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A B S T R A C T   

Aminoacyl-tRNA synthetases (ARSs) are a family of evolutionarily conserved housekeeping enzymes used for 
protein synthesis that have pivotal roles in the ligation of tRNA with their cognate amino acids. Recent advances 
in the structural and functional studies of ARSs have revealed many previously unknown biological functions 
beyond the classical catalytic roles. Sensing the sufficiency of intracellular nutrients such as amino acids, ATP, 
and fatty acids is a crucial aspect for every living organism, and it is closely connected to the regulation of diverse 
cellular physiologies. Notably, among ARSs, leucyl-tRNA synthetase 1 (LARS1) has been identified to perform 
specifically as a leucine sensor upstream of the amino acid-sensing pathway and thus participates in the coor
dinated control of protein synthesis and autophagy for cell growth. In addition to LARS1, other types of ARSs are 
also likely involved in the sensing and signaling of their cognate amino acids inside cells. Collectively, this review 
focuses on the mechanisms of ARSs interacting within amino acid signaling and proposes the possible role of 
ARSs as general intracellular amino acid sensors.   

1. Introduction 

Aminoacyl-tRNA synthetases (ARSs) are a family of essential en
zymes that are evolutionarily conserved and catalyze the ligation of 
tRNAs with their cognate amino acids for translation. The amino
acylation of tRNAs by ARSs is a high-fidelity process usually composed 
of two steps. ARS activates their cognate amino acid using ATP, pro
ducing an aminoacyl adenylate (aa-AMP) and a pyrophosphate. Subse
quently, the activated amino acid is transferred to the corresponding 
tRNA. Amino acids are ligated at the 2’-OH or 3’-OH of the tRNA that 
contains an anticodon complementary to the mRNA codon; class I ARSs 
bind preferentially to the 2’-OH and class II ARSs bind preferentially to 
the 3’-OH of the tRNA. Aminoacylated tRNA (also called charged tRNA) 
is then transferred to ribosomes for translation [1,2]. 

Aminoacylation of tRNA by ARSs is indeed a pivotal biological 
process; however, efforts to understand the alternative functions of ARSs 
have unveiled the fact that ARSs may also exhibit various functions 
beyond catalytic role in protein synthesis. Through the evolutionary 
process from simple unicellular organisms to higher-order eukaryotes, 
while conserving catalytic domains, ARSs have gradually adopted extra 
domains for interacting with other important cellular factors [1–4]. 
ARSs may participate in a wide spectrum of cellular processes and 

contribute to pathophysiological processes, such as angiogenesis, 
inflammation, obesity and tumorigenesis [1,2]. 

The nutrient signaling pathways are employed to regulate various 
signaling cascades that govern cellular energy metabolism and regulate 
cell growth, proliferation and survival [5]. These pathways usually exert 
intracellular sensors that are capable of detecting the fluctuations in the 
abundancy of nutrients [6,7]. Likewise, sensing and maintaining intra
cellular amino acid levels is certainly crucial biological phenomenon for 
survival, which ultimately affects the dynamic balance between cata
bolic and anabolic cellular pathways for efficient utilization of limited 
resources. Amino acids are the essential building blocks of many 
important components of life including proteins, hormones, neuro
transmitters and other metabolites such as polyamines and creatine [8]. 
However, amino acid utilizing processes such as protein synthesis are 
energetically expensive and consume massive amounts of amino acids 
and ATP. Therefore, cells must develop complex sensing mechanisms 
that couples the extracellular and intracellular availability of amino 
acids to diverse cellular processes. Notably, among ARSs, glutaminyl- 
tRNA synthetase 1 (QARS1) and leucyl-tRNA synthetase 1 (LARS1) 
have been demonstrated to participate in sensing and transmitting sig
nals related to intracellular levels of their cognate amino acids [9–12]. 

Collectively, ARSs have the ability to bind their cognate amino acids, 
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and are capable of participating in many important protein interactions. 
Moreover, since major substrates of ARSs, such as amino acids, ATP and 
tRNAs, are all metabolically important intracellular molecules, this 
further elucidates the importance of ARSs. Therefore, the further 
exploration of ARSs’ involvement in cellular amino acids signaling 
pathways would be of great interest. This review covers major discov
eries and evidences that suggest the possibility of ARSs acting as the 
bona fide intracellular sensors for their cognate amino acids (Fig. 1). In 
fact, the idea that ARSs function as amino acid sensors was first recog
nized and proposed in 2001 after the discovery of the glutamine- 
dependent antiapoptotic regulation of QARS1 [9]; then this idea was 
supported by later discoveries that showing evidence of other ARSs’ 
roles in amino acid signaling pathways. Therefore, we discuss how ARSs 
may interact with other proteins in distinctive signaling cascades to 
control diverse cellular functions in amino acid-dependent manners. 

2. The glutamine sensor QARS1 interacts with ASK1 for 
antiapoptotic regulation 

Apoptosis signal-regulating kinase 1 (ASK1) is a member of the 
mitogen-activated protein (MAP) kinase family, which activates c-Jun 
N-terminal kinase (JNK) and p38 in response to various types of stress 
signals [13]. ASK1 remains inactive under normal conditions and is 
activated by the introduction of stress-associated signals, such as 
oxidative stress, endoplasmic reticulum stress, tumor necrosis factor 
(TNF) and infection [14–18]. In response to reactive oxygen species 
(ROS), the redox-responsive protein thioredoxin (Trx) within the ASK1 
signalosome is oxidized and dissociates from the complex, which allows 
autophosphorylation and activation of ASK1 [16,19]. Furthermore, 
TNF-α receptor-associated factor (TRAF) family proteins can be 
recruited and reinforce ASK1 signalosome activity once activated by 
ROS [20]. Importantly, glutamine deprivation is capable of inducing 
ASK1 expression, and the molecular interaction between QARS1 and 
ASK1 could be the underlying mechanism for the suppressive nature of 
glutamine on ASK1 signaling [9]. 

