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Abstract

Background Muscle regeneration includes proliferation and differentiation of muscle satellite cells, which involves the
mammalian target of rapamycin (mTOR). We identified the C-terminal unique attached sequence motif (UNE) domain
of leucyl-tRNA synthetase (LRS-UNE-L) as an mTORC1 (mTOR complex1)-activating domain that acts through Vps34
and phospholipase D1 (PLD1) when introduced in the form of a muscle-enhancing peptide.

Methods In vitro Vps34 lipid kinase assay, phosphatidylinositol 3-phosphate (PI(3)P) measurement, in vivo PLD1 as-
say, and western blot assay were performed in HEK293 cells to test the effect of the LRS-UNE-L on the Vps34-PLD1-
mTOR pathway. Adeno-associated virus (AAV)-LRS-UNE-L was transduced in C2C12 cells in vitro, in BaCl,-injured
tibialis anterior (TA) muscles, and in 18-month-old TA muscles to analyse its effect on myogenesis, muscle regenera-
tion, and aged muscle, respectively. The muscle-specific cell-permeable peptide M12 was fused with LRS-UNE-L and
tested for cell integration in C2C12 and HEK293 cells using FACS analysis and immunocytochemistry. Finally, M12-
LRS-UNE-L was introduced into BaCl,-injured TA muscles of 15-week-old PId1™* or Pld1 " mice, and its effect
was analysed by measurement of cross-sectional area of regenerating muscle fibres.

Results The LRS-UNE-L expression restored amino acid-induced S6K1 phosphorylation in LRS knockdown cells in a
RagD GTPases-independent manner (421%, P = 0.007 vs. LRS knockdown control cells). The LRS-UNE-L domain
was directly bound to Vps34; this interaction was accompanied by increases in Vps34 activity (166%, P = 0.0352),
PI(3)P levels (146%, P = 0.0039), and PLD1 activity (228%, P = 0.0294) compared with amino acid-treated control
cells, but it did not affect autophagic flux. AAV-delivered LRS-UNE-L. domain augmented S6K1 phosphorylation
(174%, P = 0.0013), mRNA levels of myosin heavy chain (MHC) (122%, P = 0.0282) and insulin-like growth factor
2 (IGF2) (146%, P = 0.008), and myogenic fusion (133%, P = 0.0479) in C2C12 myotubes. AAV-LRS-UNE-L increased
the size of regenerating muscle fibres in BaCl,-injured TA muscles (124%, P = 0.0279) (n = 9-10), but it did not
change the muscle fibre size of TA muscles in old mice. M12-LRS-UNE-L was preferentially delivered into C2C12 cells
compared with HEK293 cells and augmented regeneration of BaCl,-injured TA muscles in a PLD1-dependent manner
(116%, P = 0.0022) (n = 6).

Conclusions Our results provide compelling evidence that M12-LRS-UNE-L could be a muscle-enhancing protein
targeting mTOR.
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Introduction

Skeletal muscle plays an integral role in inter-organ crosstalk
for energy and protein metabolism throughout the body, as
well as in physical movement and posture.® Skeletal muscle
also serves as a reservoir of amino acids that can support pro-
tein synthesis and energy production.® Skeletal muscle re-
stores intact muscle function after injury through its robust
regenerative capacity. This regeneration is the result of suc-
cessful myogenic processes, including muscle stem cell acti-
vation and proliferation, cell cycle exit, the fusion of
mononucleated myocytes, and the formation of myotubes
and myofibres.?

The mammalian target of rapamycin (mTOR) governs the
anabolic and catabolic signalling that occurs within skeletal
muscles, thereby modulating muscle hypertrophy and muscle
wastage. mTOR is also a master regulator of skeletal
myogenesis via regulation of multiple stages of the myofibre
formation process, such as nascent myofibre formation and
myofibre growth.>* Rapamycin-resistant (RR) kinase-inactive
(KI1)-mTOR partially rescues the rapamycin-sensitive myogenic
function of mTOR in vitro and in vivo,*® implying that mTOR
controls myogenesis and the early phase of muscle regenera-
tion in both kinase-independent and kinase-dependent
manners.? Transcription of insulin-like growth factor 2 (IGF-
2) through a muscle-specific enhancer is regulated by mTOR
through a regulatory mechanism via amino acid-induced
Vps34-phospholipase D1 (PLD1) activation.® Thus, strategies
to enhance mTOR activity in a muscle-specific manner may
be important to promote myogenesis, myofibre growth, and
maintenance of muscle mass in a diverse muscle-related
pathological condition.

Hence, we investigated an attractive and comprehensive
method to augment mTOR activity in muscles. We previously
reported that leucyl-tRNA synthetase (LRS) activates Vps34-
PLD1-mTOR via the C-terminal unique attached sequence
motif (UNE) domain of LRS (LRS-UNE-L).” In this study, we de-
veloped a method to specifically introduce the LRS-UNE-L do-
main into muscles using M12, a muscle-specific cell-
permeable peptide. Thus, we made a muscle-specific self-
transducible LRS-UNE-L peptide, which can cross the cell
membrane and enter the cell by itself. We proposed that
muscle cell-specific delivery of the LRS-UNE-L domain would
enhance muscle differentiation in vivo and in vitro in a
mTORC1-dependent manner.

