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Aminoacyl-tRNA synthetases (ARSs) are enzymes that
ligate their cognate amino acids to tRNAs for protein synthe-
sis. However, recent studies have shown that their functions
are expanded beyond protein synthesis through the interac-
tions with diverse cellular factors. In this review, we discuss
how ARSs have evolved to expand and control their functions
by forming protein assemblies. We particularly focus on a
macromolecular ARS complex in eukaryotes, named multi-
tRNA synthetase complex (MSC), which is proposed to pro-
vide a channel through which tRNAs reach bound ARSs
to receive their cognate amino acid and transit further to
the translation machinery. Approximately half of the ARSs
assemble into the MSC through cis-acting noncatalytic
domains attached to their catalytic domains and trans-acting
factors. Evolution of the MSC included its functional expan-
sion, during which the MSC interaction network was aug-
mented by additional cellular pathways present in higher
eukaryotes. We also discuss MSC components that could be
functionally involved in the pathophysiology of tumorigene-
sis. For example, the activities of some trans-acting factors
have tumor-suppressing effects or maintain DNA integrity
and are functionally compromised in cancer. On the basis of
Gene Ontology analyses, we propose that the regulatory
activities of the MSC-associated ARSs mainly converge on
five biological processes, including mammalian target of ra-
pamycin (mTOR) and DNA repair pathways. Future studies
are needed to investigate how the MSC-associated and free-
ARSs interact with each other and other factors in the control

of multiple cellular pathways, and how aberrant or disrupted
interactions in the MSC can cause disease.

In light of their integral catalytic roles that link the genetic
code to protein (1–3), aminoacyl-tRNA synthetases (ARSs)5 are
thought to have ancient origins and to have evolved to meet the
demands of accurate protein synthesis and complex system
development. During evolution, the ARSs have progressively
adopted additional domains that mediate interactions with cel-
lular factors involved in functions beyond protein synthesis,
while keeping their catalytic domains relatively well conserved
(4 –6). Thus, these acquired domains appear to be responsible
for the functional expansion of the attached enzymes.

Eukaryotic ARSs fall into two groups based on their capabil-
ity to associate with a multi-tRNA synthetase complex (MSC)
or to remain free (7, 8). The mammalian MSC consists of nine
cytoplasmic ARSs (glutamyl-, prolyl-, isoleucyl-, leucyl-, methio-
nyl-, glutaminyl-, lysyl-, arginyl-, aspartyl-tRNA synthetase) and
three nonenzyme components (ARS-interacting multifunctional
proteins (AIMPs) 1–3) (9, 10). Herein, we will refer to the MSC
components as “MSC–ARSs,” and those ARSs not localized to the
MSC as “free-ARSs.” The formation of the MSC appears to facili-
tate specific amino acid charging to the incoming tRNAs (11, 12)
and delivery of the charged tRNAs to the protein synthesis
machinery (13–15).

ARSs first bind ATP and their corresponding amino acid to
form an aminoacyl-adenylate, releasing PPi. The aminoacyl-
adenylate– enzyme complex then binds the substrate tRNA,
and the amino acid is transferred from the amino acid–AMP
to either the 2�-OH or the 3�-OH at the 3�-end of tRNA.
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Once the tRNA is charged, the amino acid is transferred
from the tRNA to ribosome onto a growing peptide, guided
by the genetic code.

Although the structure and function of the mammalian MSC
in its entirety remain enigmatic, a few subcomplex structures
recently have been revealed (16, 17). Interestingly, the MSC
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components dissociate from the complex upon various stresses
and stimuli and interact with cellular factors to delineate their
noncatalytic functions (5, 6).

Although the MSC is not present in prokaryotes, a primitive
form of the complex consisting of glutamyl-(ERS) and methio-
nyl-tRNA synthetase (MRS) and an auxiliary factor (Arc1p) has
been detected in Saccharomyces cerevisiae (18). These findings
suggest an evolutionary expansion in the size of the MSC and
the interaction network among its components throughout
evolution. In addition to tRNA charging, the MSC components
have been shown to play crucial roles in fundamental biological
processes such as transcription, translation, DNA repair, and
various signaling pathways in extra- as well as intracellular
space (19 –21). In this review, we describe some of the MSC
components that have been previously shown to positively or
negatively control tumorigenesis in different pathways. We also
present an evolutionary analysis of the MSC from yeast to
mammals to gain a more systematic view of the MSC’s role in
the control of cancer-related pathways. Considering the signif-
icance of the mTOR and DNA-repair pathways in cancer, our
review also highlights additional MSC components that could
be involved in the regulation of these pathways.

