrophin (Red). The scale bars indicate 20 μm. (D) Measurement of denervated gastrocnemius muscle fiber
cross-section area of 150 fibers in three areas from WT mice (n = 4) and skmKO mice (n = 3). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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activity in C2C12 cells

To confirm the in vivo findings in UCHL1 skmKO mouse muscle, we
tested the effect of UCHL1 in differentiated C2C12 myotubes.
Consistent with the in vivo findings, in differentiated C2C12 cells,
UCHL1 gene knockdown (KD) using siRNA significantly increased the
width of myotubes as compared to the cells treated with control siRNA
(Fig. 4A and B). Furthermore, the mTORC1 activity, measured by
pS6KT389 was significantly enhanced, whereas the mTORC2 activity,
measured by pAKTS473, was attenuated in the myotubes with UCHL1
KD in response to insulin stimulation, as compared to the cells with
control siRNA (Fig. 4C, D and E).

Altogether, these in vitro data confirm that UCHL1 indeed has an
inhibitory effect on mTORC1 activity in muscle. Thus deletion of
UCHL1 leads to the enhanced mTORC1 function, which contributes to
muscle fiber enlargement by promoting protein synthesis [31].

5. Inhibition of mTORC abolished UCHL1 KD-induced myotube en-
largement

To further test the role of mTORC1 in UCHL1 KD-induced myotube
enlargement, C2C12 cells were treated with control siRNA or siRNA for
UCHL1, and then treated with mTORC1 inhibitor rapamycin (10 nM,
24 h) [32] or DMSO. As shown in Fig. 5, rapamycin treatment abolished
myotube hypertrophy, confirming that UCHL1 KD-induced increase in
mTORC1 activity mediates the myotube enlargement.

6. UCHL1 KD affects an inhibitory factor of mTORC1

To understand how UCHL1 affects mTORC1 activity, we examined
the levels of some key components of the complex and some major
proteins that regulate mTORC1 activity. UCHL1 KD did not alter the
protein levels of mTOR, Raptor, or Riptor, the core components of
mTORC1 or mTORC2 (Fig. 6A). Interestingly, UCHL1 KD in C2C12
reduced the protein levels of PRAS40, an mTORC1 inhibitory factor
[33], which was reversed by co-treatment with MG132 (Fig. 6B). This
result suggests that UCHL1 may prevent PRAS40 from proteasome-
mediated degradation, potentially via deubiquitination of this protein.

7. UCHL1 skmKO did not compensate denervation-induced muscle
atrophy

We found that sciatic nerve denervation significantly increased
UCHL1 protein in the denervated muscle, even in the fast glycolytic
muscle EDL, which had low basal level of UCHL1. Since UCHL1 skmKO
causes muscle hypertrophy, we wanted to test whether UCHL1 skmKO
can prevent or alleviate denervation-induced muscle atrophy. As shown
in Fig. 7, denervation-induced upregulation of UCHL1 was abolished in
the muscle with UCHL1 skmKO. However, denervation-induced re-
duction of muscle fiber size was similar in UCHL1 skmKO muscle and
WT muscle. These data suggest that, the upregulated UCHL1 in de-
nervated muscle is not the key cause of muscle atrophy, rather, likely a
compensatory response. Therefore, blockade of UCHL1 activity unlikely
can prevent denervation-induced muscle atrophy.

4. Discussion

Originally discovered as a neuronal protein, UCHL1 in skeletal
muscle has not been recognized until recently [21,22] and its functional
roles in muscle are unknown. We recently reported that UCHL1 has an
inhibitory effect on myoblast C2C12 differentiation [23]. This study
reveals for the first time that UCHL1 is primarily expressed in type I
fibers of mouse muscle, suggesting that UCHL1 may be specifically
involved in regulation of growth and function of slow twitch muscle.
Indeed, skeletal muscle specific gene knockout of UCHL1 leads to
muscle fiber hypertrophy, specifically in type I fiber; Furthermore, in

vivo and in vitro gene deletion of UCHL1 resulted in enhanced mTORC1
activity, suggesting that the muscle hypertrophy induced by UCHL1
deletion is at least partially through regulation of mTORC1 activity.