Glutamine is not only highly utilized as a metabolic fuel in many cells 
but also recognized as an apoptotic suppressor. Especially in intestinal 
epithelial cells, glutamine deprivation induces apoptosis [21], whereas 
supplementation with glutamine can protect intestinal epithelial cells 
from oxidative stress and apoptosis [22]. Furthermore, many cancer 
cells have been shown to be highly dependent on the dysregulated 

glutamine metabolism for their proliferation, and the restriction in 
glutamine metabolism has been shown to be effective against tumor 
growth both in vitro and in vivo by inducing apoptosis [23–25]. There
fore, glutamine might have important roles in protecting cells against 
apoptosis induced by diverse stimuli. Fundamental mechanisms under
lying the protective roles of glutamine specifically under apoptotic 
conditions have yet to be fully elucidated. However, it was revealed that 
the relationship between QARS1 and ASK1 responds to intracellular 
glutamine levels [9], thereby suggesting an interesting model of QARS1 
in the regulation of apoptotic signals (Fig. 2). 

Ko et al. have shown that QARS1 binds and represses ASK1 in a 
glutamine-dependent manner, in which increasing glutamine levels 
enhance their association. Additionally, the catalytic domains of QARS1 
and ASK1 are both involved in this association. Thus, QARS1 could be a 
key modulator of ASK1, correlating cellular glutamine deficiency to 
apoptotic signals. In early structural studies, bacterial QARS1 was 
shown to be composed of the anticodon-binding domain and catalytic 
domain responsible for attachment of glutamine and tRNAGln [26]. In 
contrast, human and eukaryotic QARS1 contain an extra domain 
appended with an N-terminal domain (NTD). This distinctive extension 
of the domain is crucial for the formation of the multi-tRNA synthetase 
complex (MSC) and is also important for the propagation of anti
apoptotic signals through the interaction with ASK1 [9,27–29]. 

Considering that the NTD also plays an important role in the QARS1- 
ASK1 interaction, the arrangement and interaction between the QARS1 
domains could be important in this interaction as well. In a structural 
study of QARS1, the mutations implicated in neurologic disorders were 
precisely mapped [29]. Specifically, pathological mutants (i.e., G45V 
and Y57H) located at the NTD significantly diminished the catalytic 
activity of human QARS1 while the tRNA binding ability remained 
intact [29]. Thus, the NTD might have the potential to interact with the 
distal catalytic domain, which suggests that the QARS1 domains are 
functionally connected. Therefore, perhaps we can speculate that 
glutamine binding to the catalytic domain might induce conformational 
changes in the distal NTD and thus contribute to the QARS1-ASK1 
interaction. Additional studies are necessary to determine the detailed 
mechanism underlying how glutamine binding to QARS1 affects the 
interaction between QARS1 and ASK1. 

Although an in-depth understanding of the exact mechanism in the 
QARS1 and ASK1 association remains to be elucidated, based on pre
vious studies, we can assume that glutamine binding and/or glutamine 

Fig. 1. The key milestones suggest ARSs as potential amino acid sensors. QARS1, glutaminyl-tRNA synthetase 1; ASK1, apoptosis signal-regulating kinase 1; 
LARS1, leucyl-tRNA synthetase 1; mTORC1, mammalian target of rapamycin complex 1; TORC1, target of rapamycin complex 1; WARS1, tryptophanyl-tRNA 
synthetase 1; DNA-PKcs, DNA-dependent protein kinase catalytic subunit; PARP1, poly(ADP-ribose) polymerase 1; EPRS 1, glutamyl-prolyl-tRNA synthetase 1; 
ECM, extracellular matrix; TGF-β1, transforming growth factor beta 1; MARS1, methionyl-tRNA synthetase 1; CDK4, cyclin dependent kinase 4. 
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activation by QARS1 could be the essential step in the interaction be
tween QARS1 and ASK1. Recently, interesting research has demon
strated that the reversible glutaminylation of the K688 residue in ASK1 
by QARS1 is crucial for their association and the subsequent inhibition 
of apoptosis induced by the ASK1 signaling pathway [30]. In this study, 
the authors suggest that aminoacylation on lysine residues could be 
another type of posttranslational modification and that aa-AMPs are 
utilized by ARSs for the aminoacylation of substrates in various 
signaling cascades for sensing and transmitting intracellular amino acid 
signals. Intriguingly, the authors demonstrated that the only sub
physiological levels of amino acids were enough to saturate the tRNA 
charging activity of ARSs for cells to maintain protein synthesis, whereas 
aminoacylation of lysine residues on the proteins only occurred only 
when amino acids were close to physiological levels. This suggests the 
possibility that ARS functions are segregated based on amino acid levels; 
while acting as sensors to detect fluctuations in amino acids, their 
fundamental roles in protein synthesis are saturated most of the time and 
are altered only during severe depletion of amino acids. 

3. The leucine sensor LARS1 couples leucine availability to the 
mTORC1 signaling pathway 

mTOR is a serine/threonine kinase that is well known for its ability to 
control over a variety of cellular processes, including cellular meta
bolism, protein synthesis, and autophagy, and is implicated to have roles 
in pathophysiology associated with cancer, neurodegeneration, obesity 
and diabetes in response to diverse environmental cues [31–33]. 
Mammals, unlike yeasts with two target of rapamycin (TOR) genes 
(TOR1 and TOR2), have only one MTOR gene that composes into two 

distinctive complexes named mechanistic target of rapamycin complex 1 
(mTORC1) and mechanistic target of rapamycin complex 2 (mTORC2). 
Both complexes show distinctive components and upstream regulators 
and hence differences in downstream signaling. mTORC1 is composed of 
mTOR, regulatory-associated protein of mTOR (Raptor), mammalian 
LST8 (mLST8), proline-rich Akt substrate of 40 kDa (PRAS40) and 
Dishevelled, EGL-10 and pleckstrin (DEP) domain-containing mTOR 
interacting protein (DEPTOR). Raptor is responsible for the enhanced 
recruitment of substrates to mTORC1, and it is also required for the 
localization of mTORC1 to the lysosomal membrane [34,35]. On the 
other hand, mTORC2 contains components that are distinct from 
mTORC1 components, namely, Raptor-independent companion of 
mTOR (Rictor) and mammalian stress-activated protein kinase- 
interacting protein (mSin1) and common components such as mLST8 
and DEPTOR. While PRAS40 enhances both mTORC1 and mTORC2 
functions, DEPTOR acts to suppress both of the complexes. A more 
detailed review of the structure and composition of mTOR complexes is 
provided in elsewhere [32]. 

