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Aminoacyl-tRNA synthetases (ARSs) are widely found in or-
ganisms, which can activate amino acids and make them bind
to tRNA through ester bond to form the corresponding ami-
noyl-tRNA. The classic function of ARS is to provide raw
materials for protein biosynthesis. Recently, emerging evidence
demonstrates that ARSs play critical roles in controlling
inflammation, immune responses, and tumorigenesis as well
as other important physiological and pathological processes.
With the recent development of genome and exon sequencing
technology, as well as the discovery of new clinical cases,
ARSs have been reported to be closely associated with a variety
of cardiovascular diseases (CVDs), particularly angiogenesis
and cardiomyopathy. Intriguingly, aminoacylation was newly
identified and reported to modify substrate proteins, thereby
regulating protein activity and functions. Sensing the availabil-
ity of intracellular amino acids is closely related to the regula-
tion of a variety of cell physiology. In this review, we summarize
the research progress on the mechanism of CVDs caused by
abnormal ARS function and introduce the clinical phenotypes
and characteristics of CVDs related to ARS dysfunction. We
also highlight the potential roles of aminoacylation in CVDs.
Finally, we discuss some of the limitations and challenges of
present research. The current findings suggest the significant
roles of ARSs involved in the progress of CVDs, which present
the potential clinical values as novel diagnostic and therapeutic
targets in CVD treatment.
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INTRODUCTION
As the leading cause of morbidity and mortality globally, cardiovascu-
lar disease (CVD) is normally caused by abnormal cellular biological
function and inflammatory processes, which may lead to hardening
of the blood vessels and the accumulation of fibrotic scar tissue in
the heart. CVD mainly includes hypertension, coronary heart disease,
vascular calcification, arrhythmia, hypertrophy of the heart, cardiomy-
opathy, myocardial infarction, and heart failure (HF). It is associated
with a complex series of events, including cell proliferation,1 migra-
tion,1 cell pyrodeath,2 autophagy,3 extracellular vesicle signaling,4

and epigenetic modification (e.g., DNAmethylation5 and histone acet-
ylation5). In addition, enzymes (arginase,6 angiotensin [ang]-convert-
ing enzyme 2 [ACE2],7 and the sirtuin [SIRT] family8) are also
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involved in the occurrence and development of CVD. More recently,
emerging evidence demonstrates that aminoacyl-tRNA synthetase
(ARS) is closely related to the occurrence and development of CVD.

ARS is an enzyme necessary for normal metabolism of organisms, in
which it is ubiquitously expressed. ARSs catalyze the formation of
aminoacyl-tRNA from amino acids (aas) and corresponding tRNA,
providing raw materials for protein translation. ARS catalyzes the
covalent bonding of each amino acid to its tRNA counterpart in a
two-step aminoacylation process. Amino acids and ATP first bind
to ARS to form amyladenylate intermediates. ARS then binds to
homologous tRNA to promote the transfer of amino acids to form
acyl tRNA.9,10 Acyl tRNA subsequently transfers amino acids to the
growing polypeptide chain and ensures accurate translation of the
genetic information. In all known organisms, translating genetic
code into proteins is crucial for cell survival. A typical animal cell
has 36 ARSs, 16 of which act only in the cytoplasm and 17 in mito-
chondria. These genes are encoded on nuclear chromosomes
and are involved in protein biosynthesis of cytoplasm and mitochon-
drial proteins. There are three ARSs with double positioning: lysyl-
tRNA synthetase (KARS), glutaminyl-tRNA synthetase (QARS),
and glycyl-tRNA synthetase (GARS). Interestingly, mitochondrial
synthetases are named in the same way as cytoplasmic synthetases
but with the suffix 2 (such as histidyl-tRNA synthetase [HARS] and
HARS2); they promote protein synthesis accurately and efficiently
in both cell chambers under various conditions.

Although ARS is known for its role in mRNA translation, it is increas-
ingly recognized for its “non-classical” role in transcriptional regula-
tion, intron splicing, immune function, angiogenesis, apoptosis, and
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cellular stress.11,12 Methylthio-tRNA synthetase (MARS) affects cell-
cycle progression by activating the mechanistic target of the rapamy-
cin complex 1 (mTORC1) signaling pathway.13 It also induces cell
apoptosis by regulating oxidative stress levels, which ultimately leads
to neural tube defects (NTDs) and congenital heart defects (CHDs).14

The MARS inhibitor acetylhomocysteine thioether (AHT) has shown
a good therapeutic effect in animal models. Leucyl-tRNA synthetase
(LARS) can also regulate the mTORC1 pathway to negatively mediate
myoblast differentiation and skeletal muscle regeneration, whereas
LARS inhibitor BC-LI-0186 has a good intervention effect. Several
other non-classical functions have been reported, such as the promo-
tion of inflammatory responses by KARS15 and the regulation of
apoptosis by QARS.16

Increasing evidence has demonstrated that pathological ARS muta-
tions are involved in various human diseases. The first cytoplasmic
ARS mutation associated with human disease was Charcot–Marie–
Tooth disease (CMT), which was found in GARS.17 Later, it was
found that the mutations of five ARS loci were related to CMT
and associated neurophenotypes. These include alanyl-tRNA
synthetase (AARS), tyrosyl-tRNA synthetase (YARS), HARS, trypto-
phanyl-tRNA synthetase (WARS), and KARS.18–21 With the recent
development of genetic detection techniques (such as whole genome
sequencing and whole exome sequencing) and the discovery of new
clinical cases, six ARS gene mutations are reportedly related to angio-
genesis. Furthermore, ARS gene mutations have been associated with
other CVDs, mainly including hypertrophic cardiomyopathy (HCM)
and abdominal aortic aneurysm (AAA). Among these pathogenic
mutations, some resulted in impaired aminoacylation activity or
redaction activity of ARS or altered gene-expression levels. Some
pathogenic mutations do not affect the catalytic activity of ARS but
affect the non-classical function of ARS by changing the interaction
between ARS and other protein factors. Understanding and defining
the underlying mechanisms of phenotypic heterogeneity in ARS-
related diseases are considered as potential strategies in developing
therapies for these diseases.

In this paper, we introduce the clinical phenotypes and characteristics
of CVD, particularly angiogenesis and cardiomyopathy, which are
related to reported ARS gene mutations. We summarize the research
progress on the pathogenesis of ARS gene mutations and non-clas-
sical functions. We also discuss the newly reported aminoacylation
and its potential roles in this process. The current findings reveal
that ARS is crucially involved in the occurrence and development
of CVD through complex mechanisms.