Formation of the MSC

Several ARSs assemble to form the MSC through cis-acting
noncatalytic domains attached to their catalytic domains as
well as the three trans-acting factors, AIMP1, AIMP2, and
AIMP3 (22–26). For instance, GST-homology domains were
inserted to the EPRS (glutamyl–prolyl-tRNA synthetase), MRS,
AIMP2, and AIMP3, and the WHEP domains were embedded
in EPRS and MRS. Leucine zipper motifs are found in the N-ter-
minal regions of RRS, AIMP1, and AIMP2 (Fig. 1A). N-terminal
helical motifs were also added to KRS and DRS. Unique addi-
tional domains were attached to the N-terminal end of QRS and
the C-terminal ends of IRS and LRS. These appended domains
are involved in MSC formation, interaction with other proteins,
and mediation of new function. Among trans-acting factors,
AIMP2 appears to serve as a critical nucleation factor, mediat-
ing multiple interactions with many ARS components (27, 28).
For this reason, depletion of AIMP2 triggers a massive disinte-
gration of the MSC (22).

Among these interactions is the KRS dimer’s anchorage to
the N-terminal peptide region of AIMP2 within the MSC (Fig.
1B, left) (16). Also, AIMP1 specifically interacts with the non-
catalytic N-terminal extensions of RRS and QRS to form a het-
erotrimeric complex (Fig. 1B, middle) (30). AIMP3 and MRS
are connected through their GST-homology domains (Fig. 1B,
right) (17). This complex is further extended to form a stable

heterotetramer with the GST-homology domains embedded in
EPRS and AIMP2 (17).

These subcomplexes are further connected to form the
whole MSC (Fig. 1C). For instance, the KRS–AIMP2 subcom-
plex is linked to the MRS–AIMP3–EPRS–AIMP2 subcomplex
via the shared GST-homology domains. There is a report show-
ing that IRS can be anchored to EPRS via its C-terminal added
domain (31), and IRS, LRS, and EPRS are interdependent for
their cellular stability (32), implying that these three largest
enzyme components may be positioned in proximity. All the
components of MSC can form a bisymmetric complex via
homodimerization of DRS and PRS. One of the potential
arrangements of the MSC components is schematically shown
in Fig. 1C.

The MSC is thought to provide a channel through which
tRNAs transit to the bound ARSs for aminoacylation and also to
the translation machinery for protein synthesis. For instance,
AIMP1, which is anchored to the N-terminal extension of RRS,
can facilitate the delivery of the substrate tRNA to the catalytic
cleft of RRS (33). AIMP3, which is specifically bound to MRS,
relays the methionylated initiator tRNA to the initiator com-
plex (11).

The MSC is also hypothesized to facilitate the delivery of
amino acids to the corresponding enzymes within the complex
(12, 34). Elucidation of the detailed mechanisms for the delivery
of tRNAs and amino acids awaits further in-depth analysis.

Pathophysiological implications of the MSC in cancer

To explore the evidence linking ARSs with human diseases,
we surveyed research articles focusing on the association of
ARSs and human diseases published within the past 50 years.
Since 1970, reports describing the association of ARSs with
cancer are most frequent, implying the potential significance of
ARSs in cancer biology (Fig. S1). In recent years, the number
of studies implicating ARS with other diseases has rapidly
increased as well.

