
Nontranslational function of leucyl-tRNA synthetase regulates
myogenic differentiation and skeletal muscle regeneration

Kook Son, … , Sunghoon Kim, Jie Chen

J Clin Invest. 2019. https://doi.org/10.1172/JCI122560.

 

Aside from its catalytic function in protein synthesis, leucyl-tRNA synthetase (LRS) has a nontranslational function in
regulating cell growth via the mammalian target of rapamycin (mTOR) complex 1 (mTORC1) pathway by sensing amino
acid availability. mTOR also regulates skeletal myogenesis, but the signaling mechanism is distinct from that in cell
growth regulation. A role of LRS in myogenesis has not been reported. Here we report that LRS negatively regulated
myoblast differentiation in vitro. This function of LRS was independent of its regulation of protein synthesis, and it required
leucine-binding but not tRNA charging activity of LRS. Local knock down of LRS accelerated muscle regeneration in a
mouse injury model, and so did the knock down of Rag or Raptor. Further in vitro studies established a Rag-mTORC1
pathway, which inhibits the IRS1-PI3K-Akt pathway, to be the mediator of the nontranslational function of LRS in
myogenesis. BC-LI-0186, an inhibitor reported to disrupt LRS-Rag interaction, promoted robust muscle regeneration with
enhanced functional recovery, and this effect was abolished by cotreatment with an Akt inhibitor. Taken together, our
findings revealed what we believe is a novel function for LRS in controlling the homeostasis of myogenesis, and
suggested a potential therapeutic strategy to target a noncanonical function of a housekeeping protein.
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Introduction
Skeletal myogenesis is a highly coordinated process that includes 
satellite cell activation, cell-cycle exit, and fusion of mononucle-
ated myoblasts resulting in multinucleated myofibers (1). Many 
signaling pathways regulate the expression of myogenic genes and 
eventually the myogenesis process (2, 3). Dysregulation of this 
process may exacerbate pathological conditions such as muscular 
dystrophy, cachexia, and sarcopenia (4).

Aminoacyl-tRNA synthetases (AARSs) are essential for the ini-
tiation of protein synthesis by catalyzing ligation of each amino acid 
to its cognate tRNAs, a process called aminoacylation. This catalytic 
activity of AARSs entails a 2-step process: amino acid activation by 
condensing with ATP to form aminoacyl adenylates, and transfer-
ring activated amino acids to the cognate tRNAs. In recent years, 
noncanonical functions of AARSs independent of protein synthesis 
are increasingly recognized to play diverse roles in cellular regula-
tion (5, 6). One example is leucyl-tRNA synthetase (LRS), which has 
been reported to be a leucine sensor upstream of mTOR complex 1 
(mTORC1) that regulates cell growth in yeast and mammals (7, 8). 

Multiple mechanisms have been proposed for this LRS function 
upstream of mTORC1, including GTPase-activating protein (GAP) 
activity toward RagD (7), activation of PI3-kinase Vps34 (9), inter-
action with folliculin (a GAP for RagC/D) (10), and leucylation of 
RagA/B (11). Whereas a role of LRS in activating mTORC1 has been 
validated independently by several groups in diverse systems (7–11), 
LRS as a GAP for RagD remains controversial (7, 12).

While it can be assumed that the translational function of 
LRS is necessary for myogenesis, a process involving robust pro-
tein synthesis, whether LRS has any noncanonical function in 
myogenesis is unknown. Here we reveal that LRS is a negative 
regulator of myogenic differentiation and injury-induced skeletal 
muscle regeneration. We show that this function of LRS is inde-
pendent of protein synthesis and is mediated by Rag activation 
of mTORC1, and that the Rag-mTORC1 pathway negatively reg-
ulates myogenesis through inhibition of Akt signaling. Disruption 
of the LRS-Rag interaction using a recently reported small mol-
ecule, BC-LI-0186, results in larger regenerating myofibers and 
functional enhancement of the regenerating muscles.

Results and Discussion
LRS negatively regulates myogenesis in a translation-independent man-
ner. To investigate a potential role of LRS in myoblast differentiation, 
we knocked down LRS using lentivirus-delivered shRNA in C2C12 
myoblasts, which were then induced to differentiate by serum 
withdrawal. We found that knock down of LRS by 2 independent  
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cycle withdrawal, one of the earliest events of myogenesis (13). As 
shown in Figure 1C, LRS knock down had no significant effect on 
C2C12 cells exiting the cell cycle, reflected by decreased EdU incor-
poration during the first 24 hours of serum withdrawal.