Methods

Cell culture, cell lysis, immunoprecipitation, western blot
analysis, cell viability assay, determination of PLD activity,
in vitro Vps34 lipid kinase assay, measurement of cellular

phosphatidylinositol 3-phosphate (PI(3)P) levels by ELISA,
RNA isolation, quantitative real-time PCR (qRT-PCR), immu-
nofluorescence imaging, and quantitative analysis of myo-
tubes were all performed following standard procedures
with detailed information described in the supporting infor-
mation. Additional information for antibodies, reagents, plas-
mids, RNAi, and animals appears in the supporting
information.

Purification of MTP-LRS-UNE-L and M12-LRS-UNE-L

The proteins were expressed following protein induction
using 0.3 mM isopropyl thiogalactoside (IPTG). After 6 h of
induction at 37°C and additional overnight culture at 18°C,
bacterial cells were harvested, frozen in lysis buffer [phos-
phate-buffered saline (PBS), pH 7.4, 1 mM dithiothreitol
(DTT), and 10 mg lysozyme], and sonicated at 40 Hz. Lysates
were loaded onto glutathione S-transferase (GST)-agarose
beads (GE Healthcare, Uppsala, Sweden) and washed with
buffer (PBS supplemented with 1 mM DTT, pH 7.4), and pro-
teins were eluted with buffer [50 mM Tris—HCl pH 8.0,
10 mM glutathione reduced (G6529, Sigma-Aldrich)]. After
dialysis overnight at 4°C, the eluted proteins were separated
from bacterial endotoxins using amicon-100K (UFC810024;
Millipore Co., Milford, MA, USA), concentrated with
amicon-10K, and subjected to digestion with thrombin
(7592; BioVision Incorporated, San Francisco, CA, USA). The
aliquots were stored at —80°C. Endotoxin levels were mea-
sured using the Pierce LAL Chromogenic Endotoxin Quantita-
tion Kit (88282; Thermo Fisher Scientific, Waltham, MA,
USA). The endotoxin levels were determined as follows:
MTP-Flag-LRS-UNE-L: 0.0356 Eu/mL; M12-Flag-LRS-UNE-L:
0.0404 Eu/mL; and LRS-UNE-L: 0.0352 Eu/mL.

Cellular integration of MTP-LRS-UNE-L and M12-
LRS-UNE-L

The MTP-LRS-UNE-L or M12-LRS-UNE-L were added to C2C12
myoblasts or HEK293 cells for the specified time in growth
media (Dulbecco’s Modified Eagle Medium containing 4.5 g/
L glucose with 10% foetal bovine serum and 1% penicillin—
streptomycin), as indicated in figure legends. For FACS analy-
sis, the cells were washed twice with PBS and then incubated
with APC anti-DYKDDK tag (637308; Biolegend, San Diego, CA,
USA) for 60 min at room temperature without or with perme-
abilization of the cell membrane using a Cell Fixation and Per-
meabilization kit (ab185917; Abcam, Cambridge, UK). After
washing with PBS, the cells were analysed by flow cytometry
(BD FACS Calibur; BD Biosciences, San Jose, CA, USA), and in-
tracellular levels of MTP-LRS-UNE-L or M12-LRS-UNE-L were
analysed. For M12-LRS-UNE-L staining in C2C12 cells, the cells
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were washed twice with PBS, fixed in 10% formaldehyde, and
permeabilized in 0.1% Triton X-100. After the cells were
blocked with 3% bovine serum albumin in PBS, the cells were
subjected to intracellular staining with anti-Flag at 4°C over-
night. The cells were incubated with Alexa Flour 488 goat
anti-rabbit 1gG (A11034, Molecular Probes, Thermo Fisher Sci-
entific). Fluorescent images of cells were captured using a La-
ser Scanning Confocal Microscope 700 (LSM 700, Carl Zeiss)
equipped with an LSM T-PMT camera (Carl Zeiss, LSM 700).

AAV-LRS-UNE-L introduction in C2C12 cells and the mouse
hindlimb tibialis anterior muscles

For AAV-LRS-UNE-L introduction into C2C12 cells, C2C12 cells
were differentiated for 48 h and then transduced with 4 x 10°
virus particles of AAV-EGFP or AAV-LRS-UNE-L in the differen-
tiation media for 24 h. The cells were incubated in the differ-
entiation media for another 24 h and then subjected to the
next procedures described in the figure legends. For AAV-
LRS-UNE-L introduction into tibialis anterior (TA) muscles,
1 x 10™ virus particles of AAV-EGFP or AAV-LRS-UNE-L were
injected into the mouse hindlimb TA muscle of the EGFP
group or UNE-L group of 18-month-old or 10-week-old male
mice, respectively. The TA muscles were collected 8 weeks af-
ter AAV-EGFP or AAV-LRS-UNE-L introduction in 18-month-
old male mice. Fifty microliters of 1.2% (w/v) BaCl, dissolved
in saline were injected into the TA muscle of the mice 8 weeks
after AAV-EGFP or AAV-LRS-UNE-L introduction in 10-week-
old male mice and the TA muscles were collected 5 days after
the injury.