Although the MSC components appear to work together as a
complex for protein synthesis, components of the complex can
dissociate in response to specific signals and translocate to var-
ious cellular locations, where they interact with other proteins
to regulate biological processes beyond protein synthesis (4,
35). Among diverse signaling pathways involving MSC compo-
nents, some of the representative pathways that are function-
ally related to cancer are schematically shown in Fig. 2A (see
figure legend for more details). For instance, AIMP2 exerts a
potent tumor-suppressive activity through its interactions with
key factors in the TGF-�, TNF�, Wnt, and p53 pathways (36 –
39). Moreover, cancer cells produce a splicing variant of AIMP2

Figure 1. MSC and sub-MSC structures and signaling network functionally related to cancer. A, human MSC components have several appended domains
or motifs. The conserved catalytic domains and tRNA recognition domains are shown in dark gray or light gray boxes. GST-like domains are shown in the EPRS,
MRS, AIMP2, and AIMP3, whereas the WHEP domains are shown in ERPS and MRS. Leucine–zipper motif is also observed in AIMP1, AIMP2, and RRS. AIMP1 has
an EMAPII domain that is involved in several cellular responses. Whereas the DRS and KRS have the lysine-rich domains in the N-terminal region, LRS and IRS
have the appended sequences. QRS also has the appended sequences in the C-terminal regions. B, known sub-MSC complex structures. The KRS homodimer
(light and dark green) is anchored to the N-terminal peptide region of AIMP2 within the MSC (left) (16). The N-terminal helix of AIMP1 forms the ternary complex
with the noncatalytic N-terminal extensions of RRS and the C-terminal core of QRS to assemble a heterotrimeric complex (center) (30). The MRS, AIMP3, EPRS,
and AIMP2 are tightly linked through their GST-homology domains (right) (17). C, bisymmetrical model describing one of the possible arrangements of the
MSC–ARS/AIMPs is shown as bisymmetrical model, based on the subcomplex and interaction data (17). In this model, homodimerization of DRS and PRS
contributes to the bilateral symmetry of the whole complex.
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Figure 2. Signaling network of the MSC components related to protein synthesis and cancer. A, cancer-related signaling network mediated by the
MSC-forming ARSs and AIMPs. LRS functioning as a leucine sensor interacts with the RagD GTPase to stimulate the mTOR pathway (50, 51). KRS forms
a metastasis-promoting interaction with the 67-kDa laminin receptor in the cell membrane (54, 55). Caspase-8 cleaves the N-terminal 12 amino acids of
KRS, exposing its PDZ-binding motif at the C terminus. Syntenin binds to the exposed PDZ-binding motif of KRS and facilitates the exosome-mediated
secretion of MSC-dissociated KRS (56). Induced by growth stimuli, MRS is translocated to the nucleoli to stimulate rRNA synthesis (15). MRS binds to and
stabilizes CDK4 to promote the cell cycle in p16-negative cancers (57). QRS binds to apoptosis signal-regulating kinase 1 (ASK1) to regulate apoptosis
in a glutamine-dependent manner (58). EPRS forms the GAIT (interferon �–activated inhibitor of translation) complex with other cell factors to regulate
the expression of VEGF-A mRNA (59). AIMP2 is one of three nonenzymatic factors, and it works as a potent tumor suppressor through multiple pathways,
including TGF-�- (36), TNF�- (37), Wnt- (38), and p53 (39)-mediated pathways. AIMP3 is mobilized to the nucleus by DNA damage (46, 47) or via an
oncogenic stimulus (21) to activate p53 via ATM/ATR for DNA repair. B, MRS forms a complex with AIMP3 via their GST-homology domains (17). AIMP3
relays methionylated tRNA to the initiation factor to facilitate protein synthesis (11). However, upon DNA damage, MRS is phosphorylated by the
activated GCN2 at the serine 662 residue that blocks tRNAMet binding, leading to the inhibition of protein synthesis (48). The dissociated AIMP3 is
translocated into nucleus and activates ATM and ATR for DNA repair (21).
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lacking exon 2 that compromises AIMP2’s tumor-suppressive
activities (40). For these activities, loss of a single AIMP2 allele
enhances the cell and in vivo cancer susceptibility (41). AIMP1
plays multiple roles in both the intracellular and extracellular
space. Relevant to tumorigenesis, secreted AIMP1 not only
stimulates immune responses but also suppresses tumor vascu-
larization (42, 43). Thus, systemic administration of purified
AIMP1 exerts a potent tumor-suppressive activity (44, 45).

