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Ubiquitously expressed aminoacyl-tRNA synthetases play essential roles in decoding genetic information required for protein
synthesis in every living species. Growing evidence suggests that they also function as crossover mediators of multiple biological
processes required for homeostasis. In humans, eight cytoplasmic tRNA synthetases form a central machinery called the multi-tRNA
synthetase complex (MSC). The formation of MSCs appears to be essential for life, although the role of MSCs remains unclear.
Glutamyl-prolyl-tRNA synthetase 1 (EPRS1) is the most evolutionarily derived component within the MSC that plays a critical role in
immunity and metabolism (beyond its catalytic role in translation) via stimulus-dependent phosphorylation events. This review
focuses on the role of EPRS1 signaling in inflammation resolution and metabolic modulation. The involvement of EPRS1 in diseases
such as cancer is also discussed.
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INTRODUCTION
A healthy human body requires the maintenance of a finely tuned
homeostatic balance via systemically controlled biological pro-
cesses. Aminoacyl-tRNA synthetases (ARSs) are essential for
protein synthesis because they charge specific transfer ribonucleic
acids (tRNAs) with their cognate amino acids (i.e., tRNA
aminoacylation) at the preribosomal stage of translation1,2.
Compared with their prokaryotic equivalents, eukaryotic ARSs
have acquired additional motifs and domains through evolution
that enable their eukaryote-specific functions in addition to
translation3–5. Research over many decades has assumed that
abundant and ubiquitously expressed ARSs are intrinsic crossover
mediators of biological processes that sustain homeostasis, mainly
through their additional evolutionarily acquired motifs and
domains5–7.
The nomenclature of eukaryotic ARSs is based on single-letter

abbreviations corresponding to their substrate amino acids,
followed by “ARS1” for cytoplasmic ARSs and by “ARS2” for their
mitochondrial counterparts. The human genome encodes eight
cytoplasmic ARSs: DARS1, EPRS1 (the only bifunctional tRNA
synthetase), IARS1, KARS1, LARS1, MARS1, QARS1, and RARS1,
together with three scaffold proteins called aminoacyl-tRNA
synthetase-interacting multifunctional protein 1 (AIMP1), AIMP2,
and AIMP3. These proteins form a complex known as the multi-
tRNA synthetase complex (MSC) via their appended motifs and
domains6,7. Genetic depletion of the core scaffold protein AIMP2
from the MSC in mice resulted in lethality but did not change the
global protein synthesis rate or cell viability8, suggesting that the
structural integrity of the MSC is essential for life (at the systemic
level) but may not be necessary at the cellular level. Although the
mechanism by which this complex is assembled and maintained
or how its functions are coordinated with other biological
processes remain unclear, it clearly functions as a molecular hub

for ARS-coordinated protein synthesis and their noncanonical
functions in a stimulus- or context-dependent manner3,6,7,9. Under
normal conditions, an ARS is almost exclusively part of an MSC but
not an individual ARS10,11. One study that compared the signal
generated on a blot with a standard curve reported that the
average copy number of KARS1 was 107 per cell, which is
equivalent to 9 × 106 assembled MSCs per cell11. ARSs are closely
associated with the MSC to preserve a stable architecture10.
However, changes in cell state or context or homeostasis
disruption lead to a switch in ARS function from translation to
noncanonical signaling via posttranslational modification (most
often phosphorylation)-mediated dissociation from the MSC12.
Among MSC components, EPRS1 is the most profound,

representative player that plays multiple roles in maintaining
homeostasis. It comprises EARS1 and PARS1, which are coupled
via a linker consisting of three WHEP domains named after a
subset of ARSs (WARS1 (W), HARS1 (H), and EPRS1 (EP))13,14. The
advantage of the specific selection of two ARSs for fusion is not
known. One study suggested the possibility that the unique
metabolic relationship between glutamic acid and proline may be
the underlying factor that drives the fusion of two cognate ARSs15.
Studies from the past two decades collectively suggest that EPRS1
functions as a molecular switch that triggers multicellular
functions, including immune and metabolism activities, in a
stimuli-dependent manner16–20. In this review, we discuss the
context-specific role of EPRS1 signaling in immunity, metabolism,
and disease, along with its role in particular cell types,
physiological states, and environments.

DISTINCTIVENESS OF THE EPRS1 STRUCTURE
Human EPRS1 is a 1512 amino acid-long bifunctional tRNA
synthetase (Fig. 1a) that resides exclusively in the MSC (Fig. 1b).
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Due to its physical flexibility, which correlates with its multicellular
functions, the overall structure of EPRS1 has not yet been
determined. However, the structures of the glutathione-S-
transferase-like (GST) domain21, the first WHEP domain (W1)22,
and PARS123,24 have been solved via X-ray crystallography and
nuclear magnetic resonance (NMR) spectroscopy. In EPRS1, EARS1
and PARS1 are connected by a long linker region (Linker) of
approximately 300 amino acids, which comprises triple repeats of
the 50-amino-acid WHEP domain, which adopts a helix-turn-helix
structure. The Linker functions as a noncanonical functional
constituent of EPRS1. The N-terminal GST domain of EPRS1 is
associated with other GST domains within the MSC (Fig. 1b).
Indeed, it interacts directly with the GST domains of the auxiliary
proteins AIMP2 and AIMP3; the AIMP3 GST domain binds to the
MARS1 GST domain to form a tetrameric GST complex that is
generated in the sequential order MARS1–AIMP3–EPRS1–AIMP2 in
an MSC4. These GST domains are critical for maintaining the
structural integrity of the MSC.
ARSs are classified into two groups (Class I and Class II ARSs)

based on their structural features. The class to which an ARS
belongs depends on its catalytic core structure, which is the site of
ligation reactions. The active sites of Class I ARSs are formed by a
Rossmann nucleotide-binding fold carrying a parallel β-sheet
harboring two highly conserved HIGH and KMSKS motifs that bind
to a tRNA acceptor stem from the minor groove side25–29. In
contrast, the active site of a Class II ARS is formed at the core of
the antiparallel β-strands that bind to the major groove side of the
acceptor stem via three conserved sequence motifs30,31. Consis-
tent with these different approaches to the tRNA acceptor stem,
Class I and Class II ARSs catalyze the aminoacylation of different
hydroxyl groups on the adenosine of a terminal tRNA; Class I ARSs
attach an amino acid to the 2’-OH of a tRNA terminal nucleotide,
whereas Class II ARSs attach an amino acid to the 3’-OH32,33. Most
Class I ARSs are monomeric, whereas most Class II ARSs are
dimeric30,34,35. Since the PARS1 domain within EPRS1 is a Class II
enzyme, EPRS1 forms a dimeric structure. This dimeric conforma-
tion is critical for EPRS1 involvement in maintaining the twofold
symmetry of an MSC, together with dimeric DARS1 (Fig. 1b)6,7.
PARS1 does not appear to contact any other MSC components,
whereas EARS1 interacts directly with IARS136.

EPRS1 is phosphorylated at Ser886, Ser990, and Ser999 in the
Linker (Fig. 1a). These modifications are prerequisites for EPRS1
dissociation from the MSC to perform multicellular functions in
response to various stimuli (Figs. 2 and 3)16–20.
Based on information obtained from the PhosphoSitePlus

database (http://www.phosphosite.org), it has been predicted
that approximately 60 of the 1512 amino acids in EPRS1 can be
phosphorylated37; however, only three phosphorylation sites
(i.e., Ser886, Ser990, and Ser999) have been validated using
specific phospho-antibodies and mass spectrometry analy-
sis16–20. Recently, phosphomimetic Ser-to-Glu mutations in
EPRS1 (S688E and S691E) revealed the dissociation of EPRS1
from IARS1 in the MSC complex in cells36. However, this study
did not use specific antibodies to validate the phosphorylation
status of these residues. Thus, in this review, we focus on the
roles of the Ser886, Ser990, and Ser999 residues in multicellular
functions.

RESOLUTION OF INFLAMMATION
Inflammation is a biological defense mechanism against infection
or sterile tissue damage. In response to inflammatory challenges,
immune cells actively produce cytokines and chemokines to
trigger systemic responses that ultimately restore homeostasis38.
Uncontrolled or unresolved inflammation is a key driver in the
progression of chronic diseases, resulting in detrimental disorders
such as cancer39–41. To limit the undesirable consequences of
excessive inflammatory responses, many mediators trigger
signaling pathways that actively resolve inflammation41–43. Recent
studies have revealed that the housekeeping enzyme EPRS1
functions as a mediator of inflammatory homeostasis via a
posttranscriptional off switch10,44 or by coordinating organelle-
specific anti-inflammatory signaling complexes20. Defects in the
inflammation-resolving functions of EPRS1 accelerate the progres-
sion of the inflammatory diseases described in the following
sections.