M 12-LRS-UNE-L introduction during BaCl-induced
muscle injury

M12-LRS-UNE-L, MTP-LRS-UNE-L, or LRS-UNE-L (22 uM) pro-
tein was co-injected with 50 pL of 1.2% (w/v) BaCl, dissolved
in saline in the TA muscles of 15-week-old male PldZ”* or
Pld27~/~ mice. The injured TA muscles were collected 5 days
after injury and subjected to histochemical analysis with hae-
matoxylin and eosin (H&E) staining.

Histochemical analysis

The isolated muscles were fixed in 10% formaldehyde solu-
tion, embedded in paraffin, serially sectioned, and stained
with H&E following standard procedures. Five to ten images
of the injured areas were randomly captured using a Motic
Easyscan Digital Slide Scanner (Motic Hong Kong Limited,
Hong Kong, China). The images were then analysed for
cross-sectional area of all centrally nucleated regenerating
myofibres using Image) software. All analyses were per-
formed by investigators who were blinded to the identities
of the samples.

Statistical analysis

All values were expressed as mean * standard deviation (SD)
of at least three independent experiments. All individual data
points are shown in the graphs. All statistical analyses were
performed using either the Mann-Whitney U test or
GraphPad Prism version 9.0 for Microsoft Windows
(GraphPad Software, La Jolla, CA, USA). Statistical significance
was set at P < 0.05.

Results

UNE-L domain of LRS enhances amino acid-induced
Vps34-PLD1-mTORC1 activity

The C-terminal UNE-L domain of LRS is critical for the activity
of LRS towards mTORC1.” To validate the previously reported
role of the LRS-UNE-L domain in the activation of the Vps34/
PLD1/mTORC1 axis, we examined whether LRS-UNE-L expres-
sion induced the activation of Vps34-PLD1-mTORC1 pathway
in cells depleted of LRS by transduction with shRNA for LRS.
We first confirmed that the addition of amino acids stimu-
lated Vps34-PLD-mTOR signalling; the extent of stimulation
was comparable to that of stimulation with leucine alone
(Figure S1A,B,C), which is consistent with a previous report.”
We utilized the addition of amino acids for the stimulation of
Vps34-PLD-mTOR signalling throughout the rest of study. LRS
knockdown decreased S6K1 activation, a well-known down-
stream target of mTORC1, in amino acid stimulation condi-
tions, as previously reported’ (Figure 1A). The expression of
the C-terminal UNE-L domain of LRS (LRS-UNE-L domain)
was sufficient to restore amino acid-induced mTORC1 activ-
ity, as shown by an increase in S6K1 phosphorylation, in LRS
knockdown cells (Figure 1A; 421% increase compared with
LRS knockdown control cells). The extent of mTORC1 activa-
tion in LRS-UNE-L domain-expressed cells was comparable
to that in LRS-wild type (WT-overexpressed cells (Figure
1A). Consistently, LRS-UNE-L expression augmented mTOR
phosphorylation at Ser2448 in mTORC1 that was isolated by
immunoprecipitation after pre-clearing mTORC2 with
anti-rictor immunoprecipitation (Figure S2); the extent of
Ser2448 phosphorylation was similar to that in LRS-WT-over-
expressed cells. However, the expression of either LRS-WT or
LRS-UNE-L did not induce mTORC1 activation in the absence
of amino acids (Figure 1A). LRS translocates to the lysosome
in leucine stimulation, binds to RagD GTPase, and serves as
a GTPase activating protein (GAP) of the RagD GTPase.®®
BC-LI-0186 is a compound that binds to the RagD-interacting
site of LRS and inhibits both lysosomal localization of LRS and
mTORC1 activity.” Treatment with BC-LI-0186 blocked amino
acid-stimulated mTORC1 activity, as shown by a decrease in
the phosphorylation of S6K1 at Thr 389 (Figure 1B), as previ-
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Figure 1 LRS-UNE-L enhances amino acid-induced Vps34-PLD1-mTORC1 activity. (A) HEK293 cells were transduced with lentivirus expressing shLRS or
shScramble (control), selected with puromycin for 3 days, and transfected with Flag-LRS-WT or Flag-LRS-UNE-L. The cells were serum-starved over-
night, amino acid-deprived for 2 h, stimulated with amino acids (AA) for 30 min, and then lysed and subjected to western blot analysis (n = 3). (B)
HEK293 cells were transfected with Flag-LRS-UNE-L, serum-starved overnight, and amino acid-deprived for 2 h. Amino acid stimulation for 30 min
was performed in the presence or absence of 30 uM BC-LI-0186 before the cells were lysed and subjected to western blot analysis (n = 3). (C)
HEK293 cells were transfected with Flag-LRS-UNE-L. Anti-Flag immunoprecipitation was conducted, followed by western blot analysis. (D) HEK293 cells
were co-transfected with myc-Vps34/V5-Vps15 and Flag-LRS-WT or Flag-LRS-UNE-L. The cells were serum-starved overnight, amino acid-deprived for
2 h, and stimulated with amino acids for 30 min. Anti-myc immunoprecipitates of cell lysates were subjected to in vitro kinase assay (n = 3). (E) HEK293
cells were transfected with Flag-LRS-WT or Flag-LRS-UNE-L and treated as in (D). PI(3)P levels of lipid extracts were measured by quantitative PI(3)P
ELISA assay (n = 3). (F) HEK293 cells were co-transfected with HA-PLD1 and Flag-LRS-WT or Flag-LRS-UNE-L and treated as in (D), followed by in vivo
PLD1 assays (n = 4). (G) HEK293 cells were transfected with Flag-LRS-UNE-L, serum-starved overnight, and then subjected to western blot analysis
(n = 3). All controls were transfected with empty vector. All data shown are the mean + SD or representative blots from 3-5 independent experiments.
The intensities of western blots were quantified using ImageJ software (A, B, G). Data were normalized to amino acid-stimulated shScramble trans-
duced cells (A), amino acid-stimulated control (B), amino acid-starved control (D, E, F), or empty vector transfected control (G). *P < 0.05,
**p < 0.01 vs. amino acid-stimulated control (A, B, D, E, F); AP < 0.05, AAP < 0.01 vs. amino acid-stimulated shLRS-transduced cells (A);
##P < 0.01 vs. amino acid + BC-LI-0186 (B); $P < 0.05 vs. amino acid + Flag-LRS-UNE-L (B); §P < 0.05, §§P < 0.01 vs. amino acid-starved control
(D, E, F); *P < 0.05 vs. empty vector transfected control (G) using GraphPad Prism version 9.0.
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ously reported.® However, LRS-UNE-L expression partially res-
cued S6K1 phosphorylation in amino acid stimulation (Figure
1B), suggesting that LRS-UNE-L activates mTORC1 activity in a
RagD GTPase-independent manner. In line with the effect of
the LRS-UNE-L domain on mTORC1 activity, LRS-UNE-L bound
to Vps34, suggesting that LRS-UNE-L activates mTOR through
direct interaction with Vps34 (Figure 1C). This interaction was
confirmed and retained in larger LRS fragments containing
the LRS-UNE-L domain (e.g. amino acids 1011-1176 and
amino acids 1033-1176) but was lost in a larger LRS fragment
encompassing amino acids 979-1176 (Figure S3). LRS-UNE-L
expression increased amino acid-induced Vps34 activity (Fig-
ure 1D), total cellular PI3P levels (Figure 1E), and PLD1 activity
(Figure 1F) to a similar extent as LRS-WT overexpression. The
increases in LRS-UNE-L expressed cells compared with amino
acid-treated control cells are 166% in Vps34 activity
(P = 0.0352), 146% in PI(3)P levels (P = 0.0039), and 228%
in PLD1 activity (P = 0.0294). The overexpression of LRS-WT
and LRS-UNE-L did not affect PI(3)P levels and PLD1 activity
in absence of amino acids (Figure 1E,F). Vps34 functions as
a regulator of amino acid signalling in nonautophagic com-
plexes, whereas it regulates autophagy in distinct autophagic
complexes.” As shown in Figure 1G, LRS-UNE-L expression did
not affect autophagic flux under serum-starved conditions, as
evidenced by the lack of changes in the LC3BII/I ratio and p62
level.