To probe a potential LRS function in myogenesis in vivo, we used 
a well-established mouse model of barium chloride (BaCl2) injury- 
induced skeletal muscle regeneration (14, 15). When lentiviruses 
expressing shRNA for LRS were coinjected with BaCl2, a significant 
increase in the number of large regenerating myofibers as well as the 
average size was observed on day 7 after injury (AI) (Figure 1D and 
Supplemental Figure 1C). This difference was no longer observed on 

shRNAs markedly enhanced C2C12 differentiation, as indicated 
by an increased number of myosin heavy chain– positive (MHC- 
positive) cells and elevated differentiation index (Figure 1A, Supple-
mental Figure 1A; supplemental material available online with this 
article; https://doi.org/10.1172/JCI122560DS1), as well as higher 
levels of MHC expression (Figure 1B). The expression of myogenin, 
an early myogenic marker, was accelerated by LRS knock down 
(Figure 1B), suggesting LRS may act at an early step during myo-
genesis. LRS expression level did not alter during differentiation 
(Supplemental Figure 1B), which is not surprising for an abundant 
housekeeping protein. We then asked whether LRS affected cell- 

Figure 1. LRS negatively regulates myogenesis in a translation-independent manner. (A) C2C12 cells were transduced with lentiviruses expressing shLRS 
or shScramble (control), puromycin-selected for 2 days, and differentiated for 72 hours, followed by measurement of differentiation index as described 
in the Supplemental Methods. Data were normalized to shScramble (n = 3). (B) Cells treated as in A were lysed every 24 hours and subjected to Western 
blotting analysis (n = 3). (C) Cells were treated as in A, and at 0 and 24 hours of differentiation, EdU incorporation was conducted for 2 hours as described 
in the Supplemental Methods (n = 3). (D) TA muscles were coinjected with BaCl2 and lentiviruses expressing shLRS or shScramble, and isolated on day 
7 after injury (D7AI) (n = 5) and day 14 after injury (D14AI) (n = 6), followed by measurement of cross-sectional area (CSA) of regenerating myofibers as 
described in the Supplemental Methods. Data were presented as the size distribution of all myofibers with average CSA. (E) Cells were transfected with 
Myc-LRS-WT, F50A/Y52A, K716A/K719A, or empty vector (EV; control), selected with G418, and differentiated for 72 hours, followed by measurement of 
differentiation index. Data were normalized to EV (n = 3). (F) Cells were either transduced with lentiviruses expressing shLRS or shScramble, followed by 
puromycin-selection for 2 days (black bars), or treated with different concentrations of cycloheximide (CHX) for 24 hours (gray bars). Confluent cells were 
subjected to measurement of protein synthesis rate by [35S]Met/Cys metabolic labeling (n = 4). *P < 0.05, **P < 0.01 by 1-way ANOVA (A) or 2-tailed paired 
t test (D). The data in E and F denoted by #, §, ‡ are significantly different from each other by 1-way ANOVA (P < 0.05). All error bars represent SEM.
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(CHX) inhibited protein synthesis in a 
dose-dependent manner (Figure 1F), and 
even at a very low concentration CHX dis-
played cytotoxicity and did not enhance 
differentiation (data not shown). Taken 
together, our observations reveal a transla-
tion-independent and unique function of 
LRS that negatively regulates myogenesis.

The Rag-mTORC1 pathway negatively 
regulates myogenesis in vivo. In searching 
for a molecular mechanism underlying the 
newly unraveled LRS function in myogen-
esis, we considered the role of LRS as a leu-
cine sensor that activates the Rag GTPases 

upstream of mTORC1 in cell growth regulation (7, 8). Previously, 
we reported that Rag and Raptor (a key component of mTORC1) 
are both negative regulators of myogenic differentiation in vitro 
(16, 17), which would make an inhibitory LRS-Rag-mTORC1 path-
way a compelling model. However, in vivo evidence for a negative 
function of the Rag-mTORC1 pathway in myogenesis is lacking. 
On the contrary, skeletal muscle–specific knock out of Raptor leads 
to muscle dystrophy (18), suggesting a positive role of mTORC1 in 
muscle maintenance. It is important to note that in the aforemen-
tioned study the human skeletal actin (HSA) promoter was used 
to drive the expression of Cre recombinase for Raptor deletion, 
which is only active after differentiation (19) and thus could not be 
used to address a role of Raptor in myogenic differentiation.