The mTOR inhibitor rapamycin inhibits S6 kinase (S6K)-mediated 
phosphorylation of the ribosomal protein S6 and the initiation of mRNA 
translation [36,37]. 4E-BP1 is another important downstream effector 
for the activation of mRNA translation, and other well-known targets of 
mTORC1, such as sterol element-binding protein (SREBP) and Unc-51 
like autophagy activating kinase 1 (ULK1) are also metabolically 
important downstream effectors responsible for the regulation of lipid 
biosynthesis and autophagy, respectively [38]. Tuberculous sclerosis 
complex (TSC) and Rheb GTPase are the two important upstream reg
ulators of mTORC1. TSC is a heterotrimeric complex comprising TSC1, 
TSC2 and Tre-2/BUB2/cdc 1 domain family (TBC1D) [39]; importantly, 

Fig. 2. Schematic representation of the working 
model for the role of QARS1 and glutamine in the 
regulation of ASK1 activity. a) Activation of 
apoptosis signal-regulating kinase 1 (ASK1) upon 
stimulation by stress signals such as reactive oxygen 
species (ROS), tumor necrosis factor (TNF) and Fas 
ligand (FasL). Specifically, ROS facilitate the disso
ciation of thioredoxin (Trx) from ASK1. After Trx 
dissociation, ASK1 can be activated by autophos
phorylation of the Thr845 site in the kinase domain. 
Additionally, ASK1 activity can be reinforced by the 
interaction with TNF-α receptor-associated factor 
(TRAF). Activated ASK1 causes the activation of JNK 
and p38 and finally enhances apoptotic responses. 
Glutaminyl-tRNA synthetase 1 (QARS1) interaction 
with QARS1, which suppresses ASK1 autophosphor
ylation, is disrupted under low glutamine conditions. 
b) QARS1 is associated with ASK1 in a glutamine 
(Gln)-dependent manner and suppress the activation 
of ASK1 and apoptotic signaling.   
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TSC2 is able to inhibit Rheb GTPase, which directly interacts and acti
vates mTORC1, by acting as a GTPase-activating protein (GAP) [40]. 

mTORC1 functions as a master growth regulator that integrates 
amino acid signaling with cell growth [41]. Leucine is an essential 
amino acid and is considered an important amino acid due to its effect 
on the regulation of protein metabolism [42], specifically because of its 
involvement in the mTORC1 signaling pathway [43]. Rag GTPases have 
been considered as key modulators that connect amino acid signal to 
mTORC1 pathway [35,44]. Mammals express four types of Rag GTPases 
– RagA, RagB, RagC and RagD – that assemble into heterodimers of 
RagA-RagC or RagB-RagD [35,44–46]. Lysosomal translocation and 
activation of mTORC1 require the Rag GTPase dimer consisting of RagA 
or RagB in the GTP-bound form and RagC or RagD in the GDP-bound 
form [35]. Importantly, amino acids promote lysosomal translocation 
of mTORC1, where the GTP-bound form RagB containing Rag GTPases 
heterodimers serves as the docking site for mTORC1 [47]. 

The signaling sensors placed upstream of mTORC1 have been studied 
extensively, and several players have been reported to date. Among 
them, LARS1 was the first identified upstream intracellular leucine 
sensor that couples leucine levels with mTORC1 activity in human and 
yeast [10,48]. Specifically, LARS1 with a mutated leucine binding site 
impaired mTORC1 activation to leucine signals [10]. In fact, there are at 
least two possible mechanisms associated with the LARS1-mediated 
activation of mTORC1 when LARS1 senses intracellular leucine signals 
(Fig. 3). First, LARS1 controls lysosomal translocation and activation of 
mTORC1 in a Rag GTPase-dependent manner [10]. Recently, the dy
namics of the GTP-GDP cycle of Rag GTPases have been identified, and 
importantly, LARS1 serves as an initiator of the Rag GTPase cycle by 
accelerating GTP hydrolysis of RagD [49]. Particularly, when LARS1 
senses a rise in leucine levels, LARS1 functions as the specific GAP of 
RagD and renders RagD in the GDP-bound form [10]. Subsequently, GTP 
hydrolysis of RagD may control the recruitment of Regulator complex, 
which enhances GTP exchanging of RagB and thus promotes direct 
interaction of GTP-bound RagB and GDP-bound RagD heterodimer with 
Raptor, thereby activating mTORC1 pathway [49,50]. Moreover, the 
stress-induced metabolic protein Sestrin2 also binds to leucine and 
promotes GTP hydrolysis of RagB by enhancing RagB GAP activity of 
GATOR1 [51,52], which in turn facilitates the inactivation of RagB- 
RagD heterodimer and thus terminates the Rag GTPase cycle [49]. 
Additionally, RagB-RagD heterodimer was dominant over RagA-RagC 
heterodimer as the key mediator of amino acid signaling to mTORC1 
[49]. Collectively, the Rag GTPase cycle is coordinated by LARS1 and 
Sestrin2 upon leucine stimulation, which turns on and turns off the 
cycle, respectively [49]. 

The LARS1-RagD-mTORC1 axis can be selectively inhibited [53]. 