Deletion of AIMP3 both in embryonic and adult stages
induces severe and lethal DNA damage (46, 47), suggesting the
vital role of AIMP3 for maintaining the integrity of cellular
DNA. AIMP3 is normally tightly bound to the N-terminal GST-
homology domain of MRS via its similar domain and serves as a
conduit for the passage of the methionine-charged tRNA to the
initiation complex, as mentioned earlier (Fig. 2B) (11). How-
ever, it is dissociated from MRS upon DNA damage due to the
conformational change of MRS that is phosphorylated by

GCN2 at serine 662 (48). The phosphorylated MRS becomes
catalytically inactive because it cannot bind tRNAMet anymore.
Thus, MRS appears to work as a crucial regulator of transla-
tional initiation together with eIF2a as a substrate of GCN2.
The AIMP3 dissociated from MRS is then mobilized to the
nucleus to activate p53 through ataxia telangiectasia mutated
(ATM) and ATM and RAD3-related (ATR) proteins (21, 49).
Thus, the MRS–AIMP3 axis functionally coordinates the
nuclear DNA replication and repair process with cytosolic pro-
tein synthesis.

Although AIMPs show tumor-suppressive activities through
their unique mechanisms, specific ARSs in the complex also
appear to control cancer-associated pathways. For instance,
LRS stimulates the activity of the mTOR by interacting with
Ras-related GTP-binding protein D (RagD) to promote cellular
protein synthesis and proliferation upon leucine treatment (Fig.
2A) (50 –52). KRS is translocated to the nucleus where it medi-

Figure 3. Comparative interactome analysis of ARSs in five species. A, protein–protein interactions of ARSs and AIMPs. The identified ARS interactors were
grouped as those specifically interacting with MSC–ARSs/AIMPs (MSC-only), with free-ARSs (free-only), and with both MSC–ARSs/AIMPs and free-ARSs (com-
mon). B, number of interactors for individual MSC–ARSs/AIMPs (pink circles) and free-ARSs (purple circles). The circle sizes (see box) represent the interactome size
of each ARS or AIMP in five species from yeast (top) to human (bottom). C, networks describing protein–protein interactions (gray edges) among ARSs and AIMPs
are shown in five species. Pink and purple nodes denote MSC–ARSs/AIMPs and free-ARSs, respectively. D, hierarchical clustering of ARSs and AIMPs using their
scores, called CSIs, which represent the degrees of shared interactors between the pairs of ARSs and AIMPs in each of the five species. Ward linkage and
Euclidean distance as the similarity measures were used for the clustering (67, 68). The color bar represents the gradient of CSI scores. MSC–ARSs/AIMPs and
free-ARSs were labeled in red and black, respectively.
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ates transcriptional control (53), and to the cell membrane
where it augments laminin-dependent cell migration, which
leads to cancer metastasis (54, 55). KRS is also secreted from
cancer cells to attract immune cells (56).

Another example of ARS involvement in cancer-associated
pathways is MRS, which is translocated to the nucleus to stim-
ulate rRNA synthesis upon growth signals (15). It can also bind
and stabilize CDK4 to promote the cell cycle (57). QRS binds to
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apoptosis signal-regulating kinase 1 (ASK1) to regulate apopto-
sis in a glutamine-dependent manner (58), and EPRS can
repress VEGF-A synthesis at the translational suppression of its
mRNA (Fig. 2A) (59, 60).

To test the extent to which expression levels of ARSs are rele-
vant for the survival of cancer patients, we estimated the expres-
sion levels of the MSC components from the mRNA-sequencing
data generated from 26 types of human cancers available in The
Cancer Genome Atlas (TCGA). For each MSC component, we
aligned them based on the expression levels in the individual types
of cancers (Table S1), and then we divided the patients into the top
25% and bottom 25% expression groups and compared the two
groups for survival. Interestingly, ARS and AIMP expression levels
appear to significantly affect cancer patient survival, although the
relationship varies depending on the type of ARS/AIMPs and can-
cer. Among the MSC components, reduced survival is correlated
with IRS overexpression in liver hepatocellular carcinoma, MRS
overexpression in breast-invasive carcinoma, and AIMP1 overex-
pression in head and neck squamous cell carcinoma (Fig. S2).
These data strongly suggest the pathological significance of ARS
and AIMP expression for tumorigenesis.