ANGIOGENESIS AND ARS
Angiogenesis is the formation of new blood vessels by the existing
vascular system; it is an important physiological process that balances
the metabolic demand of tissues with oxygen and nutrient supply. In a
diseased heart, the metabolic demands of cardiomyocytes may exceed
capillary growth, leading to reduced oxygen delivery and cardiac
ischemia.22–24 Some mutations in the ARS gene cause vascular de-
fects, especially in zebrafish. At present, it is found that the abnormal
function of ARS regulates angiogenesis mostly through vascular
endothelial growth factor (VEGF). Interestingly, the deficiency of
several ARS genes (isoleucyl-tRNA synthetase [IARS], seryl-tRNA
synthetase [SARS], and threonyl-tRNA synthetase [TARS]) leads to
an increase in the branches of the intersegmental vessels (ISVs), indi-
cating that the ARS genes go through both a pro- and antiangiogenic
process.25–28 The angiogenesis process is strictly regulated by the bal-
ance between pro- and antiangiogenic factors. VEGF promotes angio-
genesis by activating static endothelial cells and provides one of the
most important proangiogenic signals.29 Loss of myocardial VEGFA
or VEGF receptor 2 (VEGFR2) has been shown to prevent normal
coronary artery development inmice.30 VEGF signaling also regulates
endothelial cell functions, including proliferation, migration, and
survival. A diagram of the involvement of ARS in angiogenesis is pre-
sented in Figure 1. Table 1 summarizes the ARS gene variants associ-
ated with angiogenesis.

TARS

Studies have shown that human umbilical vein endothelial cells
(HUVECs) secrete TARS upon stimulation by tumor necrosis factor
a (TNF-a) and VEGF and can promote HUVEC migration and
angiogenesis in vitro.31 In addition, BC194 is a TARS inhibitor, and
its inhibitory effect on TARS in zebrafish can inhibit angiogenesis.28

BC194 is related to the competition of threonine substrates, which
can stimulate the amino acid starvation response (AAR) and cell
apoptosis. On the contrary, other studies have reported vascular dis-
orders, abnormal branches of established ISVs, and abnormal pat-
terns of cerebrovascular networks in zebrafish cq16 mutants, wherein
the cq16 mutant gene encodes TARS.32 Further studies revealed that
TARS influenced vascular branching by regulating VEGFA expres-
sion. VEGFA expression levels were elevated in the TARScq16 mu-
tants, and VEGFA receptor blockers inhibited abnormal vascular
branches in the mutants. In addition, part of the TARS protein is
reportedly distributed in the nucleus, suggesting that TARS may
directly regulate nuclear VEGFA transcription. In another study us-
ing zebrafish-recessive mutants y58 and y68, these mutants corre-
sponded to the TARS and IARS genes, respectively.25 In zebrafish
mutants TARSy58 and IARSy68, the unfolded protein response
(UPR) pathway is activated, and VEGFA expression is upregulated,
resulting in an increase in branched blood vessels. Consistent with
previous studies, the UPR pathway activates VEGFA expression.
Interestingly, injections of human TARS mRNA were effective in
treating abnormal blood vessel branching in mutants.32 Therefore,
the loss of TARS in humans may be associated with certain CVDs,
and zebrafish TARS mutants may be a promising model of human
disease. Further investigations into the mechanisms of angiogenesis
and remodeling in zebrafish and mammals will provide further in-
sights. However, there is still a lack of relevant studies elucidating
the mechanism by which TARS affects angiogenesis in mammals,
which requires further in-depth exploration.

WARS2

In human genome-wide association studies, the WARS2 locus is
associated with the cardiometabolic phenotype associated with the
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Figure 1. The regulatory mechanism of ARS in angiogenesis

SARS can directly bind to the VEGFA promoter and inhibit the expression of VEGFA. SARS directly competes with c-myc in the proximal CRE of VEGFA, thereby regulating

VEGFA expression. SARS binds to DNA and recruits Sirt2 to regulate the acetylation of c-Myc, thus blocking gene transcription. SARS binds to the transcription factor YY1 to

form the SARS/YY1 complex and competitively binds to VEGFA distal CRE between NF-kB1 to regulate the expression of VEGFA. miRNA-1 regulates upstream of VEGFA by

inhibiting the expression of SARS, whereas miRNA-206 directly regulates VEGFA mRNA expression. When endothelial cells (ECs) are stimulated by IFN-g, the expression

level of WARS increases, and p53 is partially activated, thereby leading to anti-angiogenesis and anti-proliferation functions. The absence ofWARS2 can induceG2/M-phase

arrest, inhibit EC proliferation, and promote apoptosis. HARScq34 increased the expression of VEGFA and VE-cadherin.
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VEGFA locus. However, genetic studies in mice have shown that
WARS2 is associated with skin capillary formation.33 WARS2 varia-
tion and decreased enzyme activity can reveal the atypical role of ARS,
which may be tissue specific. The effect of WARS2 knockdown in ze-
brafish embryos is similar to that previously observed in mutants with
impaired VEGF function. WARS2 mutation reduces endothelial cell
proliferation, activates proapoptotic pathways, and damages brown
adipose tissue functions, which may be involved in the balance be-
tween VEGF and Notch-dependent signaling.34,35 Interestingly, in
the mouse WARS2V117L/V117L mutant model studied by Agnew
et al.36, upregulation of murine tissue-specific mitochondrial biogen-
esis occurred compared with respiratory chain deletion. Increased
Peroxisome proliferators-activated receptor g coactivator-1 a
(Pgc1a) expression in WARS2V117L/V117L mutant mouse embryonic
fibroblasts prevented impaired respiratory chain function by upregu-
lating mitochondrial mass and function. This observation was
supported by other findings that increased Pgc1a expression, and
thus upregulated mitochondrial biogenesis can reduce disease charac-
teristics in mouse models and human patient cell lines and increase
mitochondrial respiratory capacity.37,38 However, it is unclear how
374 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
only some tissues in WARS2V117L/V117L mice regulate Pgc1a and
are protected. In general, WARS2 is a key factor in angiogenesis in
the heart and other tissues, enabling endothelial cell migration and
proliferation. In zebrafish, inhibition of WARS2 results in a lack of
trunk blood vessels, impaired myocardial–endocardial contact, and
impaired cardiac function.35 Inhibition of WARS2 in rats results in
defective cardiac angiogenesis and reduced cardiac capillary density.
A mouse WARS2 mutant model was observed to have complex tis-
sue-specific pathology, including adipose tissue dysfunction, lipodys-
trophy, hearing loss, and HCM.36

Mini-YARS/mini-WARS

YARS and WARS have also been shown to regulate angiogenesis in
mammals.39When interferon-g (IFN-g)-stimulated endothelial cells,
WARS expression was increased, thereby promoting p53 phosphory-
lation (p-p53) and activation.40 Activation of p53 is associated with
strong antiangiogenic and antiproliferative functions. In mammalian
cells, activation of YARS/WARS by extracellular leukocyte elastase
produces two distinct cytokines that generate pro- and antiangiogenic
signals. YARS were hydrolyzed to obtain two polypeptides: the
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Table 1. Overview of ARS gene variants related angiogenesis

Gene Protein
Unique
variants

Cell function/
signaling pathway Diseases Inhibitor Ref.