The pyrazolone compound BC-LI-0186 and its derivatives bind to RagD 
interacting site of LARS1, inhibiting LARS1-RagD interaction, while they 
have only little effects on the catalytic activity of LARS1 [53]. BC-LI- 
0186 suppresses GTP hydrolysis of RagD and hence disrupting lyso
somal translocation and activation of mTORC1. The functional impor
tance of LARS1-RagD-mTORC1 axis is supported by the physiological 
effect of BC-LI-0186. BC-LI-0186 treatment caused a significant reduc
tion in the tumor volume of rapamycin-resistant HCT116 cell xenograft 
model [53] and in Kras G12D lung cancer mouse model [54]. Moreover, 
BC-LI-0186 has been suggested to promote robust muscle regeneration 
that is accompanied by functional recovery, which was abolished by 
combinatory treatment with an Akt inhibitor, thus indicating the 
possible involvement of LARS1 in the mTORC1-dependent control of 
myogenesis [55]. 

In addition to acting as a specific GAP of RagD, there is the second 
mechanism associated with the LARS1-mediated activation of mTORC1 
that works in parallel with the Rag GTPases. Specifically, LARS1 has also 
been reported to be an activator of the vacuolar protein sorting 34 
(Vps34)-phospholipase D1 (PLD1) signaling pathway upstream of 
mTORC1 in response to leucine levels [12]. Vps34 is a class III phos
phoinositide 3-kinase (PI3K) that participates in many cellular func
tions, such as autophagy and endocytic sorting, by forming distinctive 
complexes [56,57]. Amino acid stimulation enhances Vps34-catalyzed 
production of phosphatidylinositol 3-phosphate (PI3P) from phospha
tidylinositol [58,59]. Elevated PI3P levels enhances activation and 
subsequent recruitment of PLD1 to the lysosomal membrane [60]. 
Activated PLD1 hydrolyzes phosphatidylcholine (PC) into phosphatidic 
acid (PA), which binds and activates Rheb GTPase [61,62]. The 
involvement of LARS1 in the activation of Vsp34-PLD1-mTORC1 axis 
might suggest the integration of mitogenic signals with nutrient- 
dependent signals. 

Notably, a recent study revealed an interesting aspect of LARS1 in 
glucose-dependent regulation of leucine utilization [63]. Activated 
mTORC1 suppresses autophagy by directly phosphorylating and inhib
iting the autophagy-initiating kinase ULK1 [64] and suppressing tran
scription factor EB (TFEB), which is the transcription factor that controls 
a wide range of lysosome- and autophagy-related genes [65]. However, 
during glucose deprivation, mTORC1 is inactivated and thus ULK1 fa
cilitates the activation of autophagy as an adaptative response to the 
starvation [64]. Yoon et al. identified that ULK1 mediates the phos
phorylation at residues in the leucine binding sites of LARS1 and thus 
suppresses leucine binding and the subsequent leucine-mediated acti
vation of the mTORC1 signaling pathway [63]. Therefore, during low 
energy status derived by glucose starvation, leucine sensing and 
mTORC1 activating roles of LARS1 is prohibited, which suppresses the 

Fig. 3. Schematic representation of LARS1 func
tioning as an intracellular leucine sensor in up
stream of mTORC1 activation. Leucyl-tRNA 
synthetase 1 (LARS1) may transmit the signal of 
leucine (Leu) sufficiency inside the cells by two 
mechanisms. First, LARS1 directly enhances RagD- 
GTP hydrolysis via its endogenous GTPase- 
activating protein (GAP) activity in a leucine- 
dependent manner. RagD in the GDP-bound form 
enhances mechanistic target of rapamycin complex 1 
(mTORC1) activation. Second, LARS1 activates the 
vacuolar protein sorting 34 (Vps34)-phospholipase 
D1 (PLD1)-mTORC1 signaling pathway in a leucine- 
dependent manner. Leucine binding to LARS1 is 
crucial for activation of the Vps34 kinase function. 
Activated Vsp34 elevates phosphatidylinositol 3- 
phosphate (PI3P) production, which provokes PLD1 
activation and PLD1 translocation to the lysosomal 
membrane. PLD1 catalyzes phosphatidic acid (PA) 
from phosphatidylcholine, which binds to and acti
vates the mTORC1 activator Rheb.   
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high energy consuming protein synthesis process. Furthermore, because 
leucine utilization in the anabolic processes is reduced, this could 
contribute to enhanced leucine availability in the catabolic energy 
generation [63]. This example might indicate the existence of inhibitory 
mechanisms for the amino acid-sensing role of ARSs in response to stress 
conditions like low energy status. 

Altogether, LARS1 serves as a leucine sensor at the cellular level that 
regulates protein synthesis by controlling mTORC1 activity in accor
dance with intracellular leucine availability. Additionally, LARS1 could 
be capable of controlling the fate of leucine to be used in energy gen
eration or protein synthesis depending on the availability of glucose. 

4. WARS1 in tryptophan sensing for the activation of p53 

Tryptophanyl-tRNA synthetase 1 (WARS1) is one of the five human 
ARSs that contains the WHEP domain and catalyzes the aminoacylation 
of tRNATrp during translation. WHEP domains are helix-turn-helix do
mains, and its name is derived from the first letters of WARS1, histidyl- 
tRNA synthetase 1 (HARS1), and glutamyl-prolyl-tRNA synthetase 1 
(EPRS1). In addition to its classical role in aminoacylation, WARS1 has 
several noncanonical functions. The acquisition of noncanonical func
tions by WARS1 in part results from the alternative splicing and pro
teolytic cleavages. The N-terminal proteolytic cleavages that delete 70 
and 93 amino acid in length produce the truncated T1 and T2 forms of 
WARS1, respectively. Both T1 and T2 forms of WARS1 are capable of 
interacting with vascular endothelial (VE)-cadherin and perform 
angiostatic activities [66,67]. In addition, WARS1 can be immediately 
secreted from monocytes upon infectious insults to participate in the 
priming of innate immunity. Specifically, 154-amino-acid-long N-ter
minal peptide containing WHEP domain is responsible for triggering of 
immune stimulation [68]. 