Comparison of ARS networks among different species

Evolution of the MSC included its functional expansion by
augmenting the MSC interaction network with additional cel-
lular pathways present in higher eukaryotes. To understand the
expansion of the MSC interaction network, we investigated the
characteristics of ARS interaction networks in five different
species. From 10 interactome databases, we collected protein–
protein interaction (PPI) data for ARSs and AIMPs in S. cerevi-
siae (1718 PPIs), Caenorhabditis elegans (567 PPIs), Drosophila
melanogaster (1308 PPIs), Mus musculus (497 PPIs), and Homo
sapiens (1963 PPIs) (Table S2). The numbers of ARS/AIMP
interactors that participate in these PPIs were 710, 177, 736,
155, and 958 for S. cerevisiae, C. elegans, D. melanogaster,
M. musculus and H. sapiens, respectively (Fig. 3A). The num-
bers of PPIs and ARS/AIMP interactors in C. elegans and
M. musculus were smaller than expected, perhaps due to the
smaller amount of PPI data available for these species.

MSC- and free-ARSs showed a relatively similar number of
interactors in most of the species and shared some interacting
partners (Fig. 3A). Among MSC–ARSs, EPRS showed a higher
number of interactors compared with other components (Fig.
3B). EPRS is a unique, bifunctional tRNA synthetase consisting
of the two different catalytic units that ligate Glu and Pro to
cognate tRNAs. The two catalytic domains are joined by a non-
catalytic linker containing three tandem WHEP domains (31,
61). The large EPRS polypeptide containing the two catalytic

units with the GST domain (12) and three WHEP domains
(62–64) appears to accommodate many cellular interactors
(59 – 61, 65, 66).

The network size and density of the MSC increases from
yeast to mammals, suggesting that the MSC might play a role in
the system development of complex organisms (Fig. 3C). We
assessed the extent to which each ARS and AIMP pair shared
interactors in each species, using the connection specificity
index (CSI) measure as described previously (67, 68). Among
the five species, the MSC components in higher eukaryotes
(D. melanogaster, M. musculus and H. sapiens) showed a higher
degree of shared interactors relative to the free ARSs (Fig. 3D),
suggesting that they could work in a more coordinated manner.

Functional expansion of the MSC throughout evolution

To understand how the MSC- and free-ARSs have expanded
their functions beyond their catalytic roles in the five species,
we performed enrichment analysis of gene ontology biological
processes (GOBPs) for the ARS interactors. Based on the
enrichment significance (p values), the following five cellular
processes were significantly (p � 0.05) enriched by the interac-
tors of MSC–ARSs in H. sapiens (Fig. 4, A and B). Those include
DNA replication (DNA repair and replication), RNA pro-
cessing (tRNA modification and RNA processing), protein
homeostasis (translation, protein localization, and proteoly-
sis), intracellular signaling (mTOR, Wnt, MAPK, and NF-�B
signaling), and immune responses (defense response, phag-
ocytosis, and viral process). Interestingly, these processes
were similarly enriched by the interactors of free-ARSs in
H. sapiens, although free-ARSs showed relatively less shared
interactors, compared with MSC–ARSs (Fig. 3D). In the
other eukaryotes, fewer processes were enriched by the
interactors of the MSC- or free-ARSs with the similar
enrichment patterns across the species (Fig. 4A), and the
enrichment scores were less significant than those in
H. sapiens (Fig. 4, B and C). These data suggest that the
MSC- and free-ARS have not separately evolved for different
functions (Fig. 4A). Combined together, it appears that non-
catalytic functions of the MSC- and free-ARS appear to have
commonly expanded toward the five biological processes
(Fig. 4, A and B), and this conclusion is most apparent in
H. sapiens.

Implications of the MSC in mTOR signaling and DNA
repair

Among the aforementioned five cellular processes, we
focused on further examining the mTOR and DNA repair path-
ways, because these processes are known to play crucial roles in