TARS
threonyl-tRNA
synthetase

zebrafish
tarscq16

activate VEGFA
expression

disorganize vessels abnormal
branching of the established ISVs
and brain vascular network

VEGF receptor inhibitor;
human TARS mRNA

32

zebrafish
tarsy58

UPR pathway was upregulated;
activate VEGF expression

activate branching of angiogenic
vessels in both the trunk
and the head

ATF4 inhibitor 25

IARS
isoleucyl-tRNA
synthetase

zebrafish
tarsy68

UPR pathway was upregulated;
activate VEGF expression

activate branching of angiogenic
vessels in both the trunk
and the head

N/A 25

WARS2
tryptophanyl-tRNA
synthetase 2

rat WARS2
(L53F)

suppress EC cell cycle in
G2/M and proliferation

defects in angiogenic
sprouting of ISVs

human WARS
mRNA

35

Mini-YARS/
mini-WARS

mini-tyrosyl-tRNA
synthetase/mini-
tryptophanyl-
tRNA synthetase

N/A
promote EC proliferation
and migration via VEGFR2-
ERK signal pathway

pro-angiogenic/anti-angiogenic;
rats/mice/rhesus monkeys with
acute myocardial infarction

N/A 41,49,109

SARS
seryl-tRNA
synthetase

zebrafish
adr/sars

N/A

dilate the aortic
arch vasculature
and regulate
branching of
the hindbrain
capillary
network

N/A 27

zebrafish
ko095

activate VEGFA-
VEGFR2
signal pathway

disorganize vessels
abnormal
branching of the
established
intersegmental
vessels

VEGF receptor inhibitor;
human SARS mRNA

51

HARS
histidyl-tRNA
synthetase

zebrafish
harscq34

activate VE-cadherin expression
and altered VE-cadherin
localization; activate
VEGFA expression

hyperbranching cranial
and intersegmental
blood vessels

VEGF receptor inhibitor;
human HARS mRNA

59
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N terminus containing the glutamate-leucine-arginine (ELR) motif
(mini-YARS) and the C terminus containing the endothelial mono-
cyte-activating polypeptide II (EMAP II) domain (EMAP II-YARS).
The binding of mini-YARS to VEGFR2 promotes endothelial
angiogenesis.41 Mini-YARS stimulated neutrophil activation and
chemotaxis in vitro and angiogenesis in endothelial cell culture,
chorioallantoic membrane, and matrix gel implants in mice.42,43

Full-length YARS showed no angiogenic activity. Similarly, the N-ter-
minal WHEP domain (termed by its presence in WARS, HARS, and
glutamyl-prolyl-tRNA synthetases [EPRS]) was removed by hydroly-
sis of WARS to obtain C-terminal peptide WARS-C (mini-WARS).44

The N-terminal of tryptophanyl-tRNA synthetase (TRPR) contains
the WHEP domain whose spatial structure is helix-turn-helix.
Mini-WARS binds to the extracellular domain of vascular endothelial
cadherin (VE-cadherin), thereby inhibiting the extracellular signal-
regulated kinase (ERK) signaling pathway induced by VEGF and ul-
timately inhibiting angiogenesis.45 Mini-WARS inhibits new blood
vessel formation without affecting established blood vessels.39,40

The antiangiogenic activity of mini-WARSwas confirmed in vivo.44,46

Similarly, full-length WARS cannot bind to VE-cadherin, so they do
not inhibit angiogenesis. Interestingly, mini-WARS inhibited mini-
YARS-induced angiogenesis; subsequent studies have shown that
this is regulated by the VEGFR-2/VE-cadherin pathway (Figure 2).47

In addition, mini-WARS inhibits the activation of ERK, Akt, and
endothelial nitric oxide (NO) synthase (eNOS), and shear force signal
transduction, thereby regulating cytoskeleton reorganization and
gene expression; this inhibition ultimately inhibits new blood vessel
formation and stability.48 This also suggests the role of mini-WARS
in vascular remodeling, blood pressure regulation, and atheroscle-
rosis. It was later found that the mini-YARS/mini-WARS-mediated
effect on the proliferation and migration of rat coronary venular
endothelial cells (RCVECs) to ischemic tissues may occur through
the activation of phosphatidylinositol 3-kinase (PI3K)/Akt and
ERK.49 It was first found that mini-YARS inhibited angiogenesis at
low concentrations and stimulated angiogenesis at high concentra-
tions. In vitro studies have shown that hypoxia-induced VEGF-
dependent signaling can reduce the level of mini-YARS.50 These
results suggest that endogenous mini-YARS may play a vasoinhibi-
tory role in some physiological environments. Low or high levels of
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 375
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Figure 2. The involvement of mini-YARS/mini-WARS in angiogenesis

Full-length of YARS is extracellular cleaved by polymorphonuclear neutrophil (PMN) elastase or other protease molecules into C- and N-terminal fragments (mini-YARS),

which can regulate angiogenesis or immune response, respectively. Mini-YARS can also transactivate VEGFR. Full length of WARS is further processed outside of cells by

PMN elastase or other proteases to form mini-WARS-like fragments. Mini-WARS inhibits angiogenesis by binding to the extracellular domain of VE-cadherin. When mini-

WARS is combined with VE-cadherin, it inhibits the VEGF-induced signaling pathway and ultimately suppresses the proliferation, migration, and angiogenesis of ECs. In

addition, mini-WARS could inhibit mini-YARS-induced angiogenesis.

www.moleculartherapy.org

Review
mini-YARS may provide treatment options for limiting or increasing
angiogenesis in certain diseases. It was found that mini-YARS/mini-
WARS affected the myocardial infarction area by affecting angiogen-
esis and microvessel density in a rat model of myocardial infarction.49

These results suggest the possibility of using mini-YARS/mini-WARS
as angiogenic therapy in ischemic disease. Therefore, the natural frag-
ments of YARS and WARS involved in translation have opposing ef-
fects on angiogenesis. The balance between the two tRNA synthetases
affects the balance between proangiogenesis and antiangiogenesis.
More studies must be done in the future to elucidate the mechanisms
of these actions and the relationship between YARS and WARS.