Importantly, an interesting correlation between WARS1 and p53 
phosphorylation in antiproliferative responses was identified [69]. 
Considering the fact that WARS1 is highly induced by IFN-γ stimulation 
[70,71], WARS1 might participate in the integration of IFN-γ signaling 
and the activation of p53, which leads to the generation of strong 
antiproliferative response. This study demonstrated that in addition to 
the upregulation of WARS1 expression upon IFN-γ stimulation, 

enhanced nuclear translocation of WARS1 was detected [69]. Though 
the nuclear presence of WARS1 has been reported previously [72], the 
function of nuclear WARS1 was unknown. According to Sajish et al., 
following translocation to the nucleus, WARS1 arise in a complex where 
it works as a bridge between poly(ADP-ribose) polymerase 1 (PARP1) 
and the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) 
[69]. This allows PARP1-mediated polyADP-ribosylation (PARylation) 
of DNA-PKcs, which activates the kinase function of DNA-PKcs that 
catalyzes the phosphorylation of p53 and subsequently leads to the 
activation of antiproliferative responses (Fig. 4) [69]. When WARS1 is 
absent from the nucleus, DNA-PKcs and PARP-1 are connected by Ku70/ 
80, which work as a bridge instead of WARS1. Ku70/80 orients the C- 
terminal domain of PARP1 toward DNA-PKcs, promoting phosphoryla
tion of PARP1 by DNA-PKcs [73,74]. In this conformation, because 
phosphorylated PARP1 is incompetent to mediate PARylation of DNA- 
PKcs, activation of p53 pathway is suppressed [73]. Importantly, nu
clear WARS1 substitutes Ku70/80 and binds both the NTD of PARP1 and 
the C-terminal kinase domain (KD) of DNA-PKcs with its WHEP domain, 
and this specific orientation favors PARylation of DNA-PKcs [69]. 

Surprisingly, in the presence of 5’-O-[N-(L-tryptophanyl)sulfamoyl] 
adenosine (Trp-SA), a nonhydrolyzable analog of Trp-AMP, conforma
tional changes in WARS1 occur and that prohibit the formation of the 
ternary complex composed of DNA-PKcs-WARS1-PARP1 and therefore 
diminish the activation of the p53 pathway [69]. The crystal structure of 
human WARS1 in the state where the reaction intermediate Trp-AMP 
occupied the active site showed the closed conformation of WARS1, in 
which the WHEP domain folds toward the active site [69]. On the other 
hand, WARS1 without Trp-AMP binding in the active site showed free 
and disordered WHEP domains, which likely facilitate the formation of 
the complex [69]. Therefore, this ability of WARS1 to interact with 
DNA-PKcs and PARP1 was negatively regulated by Trp-AMP or its 
analog compound Trp-SA occupying the active site of WARS1. This 
finding implies that this signal transduction cascade involved in the 
activation of antiproliferative p53 pathway could be dependent on 
intracellular tryptophan levels, because WARS1 bound with Trp-AMP 
hinders the activation of the pathway. Tryptophan deficiency and 
concomitant reduction in Trp-AMP levels might favor nuclear WARS1 to 
form the active complex between DNA-PKcs and PARP1 to suppress 

Fig. 4. Schematic model of the tryptophan-dependent function of WARS1 in the nucleus. Interferon- γ (IFN-γ) provokes strong antiproliferative responses 
partially through activating the p53 signaling pathway. Tryptophanyl-tRNA synthetase 1 (WARS1) translocates to the nucleus and allows the formation of the nuclear 
complex consisting of the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) and poly(ADP-ribose) polymerase 1 (PARP1) bound to the WHEP domains 
of dimeric WARS1. This complex facilitates ADP-ribosylation of DNA-PKcs, which activates its kinase function and concomitantly enhances p53 activation. This 
interaction held by WARS1 is specifically prevented by Trp-AMP in the active site. When the active site is occupied, WHEP domains shifts to closed conformation and 
become unavailable for interaction with DNA-KCcs and PARP1. Thus, intracellular tryptophan levels might affect the p53 activity by acting as signals that are 
detected by WARS1 used to determine the cellular fate in proliferation. 

Y.C. Yu et al.                                                                                                                                                                                                                                    



BBA - Molecular Cell Research 1868 (2021) 118889

6

unwanted cell growth during nutrient shortage. Thus, Trp-AMP could 
work like a secondary messenger that transmits signals regarding the 
sufficiency of intracellular tryptophan, and WARS1 may function as a 
tryptophan sensor and decide cell fate by allowing or terminating pro
liferation by regulating the activation of p53 pathway. We assume that 
these functions of WARS1 may have been developed to specifically co
ordinate the nuclear signaling pathway with intracellular nutrient 
availability. 

Alterations in tryptophan metabolism have been implicated in im
mune responses and immunosurveillance in cancer [75,76]. Indole
amine 2,3-dioxidase (IDO) is a pivotal enzyme placed in the center of 
tryptophan metabolic reprogramming, which is co-induced with WARS1 
upon IFN-γ stimulation in cancer cells and myeloid cells such as den
dritic cells, macrophages and microglia [70,77]. Activated IDO rapidly 
consumes tryptophan to generate kynurenine, a natural ligand of aryl 
hydrocarbon receptor (AhR), and causes local depletion of tryptophan 
[75]. Kynurenine and tryptophan depletion both contribute to the 
negative regulation of immune responses by suppressing effector T cell 
activation and T cell tolerance and enhancing the hyperactivation of 
regulatory T cells (Tregs) [78–81]. As mentioned above, if tryptophan 
depletion is sensed by WARS1 and thus leads to the activation of p53 
pathway, this mechanism could be the fundamental reason for why 
reduced activation and growth in bystander T cells in the tumor 
microenvironment occurs. Moreover, a recent study revealed that the 
upregulation of WARS1 in IFN-γ-treated cells is correlated with high 
affinity tryptophan uptake into IDO-expressing cells, thus enabling their 
survival while degrading tryptophan [82]. Although the detailed 
mechanism by which WARS1 may enhance the tryptophan trans
portation has not been elucidated, the IFN-γ-mediated induction of 
WARS1 and IDO is clearly the key element in reprogramming of tryp
tophan metabolism, including the uptake and utilization of tryptophan. 