Figure 4. Comparative functional enrichment analysis of ARS interactomes in five species. A, GOBPs enriched by the interactors of MSC–ARSs/AIMPs and
free-ARSs in S. cerevisiae, C. elegans, D. melanogaster, M. musculus, and H. sapiens. The five enriched cellular processes are labeled in different colors: 1) DNA
replication (DNA repair and replication; green); 2) RNA processing (tRNA modification and RNA processing; orange); 3) protein homeostasis (translation, protein
localization, and proteolysis; purple); 4) intracellular signaling (Wnt, MAPK, mTOR, and NF-�B signaling; blue); and 5) immune response (defense response,
phagocytosis, and viral process; brown). The color bar represents the gradient of �log10 (p value), where the p value is the significance of the GOBPs being
enriched by the interactors, which was computed from DAVID software. For visualization, hierarchical clustering was performed for each group of cellular
processes using Ward linkage and Euclidean distance as the similarity measure. B, enrichment scores of the indicated representative processes (DNA repair,
RNA processing, protein localization–proteolysis, immune response–viral process, and intracellular signaling) for the five groups of cellular processes enriched
by MSC–ARS/AIMP (top) and free-ARS interactors (bottom) in the five species. C, distributions of the enrichment scores of the representative processes by
MSC–ARS/AIMP (pink) and free-ARS interactors (purple) in the five species are shown using box plots. Z �2.33, *, p � 0.05, and ***, p � 0.001, two-way ANOVA
with Bonferroni’s post-hoc correction. See supporting information for methodological details.
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tumorigenesis, and some of the MSC components have been
shown to be involved in their control (Fig. 2A). Previously, LRS
has been shown to interact with the RagD GTPase to activate the

mTORC1 pathway (50, 51). Using the human ARS interactome,
we built a network model describing interactions of the MSC
components with the factors involved in the mTOR pathway.
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For each interacting pair of the MSC component and the
factor, we further evaluated the correlations between mRNA
levels and patient survival (shown in Fig. S2) and considered the
interaction to be potentially active when both interactors have
significant mRNA-survival correlations in at least one of 26
cancer types tested. The network model further suggests that in
addition to LRS, DRS, RRS, IRS, KRS, QRS, and EPRS also
showed potential active interactions with different factors in
the MAPK and PI3K–AKT pathways, which are upstream of
the mTOR pathway (Fig. 5A). The network model also suggests
that IRS and QRS have potential active interactions with down-
stream molecules in the mTOR pathway (Fig. 5A). In addition,
the data revealed active interactions of AIMP3, DRS, and EPRS
with different components of the vacuolar H�-ATPases that
localize to the phagosome, late endosome, or lysosome mem-
branes (Fig. 5A).

We also built a network model describing interactions of the
MSC components with molecules involved in DNA repair (Fig.
5B). Among the various DNA repair mechanisms, we focused
on the homologous recombination (HR)– based DNA repair
pathway because it included the largest number of the ARS
interactors. AIMP3 was shown to facilitate DNA repair through
homologous DNA recombination (46, 47), although its addi-
tional role in nonhomologous DNA recombination is not
excluded. The network model revealed four instances in which
MSC–ARSs/AIMPs interact with core molecules in the HR-
based DNA repair pathway (Fig. 5B). For example, LRS, AIMP2,
DRS, QRS, or EPRS showed potentially active interactions with
H2AFX, MRE11A, RAP1/2/3, or XRCC3 throughout the HR-
based DNA repair pathway, as well as ABL1 or ATR, the mod-
ulators of the pathway. Together, these data suggest that the
MSC components are functionally linked to the mTORC1 and
HR-based DNA repair pathways, systematically interacting
with the core, upstream, downstream, and/or modulating fac-
tors in the pathways. The detailed working mechanisms for the
individual interactions in the network models need further
investigation.

ARS and disease

Having been equipped with both the catalytic activities for
protein synthesis and additional arms to mediate diverse
molecular interactions, ARSs are uniquely positioned to be
coordinators of system development, intrinsic defense mecha-
nisms, and homeostasis. Much of their functional significance,
aberrant expression, mutations, splicing variant formation, and
secretion of ARSs can result in diverse pathological symptoms.
For instance, mutations in GRS, YRS, AlaRS, HRS, KRS, and
MRS are associated with Charcot-Marie-Tooth disease, a

peripheral neuropathy (69 –77). The uncontrolled extracellular
localization of several different ARSs can elicit the formation of
autoantibodies that provokes the immune system, resulting in
antisynthetase syndrome, an autoimmune disease (78 –84).