To clarify the roles of Rag and mTORC1 in myogenesis in vivo, 
we again employed our injury model using coinjection of BaCl2 and 
shRNA-expressing lentiviruses. Unlike the HSA- mediated knock 
out, this approach would lead to knock down of a target protein in 
muscle stem cells before they undergo myogenic differentiation. 
Rag GTPases activate mTORC1 as a heterodimer of RagA or RagB 
in complex with RagC or RagD (20). Although RagA and RagB are 
functionally redundant, skeletal muscles predominantly express 
RagA (21). Hence, we delivered shRagA and, separately, shRaptor. 
As shown in Figure 2, A and B, and Supplemental Figure 2, A and 
B, knock down of RagA or Raptor resulted in significantly larger 
regenerating myofibers on day 7 AI. These results provide direct 
evidence for the negative role of the Rag-mTORC1 pathway in myo-
genesis in vivo. Hence, mTORC1 appears to have dual functions in 
muscles — a negative role in myogenic differentiation (ref. 16 and 
the present study) and a positive role in muscle maintenance (18).

LRS inhibits myogenic differentiation through the Rag-mTORC1 
pathway. The results of Rag and Raptor knock down noted above 
(Figure 2) mirror the phenotype of LRS knock down in vivo 

day 14 AI. Thus, reduction of LRS expression during muscle injury 
leads to an accelerated regenerative process although it does not 
change the final outcome of regeneration. These results are consis-
tent with our in vitro observations, and they strongly suggest that 
LRS is a negative regulator of skeletal myogenesis.

A negative role of LRS in myogenesis is inconsistent with its 
housekeeping function in protein synthesis, the latter required for 
the differentiation process. To further examine this noncanonical 
function of LRS, we made use of 2 previously reported LRS mutants: 
the leucine binding–deficient mutant (F50A/Y52A) and the tRNA 
charging–deficient mutant (K716A/K719A) (7, 9). Corroborating the 
effect of LRS knock down, overexpression of the wild-type LRS sup-
pressed myoblast differentiation in vitro (Figure 1E, Supplemental 
Figure 1, D and E). Interestingly, K716A/K719A-LRS had an effect 
similar to that of wild-type LRS when overexpressed. Hence, tRNA 
charging activity is not involved in LRS inhibition of differentiation, 
indicating that this function of LRS is independent of protein trans-
lation. On the other hand, F50A/Y52A-LRS lost its effect on differ-
entiation, implying that leucine binding/sensing may be necessary 
for the myogenic function of LRS. When leucine concentration was 
varied in the differentiation medium, a positive correlation was 
observed between leucine concentration and degree of differentia-
tion (Supplemental Figure 1F). This is not surprising because, aside 
from regulating the LRS-Rag pathway, leucine most likely has other, 
indispensable, roles supporting differentiation.

LRS knock down did not affect protein synthesis rates in 
C2C12 cells (Figure 1F and Supplemental Figure 1I). Knock down 
of 2 other AARSs (IleRS and EPRS) was also examined, and it did 
not significantly affect protein synthesis rates (Supplemental Fig-
ure 1, G and I). Importantly, knock down of EPRS or IleRS did not 
result in the same phenotype of enhanced differentiation as LRS 
knock down (Supplemental Figure 1H). Finally, cycloheximide  

Figure 2. The Rag-mTORC1 pathway negatively 
regulates myogenesis in vivo. TA muscles were 
coinjected with BaCl2 and lentiviruses express-
ing shRagA (A), shRaptor (B), or shScramble 
(control). Injected muscles were isolated on day 
7 after injury and subjected to measurement of 
CSA of regenerating myofibers (n = 7–8). Data 
were presented as the size distribution of all 
myofibers (left panels) and average CSA (right 
graphs). *P < 0.05, **P < 0.01 by 2-tailed paired 
t test. All error bars represent SEM.
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Previously, we reported that the Rag-mTORC1 pathway 
inhibits myogenic differentiation via the feedback inhibition 
of IRS1-Akt signaling (16). Therefore, we set out to test wheth-
er LRS could be placed upstream of IRS1 and Akt. Indeed, IRS1 
phosphorylation on Ser307 was dampened by LRS knock down 
in C2C12 cells, accompanied by increased Akt phosphorylation 
(Figure 3D). Furthermore, overexpression of a constitutively 
active Akt (myristoylated Akt [myr-Akt]) rescued differentia-
tion in cells overexpressing LRS (Figure 3, E and F). Conversely, 
treatment with an Akt inhibitor, Akti-1/2, eliminated the stim-
ulatory effect of LRS knock down on myoblast differentiation 
(Supplemental Figure 3D). Collectively, our observations sug-
gest that LRS negatively regulates myogenic differentiation via 
the Rag-mTORC1 pathway and subsequent inhibition of the 
IRS1-PI3K-Akt pathway.