Intriguingly, a reduction in WARS1 expression is detected in several 
types of cancer and it correlates with shorter patient survival and poor 
prognosis [83–85]. Additionally, reduced expression of WARS1 was 
reported in brain, breast, colorectal and renal cancers according to the 
Oncomine cancer profiling database and The Cancer Genome Atlas 
(TCGA). The downregulation of WARS1 might imply the abolishment of 
nuclear WARS1 mediated activation of p53 pathway, thus incapacitat
ing WARS1-dependent suppression of cell proliferation. Future in
vestigations on WARS1 might provide a unique therapeutic target in 
cancer immunotherapy and autoimmunity. 

5. MARS1 associates methionine levels with CDK4 stabilization 

Methionine is often regarded as one of the modulators of the cell 
cycle since methionine deprivation is reported to be accompanied by cell 
cycle arrest [86,87]. Cancer cells often show increasing dependence on 
methionine, and the stress resulting from methionine restriction may 
lead to growth restriction [88]. Interestingly, increased expression of 
methionyl-tRNA synthetase (MARS1) has also been reported in several 
types of cancer. For instance, neoplastic regions in lung tissue with 
elevated MARS1 expression are associated with poor prognosis, shorter 
disease-free survival and more advanced stages of cancer [89]. Elevated 
expression of MARS1 was also observed in glioblastoma, malignant 
gliomas, osteosarcomas, lipoma and malignant fibrous histiocytomas 
[4,90–93]. An abnormal elevation in the activity or expression of cell 
cycle regulators such as cyclin-dependent kinase 4 (CDK4) are 
frequently observed in many human cancers [94–96]. However, the 
correlation between methionine, MARS1 and cyclin-dependent kinases 
(CDKs) in cell cycle regulation have not been elucidated. Surprisingly, a 
recent study demonstrated that while the suppression of MARS1 had 
only a minor effect on global translation, it caused specific inhibition of 
the cell cycle, particularly on the G1 to S phase transition [97]. 

The timely activation and inactivation of cell cycle regulator com
plexes comprised of cyclins and CDKs are required in cell cycle regula
tion. Among these complexes, the CDK4 and cyclin D1 complex 

regulates the G1 to S phase transition and is crucially correlated with 
cellular fate decisions concerning quiescence and growth [98]. To 
ensure proper regulation of the cell cycle in response to various signals, 
several partners of CDK4 are involved. The tumor suppressor p16INK4a 

interferes in a direct manner with CDK4 and cyclin D1 by suppressing 
the CDK4-cycline D1 interaction and hence causing cell cycle arrest 
[99,100]. Some human cancers, such as pancreatic cancer, lung cancer 
and breast cancers, are associated with deletions and/or the hyper
methylation in the promoter region of the p16INK4a-encoding gene 
CDKN2A [101–103]. The p16INK4a-negative cancers are highly suscep
tible to tumor progression due to the loss of control over CDK4 activity. 

In the aforementioned research, Kwon et al. showed that MARS1 
specifically interacts and stabilizes CDK4 and augment its complex for
mation with heat shock protein 90 (HSP90) and cell division cycle 37, 
HSP90 cochaperone (CDC37) in a competitive manner with the tumor 
suppressor p16INK4a (Fig. 5) [97]. In this study, the authors have 
demonstrated that the knockdown of MARS1 or the pharmacologic in
hibition of MARS1 using methionine analogs caused a reduction in 
CDK4 levels and subsequent cell cycle arrest. Among 13 methionine 
analogs tested, Fmoc-Sec(Mob)-OH (FSMO) showed the most potent 
inhibition of the CDK4 signaling pathway, and at high concentrations, it 
inhibited protein synthesis and even the methionine activation step 
[97]. Since FSMO was expected to bind with the catalytic domain within 
MARS1 that is important for methionine activation, the authors addi
tionally proved that the Lys-Met-Ser-Lys-Ser (KMSKS) conserved motif, 
which is crucial for amino acid binding and activation in the catalytic 
sites, was important for the MARS1-CDK4 interaction. They further 
demonstrated that the K596Q mutation within this motif, which is 
crucial for methionine activation, caused the loss of CDK4 binding 
ability of MARS1 [97]. Therefore, methionine binding and the produc
tion of Met-AMP is likely an important step in the mechanistic interac
tion with CDK4. Additionally, when the CDK4 interaction with MARS1 is 
weak, it will bind with p16INK4a instead; thus, CDK4-HSP90-CDC37 
complex formation becomes unfavorable, and CDK4 is susceptible to 
ubiquitination and proteasomal degradation [104]. 

Therefore, since the methionine binding and/or methionine activa
tion ability of MARS1 is likely crucial for the MARS1-CDK4 interaction, 
this might partially explain the increasing dependency of methionine in 
cancer cells. Also, high MARS1 expression in cancers could favors 
MARS1 to interact and stabilize CDK4 and hence facilitates cell prolif
eration. Thus, we may speculate that MARS1 is another amino acid 
sensor that couples intracellular methionine levels with the regulation of 
cell proliferation. 

6. EPRS integrates proline signaling for fibrogenesis 

Among ARSs, glutamyl-prolyl-tRNA synthetase (EPRS) is a uniquely 
fused bifunctional protein, that is composed of glutamyl-tRNA synthe
tase (ERS) and prolyl-tRNA synthetase (PRS) encoded by the EPRS gene. 
In all known metazoans, except for Caenorhabditis elegans, EPRS is 
encoded as a fused gene, and cytosolic EPRS resides in the MSC and 
catalyzes the aminoacylation of both glutamate and proline to their 
cognate tRNAs [105]. These two synthetase domains of EPRS are 
bridged by a flexible linker usually consisting of one or more helix-turn- 
helix WHEP domains. Despite the common helix-turn-helix structure, 
WHEP domains have highly diverse sequences, and duplications or oc
casional losses are common among different animals [106]. Perhaps 
these divergences are attempts to acquire the capability of interacting 
with various kinds of protein partners. 