SARS

Functional analysis of the mutant zebrafish with SARS demonstrated
that SARS could regulate vascular development.27,51 Furthermore,
SARS and VEGF signal transduction can regulate angiogenesis.51

Because of the increased VEGFA expression induced by SARS mu-
tants, vascular branching and dilatation phenotypes can be inhibited
by blocking VEGF receptor function. Importantly, by knocking down
SARS in HUVECs, the VEGF level is increased, resulting in increased
vascular branching points.27 Interestingly, an injection of human
SARSmRNAwas effective in treating the abnormal vascular branches
376 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
observed in mutant zebrafish.51 Therefore, human SARS damage may
be associated with certain CVDs in humans, and zebrafish SARS mu-
tants may be a promising model of human disease. Interestingly, ami-
noacylated, defective SARS (T429A) mRNA also restored the vascular
phenotype, suggesting that the role of SARS in vascular development
is independent of aminoacylation.27

A recent study found that the carboxyl terminus of SARS has a unique
domain (called UNE-S) found in all vertebrates, from fish to hu-
mans.52 As the nuclear localization signal (NLS) was introduced by
UNE-S, this new, additional UNE-S domain in HUVECs and
HEK293T cells not only mobilizes the transfer of SARS from the cyto-
plasm to the nucleus but also promotes the interaction of SARS with
potential nuclear targets.26 Interestingly, UNE-S mutation or deletion
did not affect the aminoacylation reaction. Consistent with this
finding, SARS mutants that were previously associated with vascular
dysplasia deleted or isolated NLS into other conformations. Further-
more, aminoacylated, defective SARS that rescued vascular dysplasia
had the same nuclear localization as wild type (WT), suggesting a high
correlation between vascular dysplasia and lack of SARS nuclear
localization. Further studies showed that SARS could regulate
VEGFA transcription in the nucleus. Therefore, the involvement of
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SARS in regulating vascular development may be dependent on
UNE-S but not on its enzyme activity. These results demonstrate
for the first time the important role of other domains related to
tRNA synthetase at the biological level. The findings also suggest
that UNE-S is involved in the regulation of cardiovascular phylogeny
in vertebrates.

It is well known that c-Myc is a major transcription factor that pro-
motes VEGFA gene expression in the nucleus and thus plays a key
role in vascular development. Shi et al.54 found that SARS is an antag-
onist of c-Myc. SARS control vascular development in zebrafish em-
bryos by inhibiting the activity of c-Myc. This process is implemented
in two different ways: direct competition between SARS and c-Myc in
the proximal cyclic AMP (cAMP) response element (CRE) of VEGFA
to regulate VEGFA expression. In addition, SARS directly recruit his-
tone deacetylase (SIRT2) to remove the chemical tags that c-Myc pro-
teins add to the histones. Interestingly, when SIRT2 was knocked out
by RNAi or inhibited by inhibitors, SARS inhibition of VEGFA
expression was observed to be completely reversed. Recent studies
have found that SARS and transcription factor Yin Yang 1 (YY1)
interact to form the SARS/YY1 complex.55 Thus, the SARS/YY1 com-
plex and nuclear factor kB1 (NF-kB1) regulate angiogenesis by con-
trolling VEGFA production. Since SARS affects the VEGF signaling
pathway during the vascular development of zebrafish, SARS may
become an effective target for treating CVD and cancers, among
which anti-VEGF therapy has achieved certain efficacy.56 Further
studies in zebrafish and mammalian SARS will contribute to a
comprehensive understanding of the precise molecules involved in
vascular network formation and remodeling.

Another study showed that noncoding genes can affect the process of
vascular development during zebrafish angiogenesis by regulating the
level of SARS protein.57 MicroRNA (miRNA)-1 directly inhibited the
SARS protein level and indirectly upregulated the VEGFA protein
level, whereas miRNA-206 directly inhibited the VEGFA protein level
and had an antiangiogenic effect. Interestingly, miRNA-1 and
miRNA-206 are highly similar and evolutionally conserved miRNAs.
Their seed sequences were identical, with differences of only 4 nt in
the sequence outside the seed.58 Future studies will focus on whether
other ncRNAs are involved in the regulation of ARS and thus have a
role in the regulation of angiogenesis, as well as the specificity of their
target genes in targeting mechanisms and their physiological correla-
tion. For example, the mechanisms by whichmiRNA, long noncoding
RNA (lncRNA), circular RNA (circRNA), and other noncoding
RNAs (ncRNAs) regulate ARS remains to be further studied.

HARS

Ni and Luo59 showed that abnormal blood vessel branching is
increased in zebrafish HARS mutants. Moreover, functional defects
in HARS lead to increased VE-cadherin and VEGFA expression
and altered VE-cadherin localization. VE-cadherin is located at the
intercellular contact point and is the main component of endothelial
adhesion, which is necessary for tissue-stable vascular endothelium.
Correct localization of VE-cadherin plays a key role in establishing
the vascular network. VE-cadherin knockout reduced abnormal
branching, but the vasculature thinned in mutants. This suggests
that VE-cadherin is involved in regulating intercellular connectivity,
leading to disordered connectivity inmutants. Interestingly, the use of
VEGF receptor inhibitors blocked the vascular defects observed in the
mutants, suggesting that HARS is dependent on the regulation of
VEGFA signaling to participate in vascular development. More
importantly, injection of human HARS mRNA effectively treated
vascular defects in the mutant, suggesting that the role of HARS in
angiogenesis is conserved between zebrafish and humans. Since this
mutation does not affect the aminoacylation function of HARS, it
reveals a new atypical function of HARS, broadening our knowledge
of the regulatory network of angiogenesis. Therefore, HARS may
be a potential therapeutic target in diseases related to vascular
development.

MITOCHONDRIAL CARDIOMYOPATHY AND ARS2
Mitochondrial cardiomyopathy refers to myocardial damage caused
by mitochondrial dysfunction. Mutations in a variety of ARS genes
are associated with mitochondrial cardiomyopathy (Table 2). As a hy-
permetabolic organ, the heart relies on the mitochondrial ATP of
cardiomyocytes for normal production and synchronous contraction
of the myocardium; therefore, the heart is particularly sensitive to
abnormal ARS2 function. The typical clinical phenotypes of linear car-
diomyopathy are HCM and dilated cardiomyopathy, arrhythmia, and
the left ventricular densification insufficiency. The clinical manifesta-
tions can range from asymptomatic to fatal multiorgan diseases. Severe
cardiac symptoms include HF and ventricular arrhythmias, which can
worsen dramatically with sudden cardiac death when metabolic disor-
ders occur. Mitochondrial diseases are often caused by genetic defects
in pyruvate oxidation pathways. At the heart of this pathway is the
oxidative phosphorylation (OXPHOS) system, the components of
which are encoded by the nuclear and mitochondrial genomes. In
addition to tRNAs and rRNAs encoded by mitochondrial DNA, mito-
chondrial translators include a variety of nuclear-encoded proteins,
which are synthesized in the cytoplasm and then introduced into
the mitochondrial matrix. These include mitochondrial ARS2, which
catalyzes the connection of amino acids to specific tRNA.