GAIT complex-mediated silencing of inflammatory genes
The first noncanonical function of EPRS1 was discovered two
decades ago in a study showing that EPRS1 executes translational

Fig. 1 The domain structures of EPRS1 and its involvement in the MSC. a Schematic diagram (upper panel) and linearly displayed structures
of the domains within EPRS1 (lower panel). GST, glutathione-S-transferase-like domain; EARS1, glutamyl-tRNA synthetase 1; Linker, the region
comprising three WHEP domains; W, WHEP domain; PARS1, prolyl-tRNA synthetase 1. Phosphorylation sites (Ser886, Ser990, and Ser999)
within the Linker are indicated. The structures of each domain are displayed using the crystal structures of GST (green, PDB ID 5A57) and
PARS1 (emerald green, PDB ID 4K86), as well as the NMR-based structure of W1 (sky blue, PDB ID 1FYJ). EARS1 (navy blue), W2 (sky blue), and
W3 (sky blue), which were modeled using AlphaFold2103 combined with experimentally determined structures. The EARS1 structure was
predicted with high confidence according to the estimated per residue confidence score (pLDDT > 80). The helix-turn-helix W2 and W3
domains were modeled with high confidence (pLDDT > 80), while the disordered regions between W1 and PARS1 were modeled with low
confidence (pLDDT < 50). S886, S990, and S999 are indicated. b Cartoon representation of a human MSC based on published data6 and
structural information21,104–106. An MSC comprises EPRS1 (a dimer), DARS1 (a dimer), KARS1 (a dimer), RARS1, QARS1, MARS1, IARS1, LARS1,
AIMP1, AIMP2, and AIMP3. Dimeric EPRS1 within the MSC is shown in a ribbon diagram. Leucine zippers are represented by cylinders.
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silencing of specific genes10. After stimulation by IFN-γ, which is a
key event in inflammation initiation45, EPRS1 dissociates from the
MSC in a phosphorylation-dependent manner (Fig. 2a). The free
EPRS1 interacts with NS1-associated protein 1 (NSAP1) to form a
nonfunctional ‘pre-γ-interferon-activated inhibitor of translation
(pre-GAIT) complex’. Then, the ribosomal protein L13a (phos-
phorylated at Ser77) and glyceraldehyde‐3‐phosphate dehydro-
genase (GAPDH) are recruited to the pre-GAIT complex to
complete the assembly of the functional heterotetrameric GAIT
complex (Fig. 3a). The GAIT complex inhibits the translation of
specific mRNAs that bear RNA hairpins, known as GAIT elements,
in their 3’ untranslated regions (3’ UTRs)10,46. The GAIT complex
silences the translation of ceruloplasmin (Cp), a protein linked to
inflammatory responses10. In addition to Cp, other GAIT-element-
containing genes have been identified, and several of these
(including mRNAs encoding multiple chemokine ligands and
receptors) are associated with genes encoding proteins involved
in inflammation47–49. Translation silencing contributes to the
inhibition of inflammatory responses by infiltrating or resident

macrophages following cytokine activation. Through its W1 and 2
domains in the Linker, EPRS1 is the only protein within the
heterotetrameric complex that binds directly to the GAIT RNA
element. The upstream pair of WHEP domains facilitates high-
affinity binding to GAIT-element-bearing mRNAs. The downstream
WHEP pair (i.e., W2 and 3) is involved in EPRS1 interaction with
NSAP1 in the pre-GAIT complex, which inhibits mRNA binding. The
interaction between EPRS1 and L13a/GAPDH triggers conforma-
tional changes that allow W1 and 2 to bind to the GAIT element in
target mRNAs to facilitate translational silencing (Fig. 3a)13.
Since the discovery of the EPRS1 mechanism of GAIT-element

binding, the mechanism underlying GAIT action was precisely
elucidated. A proteomic approach was used, and specific EPRS1
phosphorylation sites critical for GAIT complex formation were
identified. After 1 and 2 h of IFN-γ stimulation, EPRS1 is
sequentially phosphorylated at Ser886 and Ser999 in the Linker;
the phosphorylation rate was highest within 4 h16. Phosphoryla-
tion of EPRS1 at Ser886 is required for EPRS1 interaction with
NSAP1 and formation of the pre-GAIT complex, whereas

Fig. 2 Phosphocode-dependent EPRS1 signaling pathways are activated by different stimuli. a IFN-γ treatment activates the CDK5 and
mTOR/S6K1 pathways, which sequentially phosphorylate EPRS1 at Ser886 and Ser999 in myeloid cells. Modified EPRS1 is released from an
MSC and forms a GAIT complex to silence the expression of inflammatory genes. b Inflammatory TLR ligands activate the PI3K/AKT pathway in
myeloid cells to trigger EPRS1 phosphorylation at Ser999, resulting in the release of EPRS1 from MSCs. Released EPRS1 coordinates with an
organelle-specific AKT signaling complex to resolve inflammation. c Insulin-mediated noncanonical multisite phosphorylation of S6K1 in
adipocytes induces EPRS1 phosphorylation at Ser999. Modified EPRS1 is released from an MSC to regulate lipid metabolism. d Upon viral
entry into cells, RIG-I is activated and initiates an antiviral signaling cascade that induces the phosphorylation of EPRS1 at Ser990 by an
unidentified kinase(s). Modified EPRS1 is released from an MSC to positively regulate antiviral immune responses. The MSC is composed of the
following components: EP, EPRS1; D, DARS1; K, KARS1; R, RARS1; Q, QARS1; M, MARS1; I, IARS1; L, LARS1; 1, AIMP1; 2, AIMP2; and 3, AIMP3.
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phosphorylation of Ser999 directs the formation of the functional
GAIT complex that binds to eukaryotic initiation factor 4G (eIF4G)
to block ribosome recruitment, leading to repressed GAIT gene
translation (Fig. 3a). Phosphorylated EPRS1 is not incorporated
into an MSC, and Ser999 phosphorylation is essential for the stable
dissociation of EPRS1 from the complex16. Notably, Ser886 is not
conserved in mouse EPRS1 (the corresponding residue encodes
asparagine not serine). Therefore, in contrast to its modification in
humans, EPRS1 is phosphorylated only at Ser999 not at Ser886. As
a result, mouse EPRS1 associates with the heterotrimeric GAIT
complex along with L13a and GAPDH, although NSAP1 is not
included in the complex50. These results suggest that Ser999
phosphorylation is the key event that confers structural and

functional pliability to EPRS1 allowing it to governing of
inflammatory gene silencing.
Distinct kinases are critical for EPRS1 phosphorylation

(Fig. 2a)17,19. The first event leading to GAIT assembly is IFN-γ-
mediated activation of cyclin-dependent kinase 5 (CDK5) in
conjunction with its activator, p35; activated CDK5/p35 directly
phosphorylate Ser886 in EPRS117. The kinase axis of the
mammalian target of rapamycin complex 1 (mTORC1) and p70
ribosomal protein S6 kinase 1 (S6K1) also contributes to Ser999
phosphorylation19. Ser999 phosphorylation requires CDK5-
mediated phosphorylation of S6K1 (at Ser424 and Ser429)51.
CDK5 inhibition blocks these phosphorylation events, which
prevents EPRS1 release from an MSC and abrogates EPRS1

Fig. 3 Mechanistic actions of EPRS1 released from MSCs. a In myeloid cells, EPRS1 modified at Ser886 and Ser999 forms a heterotetrameric
GAIT complex with NSAP1, P-L13a, and GAPDH in response to IFN-γ stimulation. Within this complex, EPRS1 binds to GAIT-element-containing
inflammatory mRNA through its W1 and two other domains in the Linker, while L13a interacts with eIF4G in the translation initiation complex,
thereby blocking recruitment of the 43S ribosomal complex subunit and repressing translation. b TLR-mediated inflammatory signals in
myeloid cells induce the association of EPRS1 (modified at Ser999) with the early endosomal membrane via a PI(3)P-binding motif in the
Linker. The EPRS1-mediated trafficking of AKT to the early endosome results in the assembly of an endosome-specific AKT signaling complex
containing Rab5. This complex promotes AKT-mediated GSK3β phosphorylation, which increases CREB activation and anti-inflammatory
cytokine production to maintain physiological homeostasis during inflammation. c Insulin-induced modification of EPRS1 at Ser999 in
adipocytes regulates lipid metabolism via the translocation of FATP1 to the plasma membrane, followed by its activation. This event stimulates
the long-chain fatty acid uptake required for increased triglyceride synthesis, leading to adiposity. d After RNA virus infection, EPRS1 modified
at Ser990 is released from the MSC and hijacks PCBP2 to stabilize MAVS, which functions as a central hub for antiviral signaling in immune
cells. EPRS1 competes with PCBP2 for binding MAVS, thereby blocking the PCBP2-mediated ubiquitination and proteasomal degradation of
MAVS. This event promotes the production of the antiviral cytokine type I IFN, thereby suppressing viral replication. Although EPRS1 forms a
dimer via its PARS1 domain, it is illustrated as a monomer for clarity.

E.-Y. Lee et al.