Liver fibrosis is characterized by the excessive deposition of extra
cellular matrix (ECM) [107], and is accompanied by abnormal cell 
proliferation that may progress into advanced organ dysfunction and 
even to hepatocellular carcinoma (HCC) [108]. Hepatic stellate cells 
(HSCs) are considered the major source of liver ECM, and collagen I is 
the most abundant component of ECM that is produced by HSCs 
[109,110]. Idiopathic pulmonary fibrosis (IPF) is a chronic fibrotic 
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interstitial pulmonary disease of unknown cause that is also character
ized by the abnormal accumulation of ECM [111–113]. Transforming 
growth factor beta 1 (TGF-β1) is considered the major player in fibro
genesis, and its aberrant activity and its downstream mediators are 
characterized in progressive organ fibrosis [110,114]. TGF-β1-mediated 
signal transducers and activators of transcription (STAT) signaling 
pathways activates lung fibroblasts and promotes epithelial- 
mesenchymal transformations (EMTs) [113–116]. The formation of 
the protein complex consisting TGF-β receptor 1 (TGFβR1) and Janus 
kinase 1 (JAK1) enables the activation of STAT3 via the mediation of 
mothers against decapentaplegic homolog 3 (SMAD3) [117]. Intrigu
ingly, halofuginone (HF) treatment in human patient-derived fibroblasts 
reduced TGF-β1-triggered collagen synthesis, while the expression levels 
of the TGF-β1 or TGF-βR1 gene were not affected [118]. Importantly, 
recent studies suggested that EPRS may be involved in the transcrip
tional control of ECM components by participating in the intracellular 
signal transduction upon TGF-β1 stimulation (Fig. 6.) [119,120]. Ac
cording to Song et al., STAT signaling activation might occur in a prolyl- 
tRNA synthetase (PRS)-dependent manner, and the formation of a 
complex consisting of TGF-β1R1, EPRS, Janus kinases (JAKs) and STAT6 
is crucial for the expression of ECM components, including collagen 
[119,120]. This phenomenon was observed in both LX2 HSCs and liver 
tissue from fibrotic mice [119], and in A549 alveolar epithelial cells and 
the lung tissue from bleomycin-treated animal models [120]. 

Notably, HF is one of the febrifugine derivatives that is known to 
inhibit collagen expression, and its mechanism of action involves the 
catalytic inhibition of EPRS, which can be recovered by proline sup
plementation [121]. However, the exact mechanism of how HF- 
mediated inhibition of EPRS is involved in the pathogenesis of TGF- 
β1/STAT signaling-induced fibrotic diseases remained unclear. One 

possible explanation for the mechanism of action of HF is the indirect 
activation of the amino acid response (AAR) pathway. Amino acid 
deprivation or inhibition of ARSs may lead to the accumulation of free 
uncharged tRNAs that bind and activate general control non
derepressible 2 (GCN2), which facilitates the phosphorylation of 
eukaryotic translational inhibition factor 2α (eIF2α) and leads to the 
induction of activating transcription factor 4 (ATF4) and the suppression 
of global protein synthesis [121]. While GCN2 is usually considered 
important for receiving the signals related to intracellular amino acid 
levels, the idea that uncharged tRNAs function as activators of GCN2 has 
been recently challenged. Unlike mammalian cells, yeast GCN2 activa
tion by uncharged tRNAs could not be established in vitro [122]. In 
addition, alternative direct activators of yeast GCN2 have been identi
fied, which include ribosomal P-stalk-derived proteins [123]. Moreover, 
a recent investigation revealed an intriguing relationship between GCN2 
and ribosomes by analyzing the brains of mice lacking the ribosome 
rescue factor guanosine triphosphate-binding protein 2 (GTPBP2) and a 
specific neuronal tRNA (tRNAArg

uuu) [124]. These mice showed a high 
incidence of stalled translational elongation complexes in their ribo
somal profiling as well as elevated GCN2-induced eIF2α phosphoryla
tion. However, there were no signs of the accumulation of uncharged 
tRNA [124]. Thus, these results suggest that other than tRNA, stalled 
ribosomes could be alternative activators of GCN2. If stalled ribosomes 
can be sensed by GCN2, then there could be a direct functional rela
tionship between GCN2 and the translation elongation machinery. The 
existence of such a relationship was proven in the most recent study in 
which human GCN2 was directly activated by ribosomes, particularly by 
domain II of the ribosomal P-stalk protein uL10 [125]. Although GCN2 is 
certainly an essential effector that regulates protein synthesis to control 
amino acid catabolism, the above observations and reports clearly 

Fig. 5. Simplified model of the regulation of CDK4 sta
bility by MARS1 and p16INK4a. a) The interaction of cyclin- 
dependent kinase 4 (CDK4) with the tumor suppressor 
p16INK4a leads to the destabilization of CDK4 and thus en
hances its ubiquitin (Ub) attachment and proteasomal degra
dation, which could be facilitated under low methionine 
conditions. b) Under sufficient or high methionine levels, 
Methionyl-tRNA synthetase 1 (MARS1) is associate with CDK4 
in a competitive manner with p16INK4a, thereby enhancing the 
formation of the stabilized complex of CDK4 with heat shock 
protein 90 (HSP90) and cell division cycle 37, HSP90 cocha
perone (CDC37). Catalytic sites responsible for methionine 
(Met) binding and methionine activation are crucial for the 
association between MARS1 and CDK4. Additionally, the 
binding of methionine analogs inhibits the MARS1-CDK4 
interaction (not shown in the figure). Intracellular methio
nine levels might adjust the extent of the interaction between 
MARS1 and CDK4, thereby correlating methionine sufficiency 
in the cell cycle.   
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demonstrate the controversies in the activation mechanism of GCN2 in 
nutrient sensing pathways. 