AARS2

A mutation of the AARS2 gene is clinically manifested as fatal early-
onset cardiomyopathy. Patients died of severe cardiomyopathy
within 10 months of birth, and OXPHOS complexes in the heart
and parts of the skeletal muscle and brain were significantly reduced.
To date, only 8 cases of perinatal or infantile fatal cardiomyopathy
have been reported in which mitochondrial alanine tRNA synthetase
deficiency has led to incorrect tRNA aminoacylation.60,61 The AARS2
gene defect was identified by exon sequencing in two patients with hy-
pertrophic mitochondrial cardiomyopathy with defects in complex I
and IV of the cardiac respiratory chain.60 Interestingly, modeling
analysis of the protein structure of AARS2 showed that one patient
had a mutation that resulted in incorrect tRNA aminoacylation by
affecting the editing domain, whereas the other patient had a muta-
tion that severely interfered with catalytic function and prevented
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 377
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Table 2. Overview of nuclear-encoded ARS2 gene variants related with cardiomyopathy

Gene Locus Protein Disease phenotype(s) Unique variants Reference

AARS2 6p21.1
alanyl-tRNA synthetase
2 (mtAlaRS)

hypertrophic cardiomyopathy; left
ventricular function reducing; cardiac
failure; lactic acidosis; respiratory failure
leukoencephalopathy with ovarian failure;
multiple respiratory chain complex defects

c.1774C > T (p.Arg592Trp)

60,62,64

c.1738C > T (p.Arg580Trp)

c.464T > G (p.Leu155Arg)

c.2872C > T (p.(Arg958*))

c.647dup (p.Cys218Leufs*6)

c.1616A > G (p.Tyr539Cys)

c.2882C > T (p.Ala961Val)

c.209T > C (p.Phe70Ser)

PARS2 3p21.31
prolyl-tRNA synthetase
2 (mtProRS)

heart failure; dilated cardiomyopathy; left
ventricular hypertrophy, multiorgan failure;
infantile-onset developmental delay; epilepsy

c.239T > C/p.(Ile80Thr)

65

c.1091C > G/p.(Pro364Arg)

c.1130dupC/p.(Lys378*)

c.836C > T/p.(Ser279Leu)

c.283G > A (p.Val95Ile)

c.1091C > G (p.Pro364Arg)

VARS2 6p21.3
valyl-tRNA synthetase
2 (mtValRS)

hypertrophic cardiomyopathy; left
ventricular function reducing; biventricular
dilation; pericardial effusion; pulmonary
hypertension; lactic acidosis; multiple
respiratory chain complex defects; epileptic;
cerebral atrophy

c.1100C > T (p.Thr367lle)

67,110

c.1490G > A (p.Arg497His)

c.1258G > A (p.Ala420Thr)

c.2557-2A > G (p.Ala747Thr)

c.1150G > A (p.Asp384Asn)

c.1546G > T (p.Glu516*)

c.2239G > A (p.Ala747Thr)

c.1135G > A (p.Ala397Thr)

c.1877C > A (p.Ala626Asp)

c.601C > T (p.Arg201Trp)

c.643C > T (p.His215Tyr)

c.1354A > G (p.Met452Val)

YARS2 12p11.21
tyrosyl-tRNA synthetase
2 (mtTyrRS)

concentric hypertrophic cardiomyopathy;
myopathy/exercise intolerance; respiratory
insufficiency; multiple respiratory chain
complex defects; lactic acidosis; sideroblastic
anemia; MLASA syndrome

c.1175T > C (p.Leu392Ser)

71

c.1106G > A (p.Cys369Tyr)

c.1147_1164dup (p.Val383_
Glu388dup)

c.137G > A (p.Gly46Asp)

KARS2 16q23.1
lysyl-tRNA synthetase
2 (mtLysRS)

cardiomyopathy; Charcot–Marie–Tooth
polyneuropathy; autosomal recessive
non-syndromic hearing loss; congenital
visual impairment; mild psychomotor
delay and mild myopathy

c.1049T > A (p.L350 > H)

73

c.1169C > G (p.P390 > R)

IARS2 1q41
isoleucyl-tRNA synthetase
2 (mtIleRS)

hypertrophic cardiomyopathy; left
ventricular hypertrophy; progressive
hearing impairment; multiple
respiratory chain complex defects

m.4277T.C 76

DARS2 1q25.1
aspartyl-tRNA synthetase
2 (mtAspRS)

CHD; neurodevelopmental disabilities
(NDDs); and other congenital anomalies (CAs)

c.228-16C > A (p.Arg76-SerfsX5)
80

c.716T > C (p.Leu239Pro)
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tRNA aminoacylation. Another study showed that uneven red fibular
images, respiratory chain complex I and IV deficiency, and histolog-
ical evaluation showed large mitochondrial accumulation and cyto-
chrome C oxidase (COX)-negative fibers in patients with AARS2
deficiency.62
378 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
Aminoacylation domains exist in all ARS2. Only AARS2 and TARS2
have editing activity that redacts erroneous products. A slight
decrease in this proofreading activity resulted in increased mouse em-
bryonic mortality.63 At present, AARS2 mainly has a p.Arg592Trp
mutation and p.Arg580Trp leading to HCM. Previous studies have
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shown that cardiomyopathy phenotypes are caused by a single allele,
leading to amino acid changes in the editing domain of AARS2 (the
p.Arg592Trp mutation), whereas leukocyte dystrophic mutations
are located in other domains of the synthetase.64 AARS2 mutations
severely impair amination in patients with cardiomyopathy, whereas
mutations found in patients with leucocyte dystrophy partially retain
amination. All mutations were predicted by structural analysis to
decrease the aminoacylation activity of the synthetase because all
AARS2 domains contribute to tRNA binding for aminoacylation.
Computer simulation of p.Arg580Trp showed that Arg580 was
exposed to the surface, but in vitro studies showed that the variant
had little effect on the aminoacylation function and had an effect
on the stability and folding of AARS2 proteins.64 In contrast,
Arg592 forms a variety of non-covalent bonds with its neighbor
Arg. These residues indicate the importance of arginine at this
location for protein stability. It is not located near the active site
of aminoacylation, so there is no accumulation of mischarged
tRNA[Alanine (Ala)] during aminoacylation. Patients with p.Arg580Trp
had significantly lower levels of AARS2 in their fibroblasts than those
with at least one p.Arg592Trp mutation. In the analysis of the protein
lysates of skeletal muscle cells, cardiomyocytes, and fibroblasts in the
patients, the reduced AARS2 protein level was associated with multi-
ple severe OXPHOS defects in skeletal muscle and myocardium, but
this phenomenon was not observed in the fibroblasts of the patients. It
reveals that skeletal muscle cells and cardiomyocytes are more prone
to deficiency in mitochondrial protein synthesis function, and AARS2
activity is crucial for early development of cardiac muscle cells.