AAV-LRS-UNE-L augments myogenic differentiation
in C2C12 cells

To further examine the biological application of this role of
the LRS-UNE-L domain in regulating mTORC1 activity, we in-
vestigated the potential function of the LRS-UNE-L domain
in myoblast differentiation. The Vps34-PLD1-mTOR axis is a
positive regulator of myogenic differentiation by controlling
IGF-2 expression.® C2C12 myoblasts were induced to differ-
entiate by serum withdrawal for 2 days and then transduced
with either AAV-EGFP or AAV-LRS-UNE-L. The high expression
of LRS-UNE-L measured in C2C12 myotubes 2 days after AAV-
LRS-UNE-L transduction was accompanied by significantly en-
hanced mRNA expression of IGF-2 and MHC, a late differenti-
ation marker (Figure 2A). However, the level of myogenin
MRNA, an early differentiation marker, remained unchanged
in AAV-LRS-UNE-L-expressing myotubes (Figure 2A). In line
with this observation, AAV-LRS-UNE-L expression increased
the protein level of MHC, and not myogenin, along with aug-
mentation of S6K1 phosphorylation at Thr 389 in C2C12 myo-
tubes (Figure 2B), which is consistent with the increase in
S6K1 phosphorylation observed in HEK293 cells (Figure 1A).
In addition, expression of the LRS-UNE-L domain led to a sig-
nificant augmentation of myogenic differentiation compared
with the AAV-EGFP-transduced control, as shown by a signif-

icant increase in the differentiation index, fusion index, and
myotube size (Figure 2C).