2119

Experimental & Molecular Medicine (2023) 55:2116 – 2126



functions in the GAIT complex, leading to increased expression of
inflammatory proteins17.
Diverse forms of EPRS1 have been identified in cells. One study

revealed that a novel polyadenylation event, which introduces a
new stop codon, generates an EPRS1 variant with a truncated
C-terminus called EPRS1(N1)52. This truncated form of EPRS1
preserves a homeostatic basal level of GAIT gene expression in
myeloid cells, thereby playing an important role in cellular
homeostasis by inhibiting the binding of GAIT to target mRNAs.
For example, although vascular endothelial growth factor A
(VEGF-A) is an angiogenic factor that supports tumor growth, it
is essential for vessel maintenance, indicating a requirement for its
basal expression for homeostasis maintenance. A study showed
that the GAIT complex repressed VEGF-A synthesis, which
proceeded at a low constant rate independent of VEGF-A mRNA
levels. The EPRS1(N1) truncation mutant shields GAIT-element-
bearing transcripts (through high-affinity binding to GAIT target
mRNAs) from the inhibitory GAIT complex, thereby maintaining
low-level expression of GAIT target proteins (e.g., VEGF-A).
In addition, proteolytic cleavage of EPRS1 by caspases has been

demonstrated53. Caspases are cysteine-dependent aspartic acid
proteases that cleave proteins after aspartate residues54. EPRS1 is
cleaved at the third WHEP domain, which carries a highly
conserved cleavage site, 926DQVD929. Calcium-activated calpains
also target EPRS1 at several undefined sites, including the WHEP
domains, and proteolytically cleave EPRS1 into fragments55. It is
unclear whether cleaved EPRS1 fragments lacking part of the
targeted WHEP domain inhibit GAIT function. It is thought that
several forms of EPRS1 are required for the inactivation of
unknown noncanonical functions or for the generation of
bioactive fragments with distinct noncanonical activities53.
In summary, the GAIT system potentially fine-tunes inflam-

matory gene expression in the presence of persistent inflam-
matory stimuli and facilitates inflammation resolution after the
stimulus is removed44. The WHEP domain-containing Linker is
harbored in most metazoan EPRS1 molecules, implying a
substantial evolutionarily conserved benefit13. In higher verte-
brates, the regulatory mechanism controlled by the GAIT
complex seems to involve a machinery that prepares the
organism to resolve exacerbated inflammation caused by
infection, illness, or stress.

Organelle-specific anti-inflammatory functions
Recently, a novel mechanism by which EPRS1 coordinates the
anti-inflammatory signaling complex in subcellular organelles was
identified20. The phosphoinositide 3-kinase (PI3K)/AKT pathway
inhibits proinflammatory responses in lipopolysaccharide (LPS)-
stimulated macrophages56. In particular, the AKT signaling path-
way regulates Toll-like receptor (TLR) 4 hypersensitivity in the
myeloid cell lineage by inhibiting the expression of inflammatory
mediators57,58. During this process, AKT is activated via inflam-
matory stimuli and is translocated to the plasma membrane and
intracellular membrane compartments59. The authors found that
EPRS1 exhibited crucial anti-inflammatory roles by recruiting
activated AKT to early endosomes to regulate the downstream
target glycogen synthase kinase 3β (GSK3β)20. In early endosomes,
AKT increased GSK3β phosphorylation at Ser9 and inhibited its
activity, which then reduced inflammatory cytokine production by
monocytes60,61.
Specifically, EPRS1 is phosphorylated at Ser999 after mono-

cytes are stimulated via TLR2, TLR4, or TLR9 ligand binding to
cognate receptors; phosphorylation of Ser99 drives EPRS1
dissociation from an MSC (Fig. 2b)20. The TLR3 ligand poly(I:C)
does not affect Ser999 modification, suggesting that myeloid
differentiation primary response 88 (MYD88) is required for
EPRS1 function. Phosphorylation at Ser999 in monocyte/macro-
phage cells under inflammatory conditions has been observed
as early as 15 min after stimulation, peaking at 60 min; these

kinetics are consistent with the dissociation of EPRS1 from MSCs.
Notably, TLR ligands did not trigger the production of IFN-γ in
monocytes/macrophages, indicating that EPRS1 phosphoryla-
tion at Ser999 is independent of IFN-γ, which triggers GAIT
complex formation. An interaction study revealed that EPRS1
interacted specifically with AKT (functioning as a proximal
kinase) under inflammatory conditions. Kinase inhibitor assays
confirmed that AKT was critical for the phosphorylation of EPRS1
at Ser999 (Fig. 2b).
After its release from MSCs, EPRS1 continues to interact with

AKT and traffics AKT to early endosomes via a
phosphatidylinositol-3-phosphate (PI(3)P)-binding motif (also
found in the CBR3 loop of the noncatalytic C2 domain in
phosphatase and tension homolog (PTEN)62) located between the
third WHEP domain and PARS1 domain (Fig. 3b). Mutation of a
consensus sequence in the (PI(3)P)-binding motif abolished the
interaction between EPRS1 and PI(3)P. Further interaction analysis
revealed that EPRS1 was associated with Rab5B and Rab5C in
addition to AKT, implying early endosomal trafficking. Signaling by
the GTP-bound activated form of Rab5/PI(3)P on early endosomal
membranes recruits effector proteins63–65. The surface area of
endomembranes is up to 200-fold that of the plasma mem-
brane66. These endosomal membranes are physical platforms
where specific signaling complexes are assembled67,68. As the
PI3K/AKT pathway controls multiple downstream cellular pro-
cesses, this axis must be intricately regulated to target specific
functions69,70. Therefore, EPRS1-mediated intracellular partitioning
of AKT to endosomal membrane compartments governs AKT
substrate specificity, which also ensures that AKT activity level
remains proportional to the level of sustainable inflammation-
stimulating signals. This unique feature of EPRS1 might be critical
for maintaining immunological homeostasis for extended periods
and might provide clues regarding sustainable AKT activation in
the cytosol.
Domain assignment for the EPRS1 interaction revealed that

EARS1 participates in the interaction with Rab5, while PARS1 is
critical for AKT binding (Fig. 3b). As the PARS1 domain is adjacent
to Ser999 located in the Linker (only 24 amino acids separate
them), PARS1 may harbor a docking site for AKT that positions the
AKT kinase domain proximate to the EPRS1 Ser999 residue.
Moreover, the N-terminal pleckstrin homology (PH) domain of AKT
mediates autoinhibition by blocking the substrate-binding sites in
the kinase domain, thereby promoting AKT dephosphorylation71.
EPRS1 may maintain AKT in an active conformation by interacting
with its kinase domain; alternatively, PH domain binding may
interfere with AKT activation. In summary, inflammatory
stimulation-dependent MSC-dissociated phospho-EPRS1 is trans-
located to early endosomes to promote the assembly of an
endosome-specific anti-inflammatory AKT signaling complex: the
PARS1 domain traffics AKT to early endosomes via the PI(3)P-
binding motif in the Linker, and the EARS1 domain interacts with
Rab5 (Fig. 3b).
AKT activation in EPRS1-deleted bone marrow-derived macro-

phages (BMDMs) decreased significantly following exposure to
inflammatory stimuli (i.e., LPS), resulting in decreased AKT-
mediated phosphorylation of GSK3β Ser9. Phosphorylation of
GSK3β at Ser9 inhibited GSK3β activity, which in turn triggered
anti-inflammatory cytokine production and negatively regulated
NF-kB-mediated signaling via the activation of cAMP response
element-binding protein (CREB)72–75. Thus, EPRS1 deficiency in
BMDMs markedly reduced CREB activation while activating NF-kB,
leading to increased levels of proinflammatory cytokines (TNF-α
and IL-6) and attenuated anti-inflammatory cytokine (IL-10)
production20.
Three representative mouse models have been established to

validate the in vivo role of EPRS1 under inflammatory conditions:
(i) mice with LPS-mediated endotoxic shock; (ii) mice infected with
the pathogen Salmonella Typhimurium; and (iii) mice treated with
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dextran sulfate sodium (DSS) to induce colitis, which establishes
these mice as models of intestinal inflammatory conditions20.
EPRS1-deficient mice were found to be more susceptible to LPS-
induced septic shock and S. typhimurium infection. The levels of
anti-inflammatory (IL-10) cytokines were significantly lower in
EPRS1-deficient mice than in wild-type mice, whereas the levels of
proinflammatory cytokines were higher. Histological studies
revealed that inflammatory cell infiltration of the lungs was more
extensive in EPRS1-deficient mice. Moreover, in EPRS1-deficient
colitis mice, body weight loss, disease activity scores, and damage
scores were higher than they were in wild-type (WT) colitis model
mice. Collectively, these results demonstrate that EPRS1 is a critical
effector protein that resolves inflammation to preserve physiolo-
gical homeostasis20.
Under inflammatory conditions, EPRS1 seems to play a

compensatory role in resolving inflammation by coordinating
the action of the anti-inflammatory AKT signaling complex20, as
well as by assembling the GAIT complex16. However, in contrast
to EPRS1/AKT-driven anti-inflammatory immune regulation,
which is triggered within 1 h of stimulation, functional GAIT
complexes are assembled approximately 24 h following IFN-γ
stimulation. Although TLR activation in macrophages did not
generate IFN-γ in vitro, both the GAIT complex and the EPRS1/
AKT-mediated signaling complex contributed to the resolution
of inflammation in vivo. Physiologically, the first line of anti-
inflammatory immune defense is likely directed via the TLR/
PI3K/AKT-mediated activation of EPRS1, whereas the GAIT
system is more likely to resolve chronic and persistent
inflammation.