These findings support the hypothesis that other AARS2-associated
variants may only cause a decrease in AARS2 protein levels or loss
of aminoacylation activity and are not present in the heart. In other
words, the same ARS2 mutation leads to two very different tissues
involved in different diseases. Phenotypic differences in AARS2-
related diseases are due to differences in aminoacylation. However,
stable AARS2 protein levels in vivo have not been evaluated in tissues
extracted from patients with other AARS2 dysfunction-related dis-
eases. In addition, there has been a lack of in vitro studies confirming
the effects of the p.Arg592Trp mutation on amino acid activation,
aminoacylation, and misaminoacylation activities. This will help
to analyze whether the two mutations share a common biological
mechanism or which may be two mechanisms of clinically fatal
cardiomyopathy.

Mitochondrial prolyl-tRNA synthetase (PARS2)

PARS2 made prolyl-tRNA of mitochondria charge homologous pro-
line (P). Clinical features observed in patients with PARS2 dysfunc-
tion included abnormalities of the brain and muscles and other
systemic abnormalities, including dilated cardiomyopathy. Patients
with PARS2 dysfunction usually have similar features and symptoms,
and most die between 0 and 10 years old. PARS2 mutations are rare,
and only 10 patients have previously been reported. To date, patients
with the longest lifespan of lesions caused by the biallelic PARS2 have
been reported.65 Unlike most previous cases, the patient did not have
chronic lactic acidemia, and cardiomyopathy did not occur until the
age of 19. He died of HF at 21. This may be because he has been
receiving supportive antioxidant supplements since infancy to treat
mitochondrial dysfunction. In addition, his older brother, who had
the same phenotype, received no treatment and died of HF at the
age of 5. Normally, treatment strategies for some mitochondrial
diseases include direct involvement of natural substances in ATP
production, such as creatine, carnitine, and coenzyme Q10, through
mitochondrial function.66 Mitochondrial cytopathic disease is
associated with decreased aerobic energy transduction, increased
occurrence of oxidative stress response, apoptosis, and necrosis.
Theoretically, the combination of specific nutritional drugs may
provide an alternative source of energy by bypassing defects in mito-
chondrial respiration. Although many factors may have influenced
the difference in disease progression between the longest-lived patient
and his older brother, antioxidant supplements may have reduced
lactate levels, thereby delaying the onset of cardiomyopathy.
Currently, there is a lack of clinical and laboratory validation of the
therapeutic effects of antioxidants and other vitamins in patients
with PARS2 dysfunction and even in ARS-related diseases, especially
in cardiomyopathy,

Mitochondrial valyl-tRNA synthetase (VARS2)VARS2 is a protein of
1,093 amino acids located on chromosome 6p21.3 of the mitochon-
drial matrix. It is associated with encephalopathy or hypertrophic
non-obstructive cardiomyopathy and often leads to chronic disabil-
ities and poor prognosis such as short stature, growth hormone defi-
ciency, and hypogonadism.67–69 VARS2 mutations are rare, and only
14 patients have been reported so far. Ten of the fourteen patients
had HCM. This suggests that HCM may be a common feature
of this mutation. Echocardiography showed different degrees of
double ventricular hypertrophy, which can be accompanied by asym-
metric ventricular septal hypertrophy and biventricular dilation. The
left ventricular function may be reduced, with pericardial effusion,
hepatosplenomegaly, and pulmonary hypertension. Postmortem ex-
amination of the hearts of some patients revealed double ventricular
hypertrophy, asymmetrical ventricular septal hypertrophy, and
immature cardiomyocytes. Microscopic sections showed diffuse
vacuolar degeneration of muscle cells. Dysfunction of VARS2 should
be included in the differential diagnosis of the etiology of neonatal
mitochondrial brain cardiomyopathy.

However, the same genetic defects affect specific tissues or organs and
thus exhibit very different clinical phenotypes. Little is known about
how the same genetic defects lead to these heterogeneous phenotypes.
The authors suggest that it may be related to the concentration of
tissue-related amino acids and the different sensitivity of cells to
impaired mitochondrial protein synthesis.67 This hypothesis may
explain the heterotypic phenotype of the same gene defect. Interest-
ingly, the clinical phenotype of multiple patients with a variant of
c.1100C > T (p.Thr367Ile) suggests that the mutation may have a mi-
nor effect on the heart.67,70 In addition, the authors found that VARS2
had two mutations near the binding pocket of homologous valine
(p.Arg497His and p.Ala626Asp).67 By analyzing the changes of
VARS2 structure and physicochemical properties of VARS2, it was
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 379
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found that some VARS2 mutations may modify the conformation
of the valine-binding region, thus destroying the function of the
enzyme.
YARS2

The YARS2 gene encodes a mitochondrial protein that catalyzes the
binding of tyrosine to tRNA. YARS2 mutations mainly occur in the
autosomal recessive MLASA syndrome (myopathy, lactic acidosis,
and sideroblastic anemia), including myopathy, lactic acidosis, and
sideroblastic anemia, and are associated with complex defects in the
mitochondrial respiratory chain from infants to children. Only 17 pa-
tients with mitochondrial myopathy associated with YARS2mutation
have been reported.71 Among the 17 patients with YARS2-related
mitochondrial myopathy, 88% had elevated blood lactic acid levels,
accompanied by systemic myopathy. Sideroblastic anemia was pre-
sent in 71% of patients. HCM (53%) and respiratory insufficiency
(47%) were also prominent clinical features. Unlike other ARS2 mu-
tations, the central nervous system is rarely affected. These findings
underscore the importance of regular monitoring of respiratory and
cardiac function. In addition, early encouragement of supportive
therapies, such as non-invasive ventilation and drug-induced heart
remodeling drugs, can delay disease progression. Muscle histochemi-
cal studies showed that all patients tested had severe COX deficiency.
The muscle biopsy results of severe COX deficiency in muscle fibers
were consistent with the diagnosis of mitochondrial myopathy. Inter-
estingly, western blotting of fibroblasts and myoblasts in some pa-
tients showed no decrease in YARS2 protein levels. This may reflect
the tissue specificity of YARS2 and other ARS mutations, as well as
the changes in the expression threshold between different individuals
and tissues. Sommerville et al.71 hypothesized that one factor contrib-
uting to this change might be the rate of protein replacement in
individual tissues. These data showed that the decreased levels of
mitochondrial cytochrome oxidase subunit I and II (mt-COI and
mt-COII) in fibroblasts and myoblasts of the patients were slight,
although this was supported by a significant deficiency of COX in
muscles. However, there is still a lack of evaluation of YARS2 protein
levels in cardiomyocytes. Besides, other in vitro studies on the YARS2
mutation were lacking to confirm the effects of amino acid activation,
aminoacylation, and misaminoacylation activities on myocardial
cells, to further study the mechanism of cardiomyopathy.
KARS