AAV-LRS-UNE-L enhances muscle regeneration in
BaCl-induced muscle injury

To probe the potential effect of the LRS-UNE-L domain in
myogenesis in vivo, we employed a well-established BaCl,-
induced muscle injury model. The endogenous LRS mRNA
level was enhanced 1-5 days after injury, which was ob-
served together with a remarkable increase in Adgrel (F4/
80)-infiltrating macrophages (Figure 3A), suggesting the po-
tential involvement of LRS in in vivo myogenesis. AAV-LRS-
UNE-L or AAV-EGFP was transduced in the TA muscles of a
hindlimb in 10-week-old mice. The expression of LRS-UNE-L
was confirmed in the TA muscles of the mice 8 weeks after
AAV-LRS-UNE-L transduction (Figure 3B,C). After BaCl, was
injected into the TA muscles of a hindlimb in the mice, the
formation of regenerating myofibres was identified by cen-
trally located myonuclei in H&E staining on Day 5 after in-
jury (Figure 3D). The number of large regenerating
myofibres and the average size of regenerating myofibres
was significantly greater in AAV-LRS-UNE-L-transduced TA
muscles compared with in AAV-EGFP-transduced TA muscles
(Figure 3E). Moreover, IGF2 mRNA expression was higher in
the TA muscles transduced with AAV-LRS-UNE-L (Figure 3F),
reflecting an increase in the Vps34-PLD1-mTOR axis.® These
results are evidence of a positive effect of the LRS-UNE-L
construct in muscle regeneration, strongly implying the role
of the LRS-UNE-L domain as a positive regulator of muscle
regeneration.

LRS-UNE-L domain does not affect the size of
myofibres in aged TA muscles

Next, we examined the effect of LRS-UNE-L expression on
the size of myofibres in aged muscles. Transduction with
AAV-LRS-UNE-L induced LRS-UNE-L expression in the TA
muscles of the hindlimb 8 weeks after AAV-LRS-UNE-L in-
troduction in 18-month-old mice (Figure 4A,B). Whereas
AAV-transduced LRS-UNE-L expression resulted in a greater
number of large myofibres compared with the EGFP con-
trol, the average size of the myofibres was not changed sig-
nificantly (Figure 4C,D). IGF2 mRNA expression increased
mildly, not significantly, in AAV-LRS-UNE-L transduced old
TA muscles (Figure 4E). To examine the reason for the
weak response to LRS-UNE-L expression in aged TA mus-
cles, we tested the expression levels of the Vps34-PLD1-
mMTOR axis proteins in young and old muscles. PLD1 mRNA
expression was greater in 18-month-old TA muscles,
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Figure 2 Adeno-associated virus (AAV)-delivered UNE-L domain of LRS augments myogenic differentiation in C2C12 cells. C2C12 myoblast cells were
differentiated for 48 h, transduced with AAV-UNE-L or AAV-EGFP for 24 h, and then incubated in the differentiation media for another 24 h. (A) The cell

lysates were analysed using quantitative real-time PCR (qRT-PCR) (n = 3).

cells were stained with MHC (green) and DAPI (red). Scale bar = 50 pm.

(B) The cell lysates were subjected to western blot analysis (n = 3). (C) The
Differentiation index (the number of nuclei in the MHC positive cells/total

nuclei), fusion index (the number of nuclei in MHC positive myotubes (>2 myonuclei)/total nuclei), and average myotube size (number of
myonuclei/myotube) were quantified (n = 3). Data were normalized to AAV-EGFP-transduced cells except myotube size. *P < 0.05 **P < 0.01 vs.

AAV-EGFP transduced cells by GraphPad Prism version 9.0.

whereas mRNA expression of Vps34 and mTOR were not
changed significantly compared with that of 10-week-old
TA muscles (Figure 4F). In addition, PLD activity and phos-
phorylation of 4EBP1 at Ser65, a well-known downstream
target of mTORC1, were significantly higher in the gastroc-
nemii of aged mice (Figure 4G,H), suggesting that the ex-
tent of LRS-UNE-L-induced enhancement on PLD1-mTOR
activity might not be enough to induce further activation
of PLD1-mTOR due to elevated basal activity of
PLD1-mTOR in aged muscles.

Synthesis and characterization of the MTP or
M12-conjugated LRS-UNE-L domain

To specifically deliver the LRS-UNE-L domain to muscle cells
in vivo, we fused the muscle cell-specific permeable peptides
MTP or M12 to the LRS-UNE-L domain, respectively (Figure
S4A,B). MTP and M12 have been reported as
muscle-targeting permeable peptides,’®*! which led us to
use them as a muscle-specific self-delivery vehicle of the
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Figure 3 Adeno-associated virus (AAV)-delivered UNE-L domain of LRS enhances regenerating muscle fibres in BaCl,-induced muscle injury. (A) Tibialis
anterior (TA) muscles from 10-week-old male mice were injected with BaCl; or saline, collected at the indicated days after injury (Al), and subjected to
quantitative real-time PCR (qRT-PCR) (n = 6). (B) TA muscles from 10-week-old mice were transduced with AAV-EGFP or AAV-UNE-L, injected with BaCl,
8 weeks after transduction, and isolated 5 days Al (n = 9-10). (C) TA muscles of 10-week-old mice were transduced with AAV-EGFP or AAV-UNE-L,
isolated 8 weeks after injection, and subjected to qRT-PCR. (D) Representative haematoxylin and eosin (H&E) images of muscle from (B). Scale
bar = 60 um. (E) The cross-sectional area (CSA) of all centrally nucleated regenerating myofibres in TA muscles from (B) were measured. (F) TA muscles
from (B) were subjected to qRT-PCR. *P < 0.05 **P < 0.01 vs. Al 0 day (A), or AAV-EGFP group (C, E, F) by Mann—Whitney U test. All data shown are
mean + SD or representative images. Data were normalized to Al O day group (A) or AAV-EGFP group (C, F).