Aminoacyl-tRNA biosynthesis has been shown to be highly
up-regulated in cancer metabolism (85), perhaps because of the
increased demand for protein synthesis in cancer. Accordingly,
higher activities of ARSs are expected to be present in cancer,
and indeed, increased expression of ARSs is frequently ob-
served in many types of cancers. Although ARSs can be catalyt-
ically involved in protein synthesis and cancer metabolism,
each ARS or AIMP may be specifically involved in a certain type
of cancer through noncatalytic mechanisms. Mutations in the
ARS/AIMP-encoding genes have not been found as frequently
as those in the well-known oncogenes. Nonetheless, the proline
42 to alanine mutation of human cytoplasmic GRS was found in
nearly 40% of adenoid cystic carcinoma patients (29), although
whether these mutations are causal awaits further investiga-
tion. Cancer-specific variant formation and protein–protein
interactions of ARSs and AIMPs also deserve attention. As
mentioned earlier, AIMP2–DX2, a splicing variant that lacks
exon 2 of AIMP2, is expressed in various cancers, compromis-
ing the tumor-suppressive activities of AIMP2 (40, 41). In p16-
negative cancers, MRS appears to bind and stabilize CDK4,
resulting in the promotion of the cell cycle (57). In light of the
ARS connection to cancer, their cancer-specific expression,
variant formation, and protein–protein interactions represent
promising novel targets for developing anti-cancer therapeu-
tics. Moreover, the immune modulation activities of the
secreted ARSs and AIMPs suggest they may serve as a novel
resource for cancer immunotherapy and vaccines.

Perspectives

Despite MSC’s significant role in protein synthesis and sys-
tem control, understanding its structural features and dynamic
nature is still in its infancy. In light of the multidimensional
functionality of the MSC components, the tight regulation of
their catalytic and noncatalytic activities is critical to prevent
pathogenesis resulting from uncontrolled behaviors. In this
context, MSC formation provides an effective mechanism for
tight yet dynamic control of its components, which are consti-
tutively expressed and ubiquitous in all cells. While still work-
ing in protein synthesis as catalysts, a subset of ARSs can exist
within the MSC where they are poised for rapid response to
incoming stresses and stimuli.

The network analysis of ARSs revealed intriguing features of
the MSC. First, although MSC components are more tightly
bound to each other than free-ARSs, they may communicate

Figure 5. Systematic association of the MSC components with mTOR and DNA repair pathways. Network models describing interactions of MSC–ARS/
AIMPs with molecules involved in the mTOR signaling (A) and HR-based DNA repair pathways (B) in H. sapiens. Pink diamonds and orange circles represent
MSC–ARS/AIMPs and their interactors in the pathways, respectively. Pink lines are the interactions between MSC–ARS/AIMPs and their interactors in the two
pathways. Gray lines indicate the known interactions among the cellular factors in the pathways. Known activation (arrows) and inhibition (inhibition symbols)
information obtained from Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database and the previous literature are denoted with black lines. Solid
and dashed lines are direct and indirect interactions between the molecules, respectively. Active interactions between the pairs of MSC–ARS/AIMPs and the
molecules in the pathways with significant mRNA expression–survival correlations are highlighted with thick pink lines. See supporting information for
methodological details. ATP6V1A/B2/D/E1/F are the components of ATPases in phagosomes or lysosomes (A). QRS interacts with MRE11, a component of MRN
complex involved in the initial processing of double-strand DNA breaks before HR-based DNA repair. EPRS and DRS interact with RPA1/2/3 that prevent ssDNA
from winding back before HR-based DNA repair. QRS, LRS, and AIMP3 interact with H2AFX, ABL1, and ATR, respectively, which are involved in RAD51-mediated
heteroduplex formation during HR-based DNA repair. QRS interacts with XRCC3 and DDX1 involved in DNA extension during HR-based DNA repair (B).
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with free-ARSs (Fig. 3C). Second, MSC–ARSs interact with the
same cellular factors to a higher degree than with free-ARSs
(Fig. 3D). Third, beyond their catalytic roles in protein synthe-
sis, the regulatory activities of MSC–ARSs mainly converge on
five biological processes (Fig. 4A) as follows: DNA repair; RNA
processing; protein homeostasis; intracellular signaling; and
immune responses. Interestingly, these processes are positively
or negatively implicated in tumorigenesis. Fourth, the MSC
components may be involved in these processes as components
of subcomplexes or modules involving multiple components
rather than as a single regulatory factor. Future in-depth and
systematic investigations will be necessary to understand how
the MSC components communicate with each other and with
free-ARSs and diverse cellular factors.
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