MODULATION OF METABOLIC FUNCTIONS
Because inflammation is a common denominator in age-
associated pathologies such as metabolic syndromes and
diabetes76, there is no doubt about the role of EPRS1-
mediated functions in metabolism. The clues are derived from
the role played by EPRS1 in adipocytes, in which it is
phosphorylated after insulin treatment19. Insulin, an essential
hormone made by beta cells in the pancreas, lowers the level of
glucose77. Insulin induces activation of mTORC1 and S6K1. The
mTORC1-S6K1 axis is central to metabolic pathways, but the
mechanisms downstream of this enzymatic axis are unclear. Arif
et al. showed that the mTORC1-S6K1 axis in adipocytes
stimulates EPRS1 phosphorylation at Ser999 and influences
adiposity and aging (Fig. 2c)19. In this study, mice lacking S6K1
presented with reduced fat mass, delayed aging, and a longer
healthy lifespan than WT control mice. The researchers found
that EPRS1 was a key mediator of these physiological outcomes.
To validate these effects, two mouse models were established
by introducing a phosphorylation-resistant EPRS1 mutant
harboring a serine-to-alanine (S999A) substitution or a phos-
phomimetic form harboring a serine-to-aspartic acid (S999D)
substitution. The results were interesting: similar to S6K1-
defective mice, mice harboring the S999A mutation exhibited
lower body weight, reduced fat mass, and a longer lifespan
(extended by 118 days) than WT mice. The authors found that
insulin-stimulated lipid uptake was impaired in fat cells derived
from S999A-mutant-harboring mice. When the S999D mutation
in S6K1-deficient mice was complemented to restore EPRS1
phosphorylation, some of the fat mass was regained.
Notably, IFN-γ did not induce the phosphorylation of EPRS1 in

mouse adipocytes or differentiated 3T3-L1 cells, meaning that
GAIT was not assembled. Similarly, although insulin treatment of
adipocytes induced EPRS1 phosphorylation at Ser999, it did not
trigger assembly of the GAIT complex, possibly because L13a (a
GAIT component) was not phosphorylated19. Further investigation
into the underlying mechanism revealed that insulin-mediated
free EPRS1 is bound to fatty acid transport protein 1 (FATP1). The

Linker to EPRS1 was critical for this interaction, contributing in a
phosphorylation-dependent manner78. Moreover, the
phosphorylation-resistant S999A-mutant-containing Linker pre-
vented FATP1 from binding EPRS1, but the EPRS1 S999D mutant
interacted with FATP1 in the absence of insulin signaling. After
binding FATP1, EPRS1 in adipocytes trafficked FATP1 to the
plasma membrane. By translocating FATP1 to the membrane,
EPRS1 facilitated long-chain fatty acid (LCFA) uptake, which
increased the triglyceride synthesis rate (Fig. 3c). Knockdown of
EPRS1 or FATP1 reduced the LCFA uptake rate, and knockdown of
both proteins decreased LCFA absorption without impairing
protein synthesis. Thus, EPRS1 phosphorylation contributes to
lipid accumulation by inhibiting lipolysis and fatty acid
oxidation19.
Another study suggested the possibility of targeting the S6K1-

EPRS1 signaling axis to treat metabolic disease and possibly the
pathology of aging79. Moreover, phosphorylation-defective EPRS1
model mice are useful for investigating many metabolic
phenotypes, as well as the inflammatory activity and other
noncanonical functions of EPRS1. However, the use of these model
mice may confound the interpretation of diverse disease-related
parameters. In addition, many questions must be answered to
determine the mechanism through which the metabolic disease
of S6K1-deficient mice was attenuated by the introduction of a
single EPRS1 S999D protein, as S6K1 likely regulates multiple
downstream targets. Whether an EPRS1 phosphorylation mutant
can affect tissues in addition to adipocytes is another concern. In
later studies, the same group showed that insulin-stimulated
phosphorylation of EPRS1 at Ser999 by S6K1 required not only
mTORC1 but also CDK551. In addition to classical S6K1 phosphor-
ylation at Thr389 by mTORC1, CDK5 was necessary for the
phosphorylation of the S6K1 C-terminus at Ser424 and Ser429
(Fig. 2c). Multisite-phosphorylated S6K1 activated EPRS1 to
regulate lipid metabolism. Moreover, multisite-phosphorylated
S6K1 interacted with three additional lipid metabolism-related
proteins (coenzyme A synthase, cortactin, and lipocalin 2) to
control a posttranslational metabolon that affects adipocyte lipid
metabolism. It is tempting to ask whether similar to EPRS1, these
candidate proteins can confer metabolic and lifespan benefits to
S6K1-deficient mice.

ANTIVIRAL IMMUNE FUCTIONS
Even after the noncanonical roles of ARSs had been discovered,
their infection-related functions received little attention until
the antiviral immune functions of EPRS1 were identified18.
Because an MSCs functions as a stimulus-dependent depot
system that responds rapidly to aberrant conditions, a research
group hypothesized that MSCs regulate immune responses to
viral infection. Large-scale RNA-Seq offers the opportunity to
perform comprehensive and simultaneous transcriptional profil-
ing during a host response to invading pathogens80. Taking
advantage of this technique, researchers generated transcrip-
tome profiles of MSCs in influenza virus-infected primary human
bronchial epithelial cells. Both heterogeneous expression and
temporal fluctuation in the expression of genes encoding MSC
components were observed in response to the viral infection. A
luciferase-based assay showed that among all the MSC
components, EPRS1 induced significant antiviral activity via
the IFN-β gene promoter.
EPRS1 knockdown in macrophages increased the replication of

RNA viruses (influenza H1N1/PR8 and vesicular stomatitis virus
(VSV)), but not that of a DNA virus (herpes simplex virus).
Consistent with these findings, EPRS1-deficient cells showed
considerable attenuation of the production of antiviral cytokines
such as IFN-β and IL-6 following RNA virus infection or treatment
with the synthetic double-stranded RNA poly(I:C); however, these
outcomes were not observed following infection with herpes
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simplex virus, indicating that EPRS1 positively regulates antiviral
innate immune responses, specifically those directed against RNA
viruses.
Moreover, the survival rate of heterozygous Eprs1+/− mice

intravenously challenged with VSV-Indiana virus was lower than
that of WT mice. Viral titers in the brain and spleen of Eprs1+/−

mice were higher than those in WT mice, which accounted for the
increased susceptibility of EPRS1-deficient mice to viral infection.
A histological analysis also supported the finding that Eprs1+/−

mice carry higher viral loads and higher numbers of infiltrating
inflammatory cells than their counterparts. Taken together, these
data suggest that EPRS1 triggers intracellular innate immune
responses against viral infection.
Through proteomic analysis, virus infection-specific phosphor-

ylation of EPRS1 at Ser990 but not at Ser999 was identified
(Fig. 2d). The virus infection-specific modification was verified in
assays with an in-house polyclonal anti-pSer990 antibody. Virus
(PR8) infection induced a low phosphorylation rate of EPRS1
Ser990 after 1 h, and this rate increased gradually up to 24 h. IFN-γ
treatment did not induce the phosphorylation of EPRS1 at Ser990.
Concomitantly, EPRS1 in virus-infected cells did not form the GAIT
complex or suppress the expression of GAIT genes such as Cp44.
These results strongly imply that Ser990 is a novel site of
phosphorylation specifically after viral infection, enabling EPRS1
dissociated from MSCs to govern antiviral immune responses
independent of the GAIT system.
Antiviral signaling is mediated mainly by retinoic acid-inducible

gene 1 (RIG)-I-like receptor (RLR) pathways in which RIG-I and
melanoma differentiation-association protein 5 (MDA5) sense RNA
viruses, after which the two molecules are recruited to an adaptor
protein called mitochondrial antiviral signaling protein (MAVS).
MAVS then activates the type I IFN promoter and NF-kB81. Analysis
of the RLR signaling cascade revealed that EPRS1 functions at the
RIG-I/MAVS axis, which is central to antiviral signaling. An
interactome analysis based on MAVS signaling revealed that
EPRS1 interacted with poly(C)-binding protein 2 (PCBP2), a protein
known to trigger the ubiquitination and degradation of MAVS82.
EPRS1 prevented the interaction between PCBP2 and MAVS by
competitively targeting the same PCBP2 domain as MAVS. Thus,
EPRS1 blocked PCBP2-mediated MAVS ubiquitination and degra-
dation, thereby maintaining strong antiviral immune responses
(Fig. 3d).
Domain mapping of EPRS1 revealed that the region encom-

passing amino acids 169–196 (a flexible linking region between
GST and EARS1) is critical for EPRS1 interaction with PCBP2 (Fig.
3d). Deletion of this linker region from EPRS1 abrogated its
ability to activate the IFNB promoter. Combining the functional
region (aa 169–196) with the cell-penetrating peptide Tat83,
known as Tat-Epep, significantly increased the production of
antiviral cytokines and reduced the viral replication rate in
macrophages18. As this synthetic peptide was derived from a
natural host protein, it may exhibit therapeutic benefits and a
high safety profile. The RIG-I/MAVS axis functions as a central
hub for immune signaling in response to most RNA viruses.
Thus, RIG-I/MAVS signaling activation is a potential therapeutic
strategy against viral infection and replication. Improving the
design of EPRS1-derived peptides may result in a pan-antiviral
peptide against RNA viruses such as SARS-CoV-2 that would
function by promoting RIG-I/MAVS signaling and antiviral
cytokine production.