mTOR is a conserved serine/threonine kinase that is broadly in-
volved in cell survival, growth, metabolism and energy balance [8–10]
and is a key signaling pathway in regulation of skeletal muscle growth
and mass [7,34]. Raptor containing mTORC1 promotes protein synth-
esis by phosphorylation and activation of S6K [7,11,12]. Our data show
that both in vivo and in vitro UCHL1 deletion leaded to increased
phosphorylation of S6K and muscle hypertrophy. In C2C12 cells, in-
hibition of mTORC1 by rapamycin prevented UCHL1 knockdown-in-
duced myotube enlargement. There is evidence that mTORC1 positively
regulates C2C12 differentiation and myotube formation [35,36].
Therefore, our data suggest that UCHL1 functions as a negative reg-
ulator of mTORC1. Of note, in vivo, UCHL1 deletion does not lead to a
significant and constitutive activation of mTORC1 at rest, but enhances
the mTORC1 activity in response to insulin stimulation. This suggests
that UCHL1 may not have a tonic inhibition but impose a negative ef-
fect on mTORC1 activation upon stimulation.

It remains to be fully addressed as how UCHL1 regulates mTORC1
activity. UCHL1 KD in C2C12 cells did not alter protein levels of raptor,
rictor, or mTOR, suggesting that UCHL1 may not directly act on these
proteins. On the other hand, mTORC1 activity is controlled by several
proteins and signaling pathways. For example, the heterodimer con-
sisting of tuberous sclerosis (TSC) 1 and 2 is a key negative regulator of
mTORC1 [37]. PRAS40 is another inhibitor of mTORC1 [33]. We were
not able to detect TSC protein in mouse skeletal muscle and C2C12
cells. However, our in vitro data showed that UCHL1 KD reduced
PRAS40 protein level, which was prevented by MG132 treatment.
Given a DUB function of UCHL1, this result suggests that UCHL1 may
deubiquitinate PRAS40 to attenuate the proteasomal degradation of
this protein. This provides a potential mechanism by which UCHL1 can
restrain mTORC1 activity in slow muscle.

UCHL1 level was upregulated in denervated muscle. Given the ne-
gative effect of UCHL1 on muscle mass and mTORC1 activity, it was
possible that the upregulation of UCHL1 contribute to the denervation-
induced muscle atrophy. However, in UCHL1 skmKO muscle, although
the denervation-induced upregulation of UCHL1 was completely abol-
ished, the muscle atrophy was not alleviated. This result suggest that
upregulation of UCHL1 is not a major cause of muscle atrophy. This is
consistent with a previous report that pharmacologically inhibiting
UCHL1 was not beneficial but detrimental in spinal muscle atrophy
[22]. The functional significance of the upregulated UCHL1 in muscle
remains to be further addressed.

This is the first study to examine UCHL1 function in skeletal muscle
using a tissue specific gene knockout approach. The results reveal for
the first time that UCHL1 is functionally expressed in oxidative muscle.
Still, many critical questions remain to be fully addressed. First, we
need to understand the physiological functions of UCHL1 in muscle.
The inhibitory effect of UCHL1 on muscle growth and hypertrophy
could be physiologically important. Muscle hypertrophy can be phy-
siological and beneficial, such as exercise-induced muscle hypertrophy.
On the other hand, pathological muscle hypertrophy is detrimental,
such as those present in Duchenne muscular dystrophy (DMD) and
Becker muscular dystrophy (BMD) [38]. In the future, whether UCHL1
skmKO-induced muscle hypertrophy is beneficial or detrimental will be
verified by testing the strength and endurance of muscles with UCHL1
skmKO. Second, it is necessary to know whether muscle UCHL1 is in-
volved in other physiological and pathological changes. Our pre-
liminary data (not shown here) indicate that muscle UCHL1 protein
level is significantly upregulated in denervated muscle and aged
muscle. Our future work is to determine whether this upregulation of
UCHL1 in muscle plays a beneficial or detrimental role in this condi-
tion. In addition, selective expression in oxidative muscle suggests that
UCHL1 may be functionally associated with oxidative metabolism,
which is also worth further investigation. Moreover, the interaction of
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UCHL1 and mTOR complexes and regulatory proteins remains to be
further investigated.

In summary, this study reveals for the first time the selective ex-
pression of UCHL1 in skeletal muscle and its effects on muscle mass and
mTORC1 activity. Taken together, these data suggests that UCHL1 is a
novel regulator of muscle growth, function, and metabolism.
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