LRS-UNE-L domain. GST-MTP-LRS-UNE-L or GST-M12-LRS-
UNE-L was expressed in Escherichia coli and purified via gluta-
thione chromatography, and GST was removed. Prolonged in-
cubation for 24 h with MTP-LRS-UNE-L or M12-LRS-UNE-L did
not affect cell viability in vitro (Figure 5A). To determine
whether MTP- or M12-LRS-UNE-L could be successfully inter-
nalized, we performed flow cytometric analysis of MTP-LRS-
UNE-L or M12-LRS-UNE-L in C2C12 cells with or without per-
meabilization of the cell membrane. MTP-LRS-UNE-L or M12-
LRS-UNE-L was readily identified inside C2C12 cells in a
concentration-dependent manner with permeabilization of
the cell membrane (Figures 5B and S5). MTP-LRS-UNE-L or
M12-LRS-UNE-L was detected at a low level inside HEK293
cells compared with C2C12 cells (Figure S6A), suggesting
the specificity of MTP-LRS-UNE-L or M12-LRS-UNE-L towards
muscle cells. In addition, M12-LRS-UNE-L was not detectable
inside C2C12 or HEK293 cells under the condition with
non-permeabilization of the cell membrane, whereas MTP-
LRS-UNE-L was (Figures 5C and S6B). These results implied
that M12-LRS-UNE-L was muscle cell-specifically internalized
into C2C12 cells, and that MTP-LRS-UNE-L might, instead, ad-

here to and remain attached to the cell membrane of C2C12
cells. Correspondingly, immunofluorescent staining of C2C12
cells with an anti-Flag confirmed the intracellular delivery of
M12-LRS-UNE-L in 1 h (Figure 5D). These results suggest that
M12-LRS-UNE-L is a muscle cell-specific self-transducible
protein.

The muscle cell-specific self-transducible peptide
M12-conjugated LRS-UNE-L domain augments the
size of regenerating fibres in a PLD1-dependent
manner

We next assessed the effect of M12-LRS-UNE-L, a muscle cell-
specific self-transducible protein, on myogenesis in vivo. First,
we employed the BaCl,-induced injury model in PldZ”* and
Pld7~/~ mice. The average size of regenerating fibres in TA
muscles of PldZ~/~ mice was smaller than that in TA muscles
of PId7*/* mice 5 days after injury (Figure 6A,B), consistent
with previous evidence of a myogenic role for the
PLD1-mTORC1 axis in vivo.*** Next, BaCl, and M12-LRS-
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Figure 4 AAV-delivered UNE-L domain of LRS does not affect muscle fibre s

ize of aged TA muscles. (A) Tibialis anterior (TA) muscles from 18-month-

old male mice were injected with AAV-EGFP or AAV-UNE-L and collected 8 weeks after injection (n = 9-10). (B) TA muscles from (A) were lysed and

analysed by quantitative real-time PCR (qRT-PCR). (C) Representative haema

toxylin and eosin (H&E) images of TA muscles from (A). (D) The cross-sec-

tional area (CSA) of TA muscles from (A) were measured. (E) The lysates of TA muscles from (A) were analysed by qRT-PCR. (F) TA muscles from young

group (10-week-old) and old group (18-month-old) male mice were isolated,

group (10-week-old) and old group (18-month-old) male mice were isolated.

lysed, and subjected to qRT-PCR (n = 6). (G, H) Gastrocnemii from young
(G) The lysates of gastrocnemii were measured for PLD activity according

to the manufacturer’s procedure (n = 4-5). (H) The gastrocnemii were lysed and subjected to western blot analysis (n = 6-7). *P < 0.05, **P < 0.01 vs.
AAV-EGFP group (B) or young group (F, G, H) by Mann—-Whitney U test. All data shown are mean * SD or representative images. Data were normalized

to AAV-EGFP group (B, E) or young group (F, H).

UNE-L or LRS-UNE-L were co-injected into TA muscles of
PId1** and Pld7/~ mice. As shown in Figure 6C,D, we ob-
served that, on Day 5 after injury, the average
cross-sectional area of regenerating fibres in TA muscles of
PId1** mice was significantly larger following the introduc-
tion of the muscle-specific M12-LRS-UNE-L protein, compared
with the introduction of LRS-UNE-L. On the other hand, injec-
tion of MTP-LRS-UNE-L did not affect the size of the
regenerating fibres in BaCl,-injured TA muscles (Figure S7A,
B), consistent with our observation that MTP-LRS-UNE-L does
not enter muscle cells (Figures 5B,C). Notably, co-injection of
M12-LRS-UNE-L and BaCl, in the TA muscles of PldZ~/~ mice
did not enhance the average size of regenerating fibres

(Figure 6D). These results provide direct evidence that M12-
LRS-UNE-L enhances muscle regeneration through PLD1-
mTOR regulation.

Discussion

The muscle is the central organ of the body’s metabolism
and maintaining muscle mass is critical for human health.
MTORC1 has been identified as a key player in the regula-
tion of muscle mass and function. Here, we report that
LRS-UNE-L functions as an activator of mTORC1 signalling
in muscle differentiation. Through our efforts to specifically
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deliver LRS-UNE-L into muscle, we succeeded in activating
mMTORC1 and enhancing muscle differentiation in vitro and
in vivo.