CANCER-ASSOCIATED FUNCTIONS
Cancer arises from altered gene expression, which inevitably
leads to dysregulated protein synthesis84. A gene expression
signature can indicate the quantitative integration of multiple
oncogenic events, as well as be a hallmark of cancer85. Since
ARSs are essential for protein synthesis, their expression can be

expected to be upregulated in cancer cells. However, each ARS
gene exhibits dynamic and distinctive expression patterns
depending on the type of cancer86. For example, EPRS1 is
highly overexpressed in pancreatic adenocarcinoma (The Cancer
Genome Atlas; TCGA dataset: https://www.cancer.gov/tcga)86.
Furthermore, EPRS1 is upregulated in breast cancer, and its
overexpression is linked to an unfavorable clinical outcome87.
Similarly, data from TCGA and METABRIC cohorts showed that
EPRS1 was expressed at high levels in estrogen receptor-positive
(ER+) breast cancer tissues and was related to reduced overall
survival88. In addition, a transcriptome analysis revealed that
EPRS1 regulated the cell cycle and estrogen response gene
expression88. Collectively, these results suggest that EPRS1 is a
critical regulator of cell proliferation, estrogen signaling, and the
development of specific cancers.
Alternatively, EPRS1 contributes to tumorigenesis by interact-

ing with several target proteins12. One non-MSC EPRS1-targeted
protein is the neural-specific transcription factor Engrailed 189.
Engrailed 1 is overexpressed exclusively in basal-like breast
cancer, and interference with its expression triggers potent and
selective cell death. For example, Beltran et al. developed a
synthetic interference peptide comprising specific Engrailed
1 sequences and found that the peptide affected downstream
EPRS1 effectors in breast cancer cells via its interaction with
EPRS189. This interaction reduced the survival of basal-like
breast cancer cells. In addition, EPRS1 interacts with tRNA-
dihydrouridine synthase (Dus2) to increase translation efficiency.
Dus2 upregulation correlated positively with pulmonary carci-
nogenesis and indicated a poorer prognosis for lung cancer
patients90. Hence, the EPRS1-Dus2 interaction might effectively
drive the proliferation of cancer cells, possibly by promoting
tRNA charging activity90. Finally, a recent study reported that
EPRS1 was often overexpressed in gastric cancer tissues and that
its expression correlated positively with cancer development
both in vitro and in vivo91. Mechanistically, EPRS1 interacted
directly with SYCL2 to activate the WNT/GSK-3β/β-catenin
signaling pathway and promote cell proliferation and tumor
growth91.
Because prolonged inflammatory gene expression contributes

to malignant tumor progression, GAIT-mediated translational
control of inflammatory gene transcription may protect cells from
inflammation and injury in the presence of persistent inflamma-
tory stimuli92. In particular, the GAIT complex silences a key
angiogenic factor, VEGF. Angiogenesis driven by VEGF promotes
the transition of small tumors into large rapidly growing and
vascularized tumors93. Therefore, GAIT-mediated translational
silencing of VEGF may play a crucial role in protecting cells from
tumorigenesis44.
In conclusion, therapeutic and diagnostic uses of EPRS1 are

feasible. First, the upregulated expression of EPRS1 may be a
diagnostic and prognostic (poor) biomarker for multiple cancer
types, especially breast cancer87. Modulation of the EPRS1
interaction via its binding proteins may be another effective
therapeutic strategy for preventing cancer development. For
example, Engrailed 1-derived interference peptides combined
with other specific inhibitors of EPRS1 may be extremely effective
at inhibiting basal-like breast cancer89. In addition to direct EPRS1
inhibitors, investigation into potential antagonists that block
EPRS1 phosphorylation and dissociation from MSCs (e.g., kinase
inhibitors) are interesting candidates for application to cancer
therapy.

OTHER DISEASE-RELATED FUNCTIONS
Multiple single-nucleotide polymorphisms or point mutations in
EPRS1 have been reported in patients. One study reported that
biallelic mutations in EPRS1 cause hypomyelinating leukody-
strophy94. EPRS1 pathogenic mutations have been found in the
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PARS1 core domain. The study evaluated whether variants
caused decreased protein availability, impaired tRNA synthetase
function, and/or led to abnormal MSC assembly to decrease
translation and protein production at a crucial time during brain
development, resulting in deficient myelination. Immunoblot-
ting, enzymatic activity assays, and mass spectrometric analysis
revealed that EPRS-related leukodystrophy was related to
abnormal protein production with or without abnormal ami-
noacylation but was unlikely to be related to MSC assembly94.
Another report identified heterozygous variants in EPRS1 in a 4-
year-old patient presenting with psychomotor retardation,
seizures, and deafness95. The mutated residues were identified
in the EARS1 domain, which is conserved among species95.
These studies reflect potential connections between EPRS1 and
neurological diseases that are caused mainly by abnormalities in
canonical tRNA aminoacylation.
Disease-associated compound heterozygous mutations in

EPRS1 were also reported in two patients with diabetes and bone
diseases96. These mutations lead to the amino acid substitutions
P14R and E205G. Neither mutation affected tRNA binding or EPRS
association with MSCs. Paradoxically, P14R, which is located in the
noncatalytic GST domain and plays a critical role in MSC assembly,
induced a conformational change that altered tRNA charging
kinetics. E205G, located in the EARS1 domain, showed defective
tRNA aminoacylation. This study also revealed that patient-derived
cells expressing compound heterozygous EPRS1 showed heigh-
tened integrated stress responses, leading to disruption of protein
homeostasis and reduced cell viability96. Future studies should be
conducted to identify the mechanisms underlying disease
phenotypes that correlate with mutation-driven changes in
catalytic activity.
EPRS1 is linked closely to fibrosis. EPRS1 is overexpressed in

failing human and mouse hearts. In cardiac fibroblasts stimu-
lated with transforming growth factor-beta (TGF-β), increased
expression of EPRS1 increased the translation rate of genes
encoding proline-rich profibrotic proteins (e.g., collagens) via
enhanced translation elongation97. Cardiac tissue-specific dele-
tion of Eprs1 in mice profoundly reduced cardiac fibrosis under
pathogenic stress conditions. Halofuginone functions as an
antifibrotic agent that binds the PARS1 domain in EPRS123,24 and
reduces its enzymatic activity98. Halofuginone treatment sig-
nificantly decreased the translation efficiency of proline-rich
collagens in cardiac fibroblasts and in TGF-β-activated myofi-
broblasts97. Halofuginone also inhibited the production of
extracellular matrix (ECM) proteins such as procollagen and
fibronectin both in vivo and in cultured fibroblasts98. However,
the exogenous addition of proline or EPRS1 reversed this
suppressive effect. In particular, halofuginone competitively
inhibited proline in enzymatic assays98. Similarly, EPRS1 plays a
role in idiopathic pulmonary fibrosis, a chronic disease-
associated with abnormal accumulation of the ECM in fibrotic
foci in the lung99. Authors showed that EPRS1 triggers TGF-
β-mediated upregulation of ECM protein and mesenchymal
marker expression. Additionally, EPRS1-dependent signal trans-
ducer and activator of transcription 6 (STAT6) phosphorylation
induced ECM production in the lungs of bleomycin-treated
mice. These results suggest that EPRS1 (particularly the PARS1
domain) is a potential drug target for the treatment of fibrotic
diseases.
Technically, fibrosis is not a disease; in contrast, it is a

condition that results from tissue injury and is associated with
chronic inflammation and cancer100. The relationship between
fibrosis and EPRS1 points to the potential functions of EPRS1 in
diseases with a fibrotic outcome. Therefore, halofuginone may
be used to inhibit inflammatory responses and cancer progres-
sion because it suppresses EPRS1 activity. Although no direct
link between halofuginone-mediated inhibition of EPRS1 and

cancer cell growth has been established to date, the action of
halofuginone in reducing breast and prostate cancer bone
metastases in mice (by inhibiting TGF-β/bone morphogenetic
protein signaling) suggests the possibility that EPRS1 contri-
butes to the underlying process101. Similarly, halofuginone
suppressed inflammatory responses by preventing Th17 cell
differentiation, which was also mediated via EPRS1 inhibition102.
These data suggest that combination therapy (e.g., with
halofuginone and other potential inhibitors that target ERPS1)
may be beneficial for the treatment of fibrosis and associated
diseases.