An inhibitor of LRS-Rag interaction enhances muscle regener-
ation. A small-molecule inhibitor, BC-LI-0186, has been devel-
oped to directly interact with LRS, disrupt binding of LRS to Rag, 

(Figure 1D), which is consistent with LRS acting upstream of 
mTORC1 in the negative regulation of myogenic differentiation. 
To further probe a role of mTORC1 in mediating LRS function in 
myogenesis, we overexpressed a constitutively active Rag dimer 
— RagB-Q99L (GTP-bound) and RagD-S77L (GDP-bound) 
(20) — in C2C12 cells where LRS was knocked down. As shown 
in Figure 3A and Supplemental Figure 3A, active Rags reversed 
the effect of LRS knock down on myogenic differentiation. Con-
versely, when shRNAs for RagA and RagB were simultaneously 
delivered into the cells, overexpression of LRS no longer inhib-
ited myoblast differentiation (Figure 3B, Supplemental Figure 
3B). RagB was not detected in myoblasts by Western analysis, 
consistent with the reported low expression of RagB in muscles 
(21). At the same time, LRS overexpression did not inhibit myo-
blast differentiation when Raptor was knocked down (Figure 3C, 
Supplemental Figure 3C). Taken together, these observations 
strongly suggest that Rag GTPases and Raptor mediate the myo-
genic effect of LRS.

Figure 3. LRS inhibits myogenic differentiation through the Rag-mTORC1 pathway. (A) C2C12 cells were transduced with lentiviruses expressing shLRS or 
shScramble, and puromycin-selected for 2 days. Cells were then transfected with either empty vector (EV) or HA-GST-RagB-Q99L and HA-GST-RagD-S77L 
for 24 hours, differentiated for 72 hours, and subjected to measurement of differentiation index. Data were normalized to control (shScramble and empty 
vector) (n = 3). (B) LRS was transfected in cells where RagA and RagB were knocked down and subjected to measurement of differentiation index as in A 
(n = 3). (C) LRS was transfected in cells where Raptor was knocked down and subjected to measurement of differentiation index as in A (n = 4). (D) Cells 
were transduced with lentiviruses expressing shLRS or shScramble, and puromycin-selected for 2 days. Upon confluence, cells were lysed and subjected to 
Western blotting analysis (n = 2). (E, F) Cells were transfected with myr-Akt and/or LRS. Confluent cells were either induced to differentiate for 72 hours, 
followed by immunofluorescence staining with anti-MHC (green) and DAPI (blue) (E, n = 3), or lysed for Western blotting analysis (F, n = 3). Scale bar: 50 
μm. The data denoted by #, §, ‡ are significantly different from each other by 2-way ANOVA (P < 0.005). All error bars represent SEM.
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while the effect of LRS knock down was transient (Figure 1D), the 
effect of BC-LI- persisted through day 14 AI. This difference may 
be due to the fact that knock down might not have persisted to a 
later time point, whereas the inhibitor was continuously delivered 
throughout the regeneration. Alternatively, the better enhance-
ment of regeneration could be owing to the more effective block-
ade of the nontranslational function of LRS by the inhibitor than 
by partial reduction of LRS protein levels. Consistent with the 
enhanced muscle regeneration by BC-LI-0186, we also found that 
the inhibitor induced a higher expression level of myogenin on day 
4 AI (Figure 4C).

We identified the IRS1-PI3K-Akt pathway as a mediator of 
LRS inhibition of myoblast differentiation in vitro (Figure 3, D 
and E, and Supplemental Figure 3D). To investigate whether Akt 
mediates LRS function in vivo, we administered BC-LI-0186 
together with an Akt inhibitor, triciribine, for 14 days after BaCl2 

and inhibit leucine-dependent activation of mTORC1 in cells 
with high specificity, without affecting the aminoacylation activ-
ity of LRS (22). We reasoned that this inhibitor could specifically 
target the nontranslational function of LRS and recapitulate the 
effect of LRS knock down in myogenesis. Indeed, the addition 
of BC-LI-0186 in differentiation medium significantly enhanced 
myoblast differentiation (Figure 4A, Supplemental Figure 4A).