Our results indicate that LRS-UNE-L augmented muscle dif-
ferentiation through a noncanonical function of LRS. LRS-
UNE-L enhanced the expression of MHC, which is a late
marker of myogenesis and is crucial for differentiation as well
as muscle fibre formation.”® LRS-UNE-L did not change the
expression of myogenin, an early differentiation marker that
acts downstream of both MyoD and Myf5.** LRS-UNE-L also
increased IGF2 expression, a growth factor in C2C12 differen-
tiation that is regulated by Vps34-PLD1-mTOR following
amino acid stimulation.®

Contrary to the positive role of LRS-UNE-L in myogenesis in
the present study, Son et al. showed that LRS inhibits C2C12
differentiation via a process involving leucine binding/sensing
that is independent of the protein synthesis rate.*® LRS binds
to RagD GTPase following amino acid stimulation, increasing
in insulin receptor substrate (IRS)-1 phosphorylation at
Ser307 by mTORC1, subsequent suppression of phosphoino-

sitide 3-kinase (PI3K)-Akt, and inhibition of myogenesis.®*®
However, this negative role of LRS in myogenesis contradicts
the finding that leucine concentration is correlated with
C2C12 differentiation'® and amino acids activate IGF2 tran-
scription during myogenesis.® This led us to reason that there
is an amino acid-induced positive role of LRS in C2C12
myogenesis that is independent of LRS-RagD GTPase-
MTORC1. In support of this, LRS-UNE-L expression aug-
mented the amino acid-induced S6K1 activation in HEK293
cells and this amino-acid induced S6K1 activation remained
in the presence of BC-LI-0186 (Figure 1B), a compound that
hinders the interaction between LRS and RagD GTPase,’ indi-
cating a unique RagD-independent regulation of LRS-UNE-L in
amino acid-stimulated mTORC1 activation. Furthermore, the
region of LRS-WT known to interact with RagD GTPase
(amino acids 951-971) is not present in the LRS-UNE-L do-
main (amino acids 1064-1176),% implying that LRS-UNE-L ac-
tivation of mTORC1 is likely independent of RagD GTPase
binding to mTORC1. Nevertheless, LRS-UNE-L cannot activate
Vps34-PLD1-mTORC1 in the absence of amino acids, likely be-
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Figure 6 M12-LRS-UNE-L domain augments muscle regeneration of BaCl,-injured TA muscles in a PLD1-dependent manner. (A, B) Tibialis anterior (TA)
muscles of 15-week-old male Pldz"* (n=7)and Pld1™~ mice (n = 7) were injected with BaCl, and isolated on Day 5 after injury. (A) Representative
haematoxylin and eosin (H&E) staining images. (B) Myofibre cross-sectional area (CSA) was measured using ImageJ software. Scale bar = 60 um. (C, D)
TA muscles of 15-week-old male PIdZ”* and PldZ /™ mice were co-injected with BaCl, and LRS-UNE-L or M12-LRS-UNE-L and collected on Day 5 after
injury (n = 6). (C) Representative H&E staining images. (D) The CSA of regenerating myofibres was measured. **P < 0.01 compared with Pld1** (A), or

PldZ"* with LRS-UNE-L (B) by Mann-Whitney U test.

cause the Vps34-PLD1 pathway is only one of two required
amino acid-sensing pathways upstream of mTORC1 (the
other pathway is the RagD pathway). PLD1 translocation via
Vps34-PI(3)P occurs independent of Rag-mediated mTORC1
translocation and then PLD1-produced PA activates mTORC1
on the lysosome.*® Thus, LRS-UNE-L activation of mTORC1,
via Vps34 and PLD1, requires the presence of amino acids,
likely in order to induce the parallel RagD-mediated mTORC1
translocation on the lysosome.*®*”

A unique attached sequence motif (UNE), like the UNE-L
domain of LRS, was also found in several amino acyl-tRNA
synthetases (ARSs).*® In some cases, these UNE domains are
known to interact with other proteins. UNE-I,, the second
UNE domain of isoleucyl-tRNA synthetase (IRS), mediates its
association with the multi-tRNA synthetase complex
(MSC).X® UNE-S, a UNE domain of seryl-tRNA synthetase

(SRS), contains a nuclear localization signal that leads to nu-
clear translocation of SRS.2° Until now, the direct interaction
of the LRS-UNE-L domain with proteins had not yet been re-
ported. We found that the LRS-UNE-L domain interacted with
Vps34 (Figure 1C), providing a mechanistic explanation of
UNE-L-induced mTOR activation. This result suggested that
the LRS-UNE-L domain could be developed as a practical do-
main for activating Vps34-PLD-mTOR signalling. However, a
cautious approach is required for determining the optimal
length of the LRS C-terminal fragment containing LRS-UNE-L
for that purpose, because the LRS fragment comprised of
amino acids 979-1176 does not appear to interact with
Vps34 (Figure S3), nor does the LRS fragment of amino acids
721-1176.” We assume that the long C-terminal LRS frag-
ments might form an abnormal structure that conceals the
Vps34 interaction motif inside of the LRS-UNE-L domain,
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which warrants future investigation. In addition, we cannot
completely rule out the possibility that the LRS-UNE-L domain
interacts with new regulators other than Vps34 during mus-
cle regeneration to enhance regenerating muscle fibres. Re-
cently, the polypeptide SPAR was reported to bind to
Atp6bv0al, leading to stabilization of Ragulator and
V-ATPase independent of amino acid stimulation and
inhibiting mMTORC1 activity in muscle.’> Whether the LRS-
UNE-L domain also functions in myogenesis in vivo and
in vitro through muscle cell-specific protein—protein interac-
tions warrants further investigation.