CONCLUDING REMARKS
There is a clear, strong tendency for evolution to add new
sequences and domains to ARSs. The additions of these
sequences are consistent with the involvement of ARSs in a
broad range of biological functions in addition to protein
synthesis and correlate with the increased biological complexity
of higher organisms. Among human ARSs, EPRS1 is the most
evolutionarily derived protein, and it is the only fusion tRNA
synthetase with two different aminoacylation functions and a
noncanonical translation-regulatory function that is mediated by
the three repeated WHEP domain-containing linker region;
however, it remains unclear why the two enzymes EARS1 and
PARS1 are fusion partners. The fusion of genes encoding EARS1
and PARS1 to form EPRS1 presents an intriguing phenomenon. It
has been observed that an increased demand for proline
contributes to the marked depletion of glutamic acid, which in
turn affects the cellular levels of glutamine and arginine15.
EPRS1 plays a crucial role in regulating the steady-state levels of
amino acids. Therefore, the gene fusion event is believed to
have emerged from an ancient organism to ensure the
coexpression and coregulation of both enzymes, thereby
preventing lethal dysregulation15. The substantial evolutionary
advantage is evident from the widespread expression of EPRS1
in nearly all extant animals. Moreover, the fusion of these two
enzymes likely enhances the efficiency and coordination of
protein synthesis, thereby contributing to organism survival and
adaptation14.
EPRS1 resides in the outer portion of an MSC4,44. The location

of multiple and selective phosphorylation sites (i.e., Ser886,
Ser990, and Ser999) within the highly accessible linker region
correlates with the rapid switching between the translational
function of EPRS1 to the multiple biological functions in
response to diverse stimuli (Fig. 2). EPRS1 is the first example
of an ARS shown to effect on intracellular inflammatory and
antiviral signaling pathways. After its discovery, researchers
noticed that EPRS1 expression and subcellular localization were
important for its pathophysiological function. Moreover, EPRS1
is a stimulus-dependent molecular switch that drives specific
cell signaling pathways. Activation of EPRS1 by two different
types of organismal pressure, i.e., inflammatory and metabolic
stimuli, suggests central pluripotent roles in stress responses78.
Considering its location in the MSC, it is still unclear how all
these functions are mechanistically regulated. Due to its flexible
nature, the structure of EPRS1 has not been solved. Unanswered
questions regarding the structure and functions of EPRS1 may
be addressed by integrated studies using key research
technologies such as cryo-transmission electron microscopy
and cross-linking proteomic analysis in combination with
cellular and immunological assays. In conclusion, based on its
multiple noncanonical functions in a stress- and interactor-
specific manner (Table 1), EPRS1 shows great therapeutic and
diagnostic potential in the context of many disorders, including
infection, inflammation, metabolism-related immune dysregula-
tion, and cancer.

E.-Y. Lee et al.

2123

Experimental & Molecular Medicine (2023) 55:2116 – 2126



REFERENCES
1. Giege, R., Sissler, M. & Florentz, C. Universal rules and idiosyncratic features in

tRNA identity. Nucleic Acids Res. 26, 5017–5035 (1998).
2. Schimmel, P. Aminoacyl tRNA synthetases: general scheme of structure-function

relationships in the polypeptides and recognition of transfer RNAs. Annu. Rev.
Biochem. 56, 125–158 (1987).

3. Guo, M., Yang, X. L. & Schimmel, P. New functions of aminoacyl-tRNA synthe-
tases beyond translation. Nat. Rev. Mol. Cell Biol. 11, 668–674 (2010).

4. Cho, H. Y. et al. Assembly of multi-tRNA synthetase complex via hetero-
tetrameric glutathione transferase-homology domains. J. Biol. Chem. 290,
29313–29328 (2015).

5. Kwon, N. H., Fox, P. L. & Kim, S. Aminoacyl-tRNA synthetases as therapeutic
targets. Nat. Rev. Drug Discov. 18, 629–650 (2019).

6. Kim, M. H. & Kang, B. S. Structure and dynamics of the human multi-tRNA
synthetase complex. Subcell. Biochem 99, 199–233 (2022).

7. Kim, M. H. & Kim, S. Structures and functions of multi-tRNA synthetase com-
plexes. Enzymes 48, 149–173 (2020).

8. Kim, J. Y. et al. p38 is essential for the assembly and stability of macromolecular
tRNA synthetase complex: implications for its physiological significance. Proc.
Natl Acad. Sci. USA 99, 7912–7916 (2002).

9. Park, S. G., Choi, E. C. & Kim, S. Aminoacyl-tRNA synthetase-interacting multi-
functional proteins (AIMPs): a triad for cellular homeostasis. IUBMB Life 62,
296–302 (2010).

10. Sampath, P. et al. Noncanonical function of glutamyl-prolyl-tRNA synthetase:
gene-specific silencing of translation. Cell 119, 195–208 (2004).

11. David, A. et al. RNA binding targets aminoacyl-tRNA synthetases to translating
ribosomes. J. Biol. Chem. 286, 20688–20700 (2011).

12. Khan, K., Gogonea, V. & Fox, P. L. Aminoacyl-tRNA synthetases of the multi-tRNA
synthetase complex and their role in tumorigenesis. Transl. Oncol. 19, 101392
(2022).

13. Jia, J., Arif, A., Ray, P. S. & Fox, P. L. WHEP domains direct noncanonical function
of glutamyl-Prolyl tRNA synthetase in translational control of gene expression.
Mol. Cell 29, 679–690 (2008).

14. Ray, P. S. et al. Evolution of function of a fused metazoan tRNA synthetase. Mol.
Biol. Evol. 28, 437–447 (2011).

15. Eswarappa, S. M., Potdar, A. A., Sahoo, S., Sankar, S. & Fox, P. L. Metabolic origin
of the fused aminoacyl-tRNA synthetase, glutamyl-prolyl-tRNA synthetase. J.
Biol. Chem. 293, 19148–19156 (2018).

16. Arif, A. et al. Two-site phosphorylation of EPRS coordinates multimodal reg-
ulation of noncanonical translational control activity. Mol. Cell 35, 164–180
(2009).

17. Arif, A., Jia, J., Moodt, R. A., DiCorleto, P. E. & Fox, P. L. Phosphorylation of
glutamyl-prolyl tRNA synthetase by cyclin-dependent kinase 5 dictates
transcript-selective translational control. Proc. Natl Acad. Sci. USA 108,
1415–1420 (2011).

18. Lee, E. Y. et al. Infection-specific phosphorylation of glutamyl-prolyl tRNA syn-
thetase induces antiviral immunity. Nat. Immunol. 17, 1252–1262 (2016).

19. Arif, A. et al. EPRS is a critical mTORC1-S6K1 effector that influences adiposity in
mice. Nature 542, 357–361 (2017).

20. Lee, E. Y. et al. Glutamyl-prolyl-tRNA synthetase 1 coordinates early endosomal
anti-inflammatory AKT signaling. Nat. Commun. 13, 6455 (2022).

21. Cho, H. Y. et al. Symmetric assembly of a decameric subcomplex in human
multi-tRNA synthetase complex via interactions between glutathione
transferase-homology domains and aspartyl-tRNA synthetase. J. Mol. Biol. 431,
4475–4496 (2019).

22. Jeong, E. J. et al. Structural analysis of multifunctional peptide motifs in human
bifunctional tRNA synthetase: identification of RNA-binding residues and func-
tional implications for tandem repeats. Biochemistry 39, 15775–15782 (2000).

23. Zhou, H., Sun, L., Yang, X. L. & Schimmel, P. ATP-directed capture of bioactive
herbal-based medicine on human tRNA synthetase. Nature 494, 121–124
(2013).

24. Son, J. et al. Conformational changes in human prolyl-tRNA synthetase upon
binding of the substrates proline and ATP and the inhibitor halofuginone. Acta
Crystallogr D. Biol. Crystallogr 69, 2136–2145 (2013).

25. Webster, T., Tsai, H., Kula, M., Mackie, G. A. & Schimmel, P. Specific sequence
homology and three-dimensional structure of an aminoacyl transfer RNA syn-
thetase. Science 226, 1315–1317 (1984).

26. Hountondji, C., Dessen, P. & Blanquet, S. Sequence similarities among the family
of aminoacyl-tRNA synthetases. Biochimie 68, 1071–1078 (1986).

27. Ludmerer, S. W. & Schimmel, P. Gene for yeast glutamine tRNA synthetase
encodes a large amino-terminal extension and provides a strong confirmation
of the signature sequence for a group of the aminoacyl-tRNA synthetases. J. Biol.
Chem. 262, 10801–10806 (1987).

28. Moras, D. Structural and functional relationships between aminoacyl-tRNA
synthetases. Trends Biochem Sci. 17, 159–164 (1992).Ta

bl
e
1.

Ph
o
sp
h
o
co

d
es
,i
n
te
ra
ct
o
rs
,a

n
d
fu
n
ct
io
n
s
o
f
EP

R
S1

u
n
d
er

d
iff
er
en

t
st
re
ss
es
.

St
im

ul
us

Fu
n
ct
io
n
al

d
om

ai
n

Ph
os
p
h
or
yl
at
io
n
si
te

M
SC

as
so
ci
at
io
n

un
d
er

st
re
ss

In
te
ra
ct
or

Su
b
ce
llu

la
r

lo
ca
liz

at
io
n

d
ur
in
g
fu
n
ct
io
n

Fu
n
ct
io
n

D
is
ea

se
R
ef
s.