Interestingly, Song et al. revealed that HF treatment abrogated both 
TGF-β1 mediated expression of collagen I and fibronectin by preventing 
the interaction between EPRS and STAT6, thus resulting in reduced 
STAT6 activation [119]. Therefore, blocking the EPRS catalytic site by 
HF might also lead to the inhibition of the protein-protein interaction 
between EPRS and STAT6. Importantly, proline supplementation after 
HF treatment could partially rescue the suppressive effects of HF in this 
interaction, which further emphasizes the importance of the catalytic 
subunits of EPRS in the production of the ECM [119]. Moreover, the 
suppression of other ARSs, including LARS1, lysyl-tRNA synthetase 
(KRS) or glycyl-tRNA synthetase (GRS), did not show significant effects 
on the mRNA levels of diverse ECM chains; however, TGF-β1 treatment 
elevated ECM production despite the suppression of these ARSs [119]. 
Therefore, the above findings suggest that EPRS regulates ECM pro
duction partly by a unique mechanism that is independent of the GCN2 
signaling pathway, which is intertwined with the TGF-β1/STAT6 
signaling pathway. The necessity of monitoring intracellular proline 
utilization could be the underlying rationale for EPRS-mediated ECM 
regulation, because the most abundant protein in the ECM, type I 
collagen, is a proline-rich protein that consists of approximately 20% of 
prolines and 3- or 4- hydroxyprolines [126]. Additionally, the recent 
evidence has shown that the proline metabolism is important in the 
collagen protein synthesis upon TGF-β-dependent onset of IPF [127]. 

Because EPRS translation can be selectively upregulated in response to 
the integrated stress response (ISR), this implies that EPRS has adapta
tive roles during stress conditions [128]. Excessive production of 
proline-rich ECM components could be unfavorable for cells due to 
proline depletion; therefore, EPRS might be employed as a proline 
sensor or a checkpoint to sustain adequate intracellular proline levels 
and the rate of ECM production in cells. 

Additionally, the linker domain WHEP is usually involved in the 
noncanonical functions of EPRS. First, three WHEP domains in the 
human EPRS are essential in forming the IFN-γ-activated inhibitor of 
translation (GAIT) complex that silences the translation of multiple 
mRNAs, including vascular endothelial growth factor A (VEGFA) 
[129,130]. Second, the WHEP domain binds with fatty acid transport 
protein 1 (FATP1) to facilitate uptake of long-chain fatty acids upon 
insulin stimulation to adipocytes [131]. Whether or not the WHEP 
domain is also responsible for the EPRS interaction with STAT6 and JAK 
in the context of EPRS working as a proline sensor needs to be addressed. 
Moreover, further studies are required to evaluate the dependency of 
EPRS on proline during the formation of the GAIT complex and the 
interaction with FATP1. Therefore, a deeper understanding of the 
mechanisms of EPRS involved in fibrosis might guide the ongoing efforts 
to identify novel therapeutic targets of fibrotic diseases. 

7. Concluding remarks 

ARSs are enzymes responsible for the manufacturing of building 
blocks for proteins in all kinds of living organisms. ARSs have been 
considered to exert exclusively in translation, but their functions have 
been expanded continuously throughout evolution, giving rise to the 
acquisition of unique roles for each ARS in controlling complex multi
cellular systems. Therefore, ARSs resembling the characteristics of 
nutrient sensors might indicate the existence of demands during evo
lution for an integrated system to control various physiological functions 
in addition to protein synthesis. To actively adjust to the changing 
environment for survival, a primary requirement would be to develop 
highly sensitive mechanisms that are capable of sensing amino acids 
from the surrounding environment. The intrinsic capability of ARSs in 
the binding of amino acids during protein synthesis could be a very 
appealing feature in this manner. Therefore, the expansion of extra 
domains in the architecture of ARSs throughout the evolution might 
have been motivated by the development of multifunctional sensors that 
are capable of interacting with diverse effectors according to the envi
ronmental demands. Considering the emerging evidence for novel roles 
of ARSs in amino acid signaling pathways that was discussed in this 
review, ARSs could be the genera bona fide sensors designed specifically 
for sensing amino acids. 

Further studies to unveil the unique functions of each ARS in amino 
acid sensing would definitely expand our scope of interest in ARSs and 
our understanding of nutrient homeostasis and metabolic regulation 
inside of cells. For instance, regarding ARSs’ amino acid sensing ability, 
it could be important to examine whether there is preferred form be
tween MSC-bound form and free form in how they exert their regulatory 
functions. Also, although disease-related mutations and splicing pat
terns of ARSs have been reported frequently, insights into their patho
logical mechanisms are insufficient [132–136]. Therefore, improving 
the mechanistic understanding might provide us with new foundations 
for investigating the roles of ARSs in diseases such as fibrosis and cancer 
and might also be used in the development of novel therapeutics. 
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Fig. 6. Working model for EPRS1 mediated signaling during TGF-β stim
ulated expression of ECM materials. Transforming growth factor beta 1 (TGF- 
β) binds to TGF-β receptor 1 (TGFβR1), facilitating the formation of a signaling 
complex consisting of TGFβR1, mothers against decapentaplegic homolog 3 
(SMAD3), Janus kinases (JAKs) and signal transducers and activators of tran
scription 6 (STAT6), which is crucial for the JAK-mediated STAT6 phosphory
lation. Subsequently, activated STAT6 enters the nucleus and induces the 
transcription of extracellular matrix (ECM) genes, including collagen α1 
(COLA1) and fibronectin. Halofuginone (HF) binding to the catalytic site of 
glutamyl-prolyl-tRNA synthetase 1 (EPRS1) abolishes the EPRS1-mediated 
interaction of JAKs and STAT6. However, proline (Pro) supplementation 
could reverse this effect. ERPS1 may participate in complex formation 
depending on the intracellular proline availability to control the overall pro
duction of proline-rich ECM components such as collagens. 
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