We utilized M12 and MTP, two muscle-specific peptides,
for targeted delivery of LRS-UNE-L to muscle cells. We found
that M12-LRS-UNE-L went into the cells, whereas MTP re-
mained at the cell membrane and had a low tendency to en-
ter the cells (Figure 5). Consistent with these findings, we
observed that M12-LRS-UNE-L, but not MTP-LRS-UNE-L, en-
hanced regenerating muscle fibre sizes in BaCl,-injured TA
muscles (Figures 6 and S7). A previous paper also reported
that M12 has more efficient muscle-targeting activity than
MTP!; M12 conjugated with a phosphorodiamidate
morpholino oligomer enhances dystrophin expression more
efficiently in muscle cells compared with MTP-conjugated
phosphorodiamidate morpholino oligomer with a higher
binding affinity to skeletal muscle compared with MTP.*
The M12 peptide was recently shown to enhance exosome
delivery to the muscle by conjugating with CPO5, a targeting
peptide for exosomes,?* confirming M12 as a
muscle-targeting peptide. However, the muscle protein that
binds to M12 is still unknown; further investigation is re-
quired to determine the precise mechanism by which M12
targets muscle cells. One such mechanism has already been
identified for the laminin o2 chain peptide A2G80
(VQLRNGFPYFSY), which has a high affinity for a-dystroglycan
that explains its ability to deliver a peptide-gene complex to
the muscle.?

In the present study, LRS-UNE-L did not enhance the size of
aged muscle fibres, whereas it significantly augmented the
size of muscle-regenerating fibres in the BaCl,-injured TA
muscles. We assume that the weak response of the LRS-
UNE-L-domain in aged muscles was due to the already high
basal activity of PLD1-mTOR in aged muscles. Previous re-
ports showed that mTOR signalling is hyperactive in the skel-
etal muscles of aged rats and mice.?**® Consistently
hyperactive mTORC1 in aged muscles increases GDF15 ex-
pression and subsequent progressive oxidative stress,
resulting in fibre damages and fibre loss.?* Thus, instead of
attempting to increase mTORC1 activity in aged muscles, a
new strategy needs to be developed for muscle recovery in
this aged context. In the current study, we did not test the ef-
fect of LRS-UNE-L on the muscles from female mice. Examina-
tion of the effects of LRS-UNE-L on muscle regeneration in
female mice is required to conclude that the effects of this
peptide are universal.

mMTORCL1 has been identified as a key player in regulating
muscle mass. mTORC1 inhibition by the depletion of a major
mTORC1 component, raptor, or overexpression of a mTORC1
suppressor, tuberous sclerosis complex 1 (TSC1), led to mus-
cle atrophy®®?” and rapamycin, a selective mTOR inhibitor,
blocked muscle hypertrophy.® The tight interconnection of
MTORC1 to the Akt-Forkhead box O (FoxO) pathway or to au-
tophagy induces pathological changes of muscle homeostasis
even in mTORC1 activated muscles. The short-term activation
of mTORC1 by TSC knockdown in muscles increased muscle
fibre size,?° whereas the sustained activation of mTORC1 by
genetic deletion of TSC1 decreased Akt activity, resulting in
FoxO activation and an increase in the expression of E3 ubig-
uitin ligases atrogin and muscle-specific ring finger 1
(MuRF1).2%% |n addition, the constant activation of mTORC1
in Tsc skeletal muscle-specific knockout mice inhibited ULK1
activity and subsequent autophagy induction, leading to the
accumulation of autophagic substrates and the development
of a late-onset myopathy.®* Thus, the duration and extent of
mMTORC1 activation by M12-LRS-UNE-L need to be thoroughly
explored and optimized, specifically with regard to FoxO acti-
vation or autophagy inhibition, to maximize the peptide’s
function as a mTORC1 dependent muscle enhancer. Our ini-
tial investigations confirmed that LRS-UNE-L expression did
not affect autophagic flux in vitro (Figure 1G).

In the present study, we evaluated a functionally impor-
tant region of LRS, LRS-UNE-L, in muscles and developed it
as a muscle-specific self-transducible muscle-enhancing pep-
tide. Its activity was associated with the activation of the
Vps34-PLD1-mTORC1 axis, augmentation of myogenesis in
vitro, and increased muscle regeneration in BaCl,-injured
muscles. The muscle-specific mTORC1-activating protein,
M12-LRS-UNE-L, could be developed as an investigational or
therapeutic strategy for a variety of mTORC1-related patho-
logical conditions in muscles.
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