IF
N
-γ

Li
n
ke
r

Se
r8
86

,S
er
99

9
D
is
so
ci
at
ed

N
SA

P1
,G

A
PD

H
an

d
L1

3a
fo
r
G
A
IT

co
m
p
le
x
fo
rm

at
io
n

C
yt
o
p
la
sm

Tr
an

sl
at
io
n
al

si
le
n
ci
n
g
o
f

G
A
IT
-e
le
m
en

t-
co

n
ta
in
in
g

in
fl
am

m
at
o
ry

g
en

es

In
fl
am

m
at
o
ry

d
is
ea
se

1
0
,1
3
,1
6
,1
7

LP
S,

b
ac
te
ri
a

EA
R
S1

,L
in
ke
r,

PA
R
S1

Se
r9
99

D
is
so
ci
at
ed

PA
R
S1

:A
K
T

Li
n
ke
r:
PI
(3
)P

EA
RS

1:
R
ab

5

Ea
rl
y
en

d
o
so
m
es

In
fl
am

m
at
io
n
re
so
lu
ti
o
n

In
fl
am

m
at
o
ry

d
is
ea
se

2
0

In
su
lin

Li
n
ke
r

Se
r9
99

D
is
so
ci
at
ed

FA
TP

1
Pl
as
m
a
m
em

b
ra
n
e

A
d
ip
o
cy
te

lip
id

m
et
ab

o
lis
m

O
b
es
it
y
an

d
ag

in
g

1
9
,7
9

R
N
A
vi
ru
s

R
es
id
u
es

16
8-

19
6

Se
r9
90

D
is
so
ci
at
ed

PC
B
P2

C
yt
o
p
la
sm

M
A
V
S-
m
ed

ia
te
d
an

ti
vi
ra
l

im
m
u
n
e
fu
n
ct
io
n

V
ir
al

d
is
ea
se

1
8

N
o
t
d
efi

n
ed

(P
o
ss
ib
ly
)

PA
R
S1

U
n
kn

o
w
n

N
o
t
d
efi

n
ed

En
g
ra
ile
d
1-
d
er
iv
ed

in
te
rf
er
en

ce
p
ep

ti
d
e

C
yt
o
p
la
sm

In
h
ib
it
in
g
ca
n
ce
r
ce
ll

su
rv
iv
al

B
re
as
t
ca
n
ce
r

8
9

N
o
t
d
efi

n
ed

Li
n
ke
r

U
n
kn

o
w
n

N
o
t
d
efi

n
ed

D
U
S2

C
yt
o
p
la
sm

In
cr
ea
se
d
tr
an

sl
at
io
n

ef
fi
ci
en

cy
Lu

n
g
ca
n
ce
r

9
0

N
o
t
d
efi

n
ed

N
o
t
d
efi

n
ed

U
n
kn

o
w
n

N
o
t
d
efi

n
ed

SY
C
L2

C
yt
o
p
la
sm

Pr
o
m
o
te
d
tu
m
o
r
g
ro
w
th

G
as
tr
ic

ca
n
ce
r

9
1

C
ar
d
ia
c

st
re
ss
,T
G
F-
β

PA
R
S1

U
n
kn

o
w
n

N
o
t
d
efi

n
ed

Pr
o
lin

e
fo
r
ca
n
o
n
ic
al

ac
ti
vi
ty

C
yt
o
p
la
sm

In
cr
ea
se
d
co

lla
g
en

p
ro
te
in

le
ve
ls

Fi
b
ro
ti
c
d
is
ea
se

9
7

E.-Y. Lee et al.

2124

Experimental & Molecular Medicine (2023) 55:2116 – 2126



29. Cusack, S. Aminoacyl-tRNA synthetases. Curr. Opin. Struct. Biol. 7, 881–889
(1997).

30. Eriani, G., Delarue, M., Poch, O., Gangloff, J. & Moras, D. Partition of tRNA syn-
thetases into two classes based on mutually exclusive sets of sequence motifs.
Nature 347, 203–206 (1990).

31. Cusack, S. Sequence, structure and evolutionary relationships between class 2
aminoacyl-tRNA synthetases: an update. Biochimie 75, 1077–1081 (1993).

32. Fraser, T. H. & Rich, A. Amino acids are not all initially attached to the same
position on transfer RNA molecules. Proc. Natl Acad. Sci. USA 72, 3044–3048
(1975).

33. Sprinzl, M. & Cramer, F. Site of aminoacylation of tRNAs from Escherichia coli
with respect to the 2’- or 3’-hydroxyl group of the terminal adenosine. Proc. Natl
Acad. Sci. USA 72, 3049–3053 (1975).

34. Delarue, M. & Moras, D. The aminoacyl-tRNA synthetase family: modules at work.
Bioessays 15, 675–687 (1993).

35. Schimmel, P. Classes of aminoacyl-tRNA synthetases and the establishment of
the genetic code. Trends Biochem Sci. 16, 1–3 (1991).

36. Chung, S. et al. Regulation of BRCA1 stability through the tandem UBX domains
of isoleucyl-tRNA synthetase 1. Nat. Commun. 13, 6732 (2022).

37. Hornbeck, P. V. et al. PhosphoSitePlus, 2014: mutations, PTMs and recalibrations.
Nucleic Acids Res. 43, D512–D520 (2015).

38. Fullerton, J. N. & Gilroy, D. W. Resolution of inflammation: a new therapeutic
frontier. Nat. Rev. Drug Discov. 15, 551–567 (2016).

39. Esser, N., Legrand-Poels, S., Piette, J., Scheen, A. J. & Paquot, N. Inflammation as a
link between obesity, metabolic syndrome and type 2 diabetes. Diabetes Res
Clin. Pract. 105, 141–150 (2014).

40. Hotamisligil, G. S. Inflammation and metabolic disorders. Nature 444, 860–867
(2006).

41. Feehan, K. T. & Gilroy, D. W. Is Resolution the End of Inflammation. Trends Mol.
Med. 25, 198–214 (2019).

42. Serhan, C. N., Chiang, N. & Van Dyke, T. E. Resolving inflammation: dual anti-
inflammatory and pro-resolution lipid mediators. Nat. Rev. Immunol. 8, 349–361
(2008).

43. Sugimoto, M. A., Vago, J. P., Perretti, M. & Teixeira, M. M. Mediators of the
Resolution of the Inflammatory Response. Trends Immunol. 40, 212–227
(2019).

44. Mukhopadhyay, R., Jia, J., Arif, A., Ray, P. S. & Fox, P. L. The GAIT system: a
gatekeeper of inflammatory gene expression. Trends Biochem. Sci. 34, 324–331
(2009).

45. Ivashkiv, L. B. IFNgamma: signalling, epigenetics and roles in immunity, meta-
bolism, disease and cancer immunotherapy. Nat. Rev. Immunol. 18, 545–558
(2018).

46. Schimmel, P. & Ewalt, K. Translation silenced by fused pair of tRNA synthetases.
Cell 119, 147–148 (2004).

47. Vyas, K. et al. Genome-wide polysome profiling reveals an inflammation-
responsive posttranscriptional operon in gamma interferon-activated mono-
cytes. Mol. Cell Biol. 29, 458–470 (2009).

48. Mukhopadhyay, R. et al. DAPK-ZIPK-L13a axis constitutes a negative-
feedback module regulating inflammatory gene expression. Mol. Cell 32,
371–382 (2008).

49. Ray, P. S. & Fox, P. L. A post-transcriptional pathway represses monocyte VEGF-A
expression and angiogenic activity. EMBO J. 26, 3360–3372 (2007).

50. Arif, A., Chatterjee, P., Moodt, R. A. & Fox, P. L. Heterotrimeric GAIT complex
drives transcript-selective translation inhibition in murine macrophages. Mol.
Cell Biol. 32, 5046–5055 (2012).

51. Arif, A., Jia, J., Willard, B., Li, X. & Fox, P. L. Multisite Phosphorylation of S6K1
Directs a Kinase Phospho-code that Determines Substrate Selection. Mol. Cell
73, 446–457.e446 (2019).

52. Yao, P. et al. Coding region polyadenylation generates a truncated tRNA syn-
thetase that counters translation repression. Cell 149, 88–100 (2012).

53. Halawani, D. et al. Structural control of caspase-generated glutamyl-tRNA syn-
thetase by appended noncatalytic WHEP domains. J. Biol. Chem. 293,
8843–8860 (2018).

54. Shalini, S., Dorstyn, L., Dawar, S. & Kumar, S. Old, new and emerging functions of
caspases. Cell Death Differ. 22, 526–539 (2015).

55. Lei, H. Y. et al. Calpain cleaves most components in the multiple aminoacyl-tRNA
synthetase complex and affects their functions. J. Biol. Chem. 290, 26314–26327
(2015).

56. Androulidaki, A. et al. The kinase Akt1 controls macrophage response to lipo-
polysaccharide by regulating microRNAs. Immunity 31, 220–231 (2009).

57. Guha, M. & Mackman, N. The phosphatidylinositol 3-kinase-Akt pathway limits
lipopolysaccharide activation of signaling pathways and expression of inflam-
matory mediators in human monocytic cells. J. Biol. Chem. 277, 32124–32132
(2002).

58. Luyendyk, J. P. et al. Genetic analysis of the role of the PI3K-Akt pathway in
lipopolysaccharide-induced cytokine and tissue factor gene expression in
monocytes/macrophages. J. Immunol. 180, 4218–4226 (2008).

59. Sugiyama, M. G., Fairn, G. D. & Antonescu, C. N. Akt-ing up just about every-
where: compartment-specific Akt activation and function in receptor tyrosine
kinase signaling. Front Cell Dev. Biol. 7, 70 (2019).

60. Martin, M., Rehani, K., Jope, R. S. & Michalek, S. M. Toll-like receptor-mediated
cytokine production is differentially regulated by glycogen synthase kinase 3.
Nat. Immunol. 6, 777–784 (2005).

61. Wang, L., Li, X. & Wang, Y. GSK3beta inhibition attenuates LPS-induced IL-6
expression in porcine adipocytes. Sci. Rep. 8, 15967 (2018).

62. Naguib, A. et al. PTEN functions by recruitment to cytoplasmic vesicles. Mol. Cell
58, 255–268 (2015).

63. Lawe, D. C., Patki, V., Heller-Harrison, R., Lambright, D. & Corvera, S. The FYVE
domain of early endosome antigen 1 is required for both phosphatidylinositol
3-phosphate and Rab5 binding. Critical role of this dual interaction for endo-
somal localization. J. Biol. Chem. 275, 3699–3705 (2000).