Next, we investigated the effect of BC-LI-0186 on muscle 
regeneration in vivo by administering the inhibitor to mice from 
the initiation of muscle injury by BaCl2 injection. Strikingly, 
BC-LI-0186 enhanced muscle regeneration, as indicated by a sig-
nificant increase in the average regenerating myofiber size (day 
14 AI) and in the number of large regenerating myofibers (days 7 
and 14 AI) (Figure 4B, Supplemental Figure 4B). These effects of 
BC-LI-0186 in vitro and in vivo further validate the mechanism by 
which LRS negatively regulates myogenesis. It is noteworthy that 

Figure 4. An inhibitor of LRS-Rag interaction enhances muscle regeneration. (A) C2C12 cells were induced to differentiate for 72 hours in the presence or absence 
of 4 μM BC-LI-0186 (0186) and subjected to measurement of differentiation index. Data were normalized to control (n = 3). (B) Mice were intraperitoneally injected 
with 0186 at 5 mg/kg body weight every 3 days. The first 0186 injection coincided with BaCl2 injection into TA muscles. Muscles were isolated on day 7 after injury 
(D7AI) and day 14 after injury (D14AI), and subjected to measurement of CSA of regenerating myofibers. Data were presented as the size distribution of all myofi-
bers with average (avg.) CSA (n = 5–6). (C) TA muscles from mice treated as in B were isolated on day 4 after injury and subjected to Western blotting analysis (n = 
3). (D, E) Mice were intraperitoneally injected with 0186 at 5 mg/kg body weight every 3 days and with triciribine (TCB) at 1 mg/kg body weight every day. The first 
injection of 0186 and TCB coincided with BaCl2 injection into TA muscles. Muscles were isolated on D14AI, weighed (D, n = 6–7), and subjected to measurement of 
CSA of regenerating myofibers (E, n = 6–7). (F–H) Mice treated as in B were subjected to in situ force measurements of regenerating TA muscles at D14AI (F, n = 
7–8), followed by muscle weight measurement (G, n = 7–8). Maximum twitch force and tetanic force were converted to specific maximum twitch force and tetanic 
force as described in the Supplemental Methods (H, n = 7–8). All values were presented as relative to uninjured contralateral muscles. *P < 0.05, **P < 0.01 by 
2-tailed paired t test (A) or 2-tailed unpaired t test (B, C, F–H). ††P < 0.001 (D), †P < 0.005 (E) by 2-way ANOVA. All error bars represent SEM.
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approved by the Animal Care and Use Committee at the University of 
Illinois at Urbana-Champaign.

See the Supplemental Methods for a detailed description of all 
experimental procedures.
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injection. As shown in Figure 4, D and E, and Supplemental 
Figure 4, C and D, triciribine prevented BC-LI-0186–induced 
increases in both muscle weight and regenerating myofiber size. 
Combined with our in vitro results, these findings establish Akt 
as a critical mediator of LRS function in myogenesis.

An important question remaining was whether the increase 
in regenerating muscle mass and myofiber size by BC-LI-0186 
can be translated into functional enhancements of the regener-
ating muscles. To address this question, we performed in situ 
force measurement of the regenerating TA muscles. Remark-
ably, both maximum twitch force and tetanic force significantly 
increased with BC-LI-0186 treatment (Figure 4F). The specific 
muscle forces remained unchanged by the inhibitor treatment 
(Figure 4H) as a result of the increased muscle mass (Figure 4G).

In conclusion, we demonstrated for what we believe is the first 
time that LRS has a nontranslational function in negatively regulating 
myoblast differentiation and skeletal muscle regeneration. This func-
tion of LRS in myogenesis is mediated by the Rag-mTORC1 pathway, 
which inhibits the IRS1-PI3K-Akt pathway. We also provided in vivo 
evidence for a negative role of the Rag-mTORC1 pathway in myogen-
esis, which is in contrast to a well-established role of mTORC1 sig-
naling in muscle growth and maintenance. Importantly, we showed 
that pharmacological intervention to specifically impair this negative 
function of LRS promotes robust muscle regeneration accompa-
nied by enhanced functional recovery of the regenerating muscles. 
Impaired muscle regeneration occurs in aging, muscular dystrophies, 
and other pathological conditions. The LRS-Rag pathway identified 
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