Mutations in KARS encode mitochondrial and cytoplasmic KARS.
The clinical phenotypes of KARS mutations include the autosomal-
recessive CMT multiple neuropathies; autosomal-recessive non-syn-
dromic hearing loss; and congenital visual impairment, progressive
microcephaly, and cognitive deficits. To date, eight mutations have
been identified in KARS, but only two of them have recently been re-
ported to affect mitochondrial function and to be associated with neu-
rophenotypes, lactic acidosis, HCM, and mitochondria respiratory
complexes I (CI) and IV (CIV) binding defects.72 Consistently, mus-
cle biopsies in patients showed a significant reduction in COX in the
muscle.
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By targeting sequencing, Verrigni et al.73 identified two new variants
(L350H mutation, P390R mutation) in KARS. The two mutations
occurred in the enzyme’s catalytic domain and damaged two amino
acid residues, which are highly conserved from advanced organisms
to single-celled organisms. The L350H mutation is expected to
destroy the enzyme activity, whereas the P390R mutation will impair
the enzyme activity by eliminating the proline-specific skeleton angle
restriction and modifying the salt-bridge pattern, resulting in incor-
rect protein-interface folding related to the KARS intermolecular
interaction. All of these will affect the interaction between KARS
and P38, thus affecting the formation of the multisynthetase complex
(MSC).74 This is important because in advanced eukaryotes, many
ARS bind together to form high molecular weight MSC, in which at
least 9 ARS and 3 helper proteins (p18, p38, p43) are linked to
perform different functions other than aminoacylation. Verrigni
and co-workers’73 findings support the possibility that KARS muta-
tions may cause myopathy and HCM due to altered mitochondrial
function. Therefore, mitochondrial dysfunction caused by KARS mu-
tation may be the cause of childhood myopathy and HCM. However,
the level of KARS2 protein in cardiomyocytes, skeletal muscle cells,
and fibroblasts has not been evaluated.

IARS2

IARS2 is a 1,012-amino acid protein located at chromosome 1q41 in
the mitochondrial matrix. IARS2 mutations have been reported in pa-
tients with cataracts, partial sensorineural deafness, short stature
growth hormone deficiency, peripheral neuropathy, or Leigh syn-
drome.75 In a recent study, skeletal muscle biopsies of patients with
IARS2 gene deficiency revealed many COX composite defects in
fibrous and respiratory chain complex I, III, and IV and reduced
homeostasis of IARS2 mutations in skeletal muscle.76 In addition,
mitochondrial genome sequencing revealed the presence of homotypic
m.4277T > C mutations in IARS2. Forcing cells to utilize OXPHOS in
galactose medium resulted in increased (reactive oxygen species) ROS
production in mutant transmitochondrial cybrids and decreased cell
viability due to widespread cell death. This suggests that homoplasmic
mitochondrial tRNA (mt-tRNA)mutations with a cardiac limited clin-
ical phenotype can themselves induce mitochondrial dysfunction. The
misfolding of mt-tRNA molecules was proved by electrophoretic
migration of mutated mt-tRNAmolecules. Surprisingly, this mutation
did not affect the normal aminoacylation function of IARS2, but struc-
tural changes can destroy its stability, and the change of structure will
damage its stability. Interestingly, all homogeneous mtDNAmutations
are characterized by very different penetrance even amongmembers of
the same family. Pathogenic mtDNA mutations can be heterogenous
or homogeneous. For the first time, high levels of constitutive ARS
were observed in human tissues to prevent the phenotypic expression
of homoplasmic mt-tRNA point mutations. One hypothesis is that dif-
ferences in the efficiency of compensation mechanisms (e.g., mito-
chondrial biological compensation) are associated with the production
of ROS resulting from impaired OXPHOS.77 In addition, it is specu-
lated that nuclear modifiers, mtDNA haplotypes, and epigenetic or
environmental factors may influence the tissue specificity and severity
of homoplasmic mt-tRNA mutations. It is necessary to further study
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the pathogenic biochemical pathway of the IARS2mutation in order to
understand its related diseases.

Aspartyl-tRNA synthetase (DARS)

In a case-control study, genetic variants of the three SNPs of the
DARS gene were observed to influence susceptibility to isolated ven-
tricular septal defect (VSD), and the risk increased significantly with
increased alleles.78 Transcription factors are known to play a funda-
mental role in all stages of cardiac development, including compart-
ment formation, valvular and septal generation, and cardiac pedigree
determination.79 DARS2 knockout mouse model, the DARS2 defi-
cient type is damaged the stability of mitochondrial protein in mouse
heart tissue. This results in increased expression of stress-related tran-
scription activators to C/EBP homology proteins (CHOP) and acti-
vated transcription factors 4 and 5(Atf4 and Atf5), as well as increased
mitochondrial biology and autophagy of mitochondrial non-folded
proteins, resulting in metabolic changes.80 This tissue-specific adap-
tive stress response was not related to respiratory chain defects. The
heart is the body’s most energy-hungry organ, whether these adaptive
stress responses promote rather than delay the progression of cardio-
myopathy. Previous studies have shown that increased mitochondrial
biogenesis and metabolic changes in tissue-specific mitochondrial
transcription factor A (TFAM)-deficient hearts at the late stage of dis-
ease do not delay the progression of HF but rather promote it.81 In
addition, overexpression of PGC-1a reduces autophagy. Interest-
ingly, elevated PGC-1a expression levels were beneficial for the heart
of neonates, whereas in adult mice, they resulted in mitochondrial
structural abnormalities, mitochondrial biogenesis, and a slight in-
crease in cardiomyopathy.82 In contrast, skeletal muscle has intrinsic
mechanisms that depend on the slow transformation of mitochon-
drial transcripts and high protein static buffering capacity. Increased
understanding of tissue-specific pathophysiology may lead to the dis-
covery of targets that may be easier to treat than respiratory chain
dysfunction itself, to alleviate the development and progression of
ARS2-related mitochondrial cardiomyopathy.

HF
HF is usually accompanied by cardiac fibrosis due to increased fibrin
synthesis following activation of cardiac fibroblasts (CFs). Since many
fibrins are rich in proline, such as collagen, the translation function
involved in EPRS may play a key role in fibrin synthesis during the
development of cardiac fibrosis. EPRS catalyzes the binding of the
two amino acids glutamic acid (E) and proline (P) to their homolo-
gous tRNA for protein synthesis.