64. Pfeffer, S. R. Rab GTPases: specifying and deciphering organelle identity and
function. Trends Cell Biol. 11, 487–491 (2001).

65. Grosshans, B. L., Ortiz, D. & Novick, P. Rabs and their effectors: achieving
specificity in membrane traffic. Proc. Natl Acad. Sci. USA 103, 11821–11827
(2006).

66. Schmick, M. et al. KRas localizes to the plasma membrane by spatial cycles of
solubilization, trapping and vesicular transport. Cell 157, 459–471 (2014).

67. Palfy, M., Remenyi, A. & Korcsmaros, T. Endosomal crosstalk: meeting points for
signaling pathways. Trends Cell Biol. 22, 447–456 (2012).

68. Zeke, A., Lukacs, M., Lim, W. A. & Remenyi, A. Scaffolds: interaction platforms for
cellular signalling circuits. Trends Cell Biol. 19, 364–374 (2009).

69. Manning, B. D. & Toker, A. AKT/PKB signaling: navigating the network. Cell 169,
381–405 (2017).

70. Hoxhaj, G. & Manning, B. D. The PI3K-AKT network at the interface of oncogenic
signalling and cancer metabolism. Nat. Rev. Cancer 20, 74–88 (2020).

71. Ebner, M., Lucic, I., Leonard, T. A. & Yudushkin, I. PI(3,4,5)P(3) engagement
restricts akt activity to cellular membranes. Mol. Cell 65, 416–431.e416 (2017).

72. Deng, J. et al. Protective role of reactive oxygen species in endotoxin-induced
lung inflammation through modulation of IL-10 expression. J. Immunol. 188,
5734–5740 (2012).

73. Ollivier, V., Parry, G. C., Cobb, R. R., de Prost, D. & Mackman, N. Elevated cyclic
AMP inhibits NF-kappaB-mediated transcription in human monocytic cells and
endothelial cells. J. Biol. Chem. 271, 20828–20835 (1996).

74. Parry, G. C. & Mackman, N. Role of cyclic AMP response element-binding protein
in cyclic AMP inhibition of NF-kappaB-mediated transcription. J. Immunol. 159,
5450–5456 (1997).

75. Wen, A. Y., Sakamoto, K. M. & Miller, L. S. The role of the transcription factor CREB
in immune function. J. Immunol. 185, 6413–6419 (2010).

76. Fontana, L., Partridge, L. & Longo, V. D. Extending healthy life span–from yeast
to humans. Science 328, 321–326 (2010).

77. Um, S. H., D’Alessio, D. & Thomas, G. Nutrient overload, insulin resistance, and
ribosomal protein S6 kinase 1, S6K1. Cell Metab. 3, 393–402 (2006).

78. Arif, A. & Fox, P. L. Unexpected metabolic function of a tRNA synthetase. Cell
Cycle 16, 2239–2240 (2017).

79. Selman, C. & Withers, D. J. Physiology: an atypical switch for metabolism and
ageing. Nature 542, 299–300 (2017).

80. Nuss, A. M. et al. Tissue dual RNA-seq allows fast discovery of infection-specific
functions and riboregulators shaping host-pathogen transcriptomes. Proc. Natl
Acad. Sci. USA 114, E791–E800 (2017).

81. Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and innate immunity.
Cell 124, 783–801 (2006).

82. You, F. et al. PCBP2 mediates degradation of the adaptor MAVS via the HECT
ubiquitin ligase AIP4. Nat. Immunol. 10, 1300–1308 (2009).

83. van den Berg, A. & Dowdy, S. F. Protein transduction domain delivery of ther-
apeutic macromolecules. Curr. Opin. Biotechnol. 22, 888–893 (2011).

84. Bradner, J. E., Hnisz, D. & Young, R. A. Transcriptional addiction in cancer. Cell
168, 629–643 (2017).

85. Rosenwald, A. et al. The proliferation gene expression signature is a quantitative
integrator of oncogenic events that predicts survival in mantle cell lymphoma.
Cancer Cell 3, 185–197 (2003).

86. Sung, Y., Yoon, I., Han, J. M. & Kim, S. Functional and pathologic association
of aminoacyl-tRNA synthetases with cancer. Exp. Mol. Med. 54, 553–566
(2022).

87. Qi, L. et al. Significant prognostic values of differentially expressed-aberrantly
methylated hub genes in breast cancer. J. Cancer 10, 6618–6634 (2019).

88. Katsyv, I. et al. EPRS is a critical regulator of cell proliferation and estrogen
signaling in ER+ breast cancer. Oncotarget 7, 69592–69605 (2016).

E.-Y. Lee et al.

2125

Experimental & Molecular Medicine (2023) 55:2116 – 2126



89. Beltran, A. S., Graves, L. M. & Blancafort, P. Novel role of Engrailed 1 as a pro-
survival transcription factor in basal-like breast cancer and engineering of inter-
ference peptides block its oncogenic function. Oncogene 33, 4767–4777 (2014).

90. Kato, T. et al. A novel human tRNA-dihydrouridine synthase involved in pul-
monary carcinogenesis. Cancer Res. 65, 5638–5646 (2005).

91. Liu, H. et al. EPRS/GluRS promotes gastric cancer development via WNT/GSK-
3beta/beta-catenin signaling pathway. Gastric Cancer 24, 1021–1036 (2021).

92. Coussens, L. M. & Werb, Z. Inflammation and cancer. Nature 420, 860–867 (2002).
93. Lin, E. Y. et al. Macrophages regulate the angiogenic switch in a mouse model of

breast cancer. Cancer Res. 66, 11238–11246 (2006).
94. Mendes, M. I. et al. Bi-allelic mutations in EPRS, encoding the glutamyl-prolyl-

aminoacyl-tRNA synthetase, cause a hypomyelinating leukodystrophy. Am. J.
Hum. Genet 102, 676–684 (2018).

95. Jin, D. et al. Aminoacylation-defective bi-allelic mutations in human EPRS1
associated with psychomotor developmental delay, epilepsy, and deafness. Clin.
Genet. https://doi.org/10.1111/cge.14269 (2022).

96. Jin, D. et al. Disease-associated mutations in a bifunctional aminoacyl-tRNA
synthetase gene elicit the integrated stress response. J. Biol. Chem. 297, 101203
(2021).

97. Wu, J. et al. Glutamyl-prolyl-tRNA synthetase regulates proline-rich pro-fibrotic
protein synthesis during cardiac fibrosis. Circ. Res. 127, 827–846 (2020).

98. Keller, T. L. et al. Halofuginone and other febrifugine derivatives inhibit prolyl-
tRNA synthetase. Nat. Chem. Biol. 8, 311–317 (2012).

99. Song, D. G. et al. Glutamyl-prolyl-tRNA synthetase regulates epithelial expres-
sion of mesenchymal markers and extracellular matrix proteins: implications for
idiopathic pulmonary fibrosis. Front Pharm. 9, 1337 (2018).

100. Henderson, N. C., Rieder, F. & Wynn, T. A. Fibrosis: from mechanisms to medi-
cines. Nature 587, 555–566 (2020).

101. Juarez, P. et al. Halofuginone inhibits TGF-beta/BMP signaling and in combi-
nation with zoledronic acid enhances inhibition of breast cancer bone metas-
tasis. Oncotarget 8, 86447–86462 (2017).

102. Sundrud, M. S. et al. Halofuginone inhibits TH17 cell differentiation by activating
the amino acid starvation response. Science 324, 1334–1338 (2009).

103. Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold.
Nature 596, 583–589 (2021).

104. Hahn, H., Park, S. H., Kim, H. J., Kim, S. & Han, B. W. The DRS-AIMP2-EPRS
subcomplex acts as a pivot in the multi-tRNA synthetase complex. IUCrJ 6,
958–967 (2019).

105. Ofir-Birin, Y. et al. Structural switch of lysyl-tRNA synthetase between translation
and transcription. Mol. Cell 49, 30–42 (2013).

106. Fu, Y. et al. Structure of the ArgRS-GlnRS-AIMP1 complex and its implications for
mammalian translation. Proc. Natl Acad. Sci. USA 111, 15084–15089 (2014).

ACKNOWLEDGEMENTS
This work was supported by the National Research Council of Science & Technology
(No. CAP20013-000) and National Research Foundation of Korea (NRF-
2021M3A9I4022934) grants funded by MSIT and by the KRIBB Research Initiative
Program (KGM1382312) to M.H.K.

AUTHOR CONTRIBUTIONS
E.-Y.L. and M.H.K. conceived the work. E.-Y.L. and J.H. drafted the manuscript, and
M.H.K. edited the manuscript. All authors read and approved the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Myung Hee Kim.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

E.-Y. Lee et al.

2126

Experimental & Molecular Medicine (2023) 55:2116 – 2126

https://doi.org/10.1111/cge.14269
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Phosphocode-dependent glutamyl-prolyl-tRNA synthetase 1 signaling in immunity, metabolism, and disease
	Introduction
	Distinctiveness of the Eprs1�structure
	Resolution of inflammation
	GAIT complex-mediated silencing of inflammatory genes
	Organelle-specific anti-inflammatory functions

	Modulation of metabolic functions
	Antiviral immune fuctions
	Cancer-associated functions
	Other disease-related functions
	Concluding remarks
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