Wu et al.83 found that mRNA and protein levels of EPRS were elevated
in failing hearts. This study further demonstrated that gene knockout
of an allele of EPRS significantly reduced the degree of heart fibrosis by
approximately 50% in a mouse model of HF. The EPRS-specific inhib-
itor Halofuginone (Halo) blocks the binding of EPRS to proline and
tRNA[Proline (Pro)] and blocks their connection.84 Halo activates key
signaling elements in the AAR genes (asna and chop) and AAR path-
ways (general control nonderepressible 2 [GCN2] and eukaryotic initi-
ation factor 2a [eIF2a]) and extensively regulates the transcriptome
and proteome of CFs. By activating the AAR pathway of cardiomyo-
cytes, pulmonary congestion can be reduced, left ventricular function
and left ventricular remodeling/fibrosis can be improved, ischemic
myocardium can be reduced, and survival rate can be improved. How-
ever, the therapeutic mechanisms of Halo inhibit atypical transforming
growth factor (TGF) signaling and the activated amino acid hunger
response (AASR) only at the transcriptional level.84–86 Studies have
demonstrated the protective and antifibrosis effects of Halo in a variety
of mouse HFmodels.85 In addition, some newly identified proline-rich
genes (e.g., Ltbp2 and Sulf1) can also be regulated by EPRS translation.
Sulf1 is abundantly expressed in human and mouse myofibroblasts. In
the CF culture system, the level of SULF1 expression influences
collagen deposition and CF activation. SULF1 overexpression pro-
motes collagen deposition and myocardial fibroblast activation and
partially antagonizes the antifibrosis effect of Halo therapy. This
finding indicates that SULF1 is a new biomarker of cardiac fibrosis
and suggests that ERAS may also affect collagen deposition and
myocardial fibroblast activation by regulating SULF1 expression.

AAA
Recent studies have found that ARS is also associated with the devel-
opment and progression of AAA.87 AAA is a chronic degenerative
condition that causes permanent focal dilation of the walls of the
abdominal aorta. Several factors are at risk of developing AAA,
including age, high blood pressure, smoking, dyslipidemia, and a fam-
ily history of AAA and other CVDs. Li et al.87 searched and analyzed
the Gene Expression Omnibus (GEO) database and found that IARS
mRNA expression was markedly higher in the aortas of AAA patients
than in those of patients without AAA. The imbalance of medial aortic
injury and repair is an important feature of aortic disease. Inhibiting
IARS expression levels in mice significantly reduced AAA formation
and reduced phenotypic transformation and apoptosis in vascular
smooth muscle cells (VSMCs). The expression of p-p38, Bcl-2-associ-
ated X protein (Bax), and osteopontin (OPN) was significantly
increased in AAA tissues, whereas the levels of Smooth muscle protein
22-a (SM22a) and p-PI3K were significantly decreased. In addition,
the activation state of the PI3K and p38 mitogen-activated protein ki-
nase (MAPK) pathways also changed correspondingly. Consistently,
angII-induced phenotypic transformation and apoptosis of VSMCs
were reduced after IARS inhibition in vitro. IARS promotes the pheno-
typic transformation and apoptosis of VSMCs through the p38MAPK
and PI3K signaling pathways, respectively, thus promoting the occur-
rence and development of AAA (Figure 3). This study may contribute
to further understanding of the mechanism of medial aortic degener-
ation, and IARS may be a potential target for preventing the develop-
ment of AAA.

APPLICATION OF ARS DRUG RESEARCH AND
DEVELOPMENT
Protein translation is the classical function of ARS; this function has
been widely validated and used as a target for the development of
antimicrobial and antimalarial drugs.88 ARS inhibitors have several
targets: amino acid binding sites, ATP binding sites, editing decision
regions, and tRNA recognition folding regions. In addition, there are
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Figure 3. ARS promotes angiogenesis through an unfolded protein response pathway

Defects in TARS and IARS lead to endoplasmic reticulum stress and activate the unfolded protein response pathway. The unfolded protein response genes ATF4, ATF6, X-

box protein 1 (XBP1), and VEGFA were upregulated in TARSy58 and IARSy68 mutants.

www.moleculartherapy.org

Review
amino acid-AMP analog inhibitors, amino acid-tRNA analog inhib-
itors, and inhibitors that inhibit the binding of ARS to related pro-
teins. Most inhibitors are amino acid binding site inhibitors. An
increasing number of innovative drugs targeting ARS have been
discovered and modified, and those that have been marketed have
demonstrated that targeting ARS is an important direction for anti-
microbial drug development. However, the lack of bioavailability
and selectivity of ARS inhibitors are common problems at present;
thus, few drugs have entered clinical studies.

As mentioned earlier, there have been few studies on ARS inhibitors
in the treatment of CVD. Currently, Halo is the most widely studied
mechanism of ARS for treating CVD. Halo is an EPRS inhibitor with
excellent antimalarial activity, and its mechanism of action is the con-
sumption of ATP and EPRS binding to the active site. Most proline-
rich proteins are secreted or transmembrane proteins, and many of
them are ligands/receptors for extracellular matrix or cellular
382 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
signaling that promote cardiac fibrosis. In vitro and in vivo experi-
ments on human CFs, cardiomyocytes, and mouse models of HF
confirmed the antifibrosis effect of Halo.85 In addition, Borrelidin
(BN) is a TARS inhibitor and an effective antimicrobial and antima-
larial drug, and it has been shown to inhibit angiogenesis in a rat
aortic angiogenesis model.89 Notably, BN has cytotoxic effects,
possibly because it induces AAR, which leads to cell-cycle arrest
and apoptosis.28 The toxicity of the BN derivative BC194 to endothe-
lial cells is greatly reduced, but it can still inhibit angiogenesis. Treat-
ment of endothelial cells with BC194 inhibited endothelial cell
migration and increased cell-to-cell contact. At the same time, in vivo
studies of BC194 application in zebrafish resulted in incomplete
vascular development, increased ectopic branches, and reduced
vascular lumen. There is a lack of research on the efficacy and side ef-
fects of CVD in mammals. These studies have revealed the potential
of ARS as a treatment for CVD; however, whether ARS can be used as
a key target for the treatment of CVD needs further study.
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AMINOACYLATION
The classic function of ARS is to precisely attach each type of amino
acid to a specific tRNA in a process known as aminoacylation.
Recently, significant studies have found that both cytoplasmic ARS
and mitochondrial ARS2 can undergo aminoacylation in their corre-
sponding substrate proteins.12 Each ARS/ARS2 transfers the homol-
ogous amino acid to the ε-amine of lysine in the modified protein.
ARS can also be used as an amino acid sensor to sense the sufficiency
of its homologous amino acids. The process by which amino acids are
covalently linked to proteins is called protein aminoacylation. Protein
aminoacylation has three characteristics: (1) dependence on ARS as
an aminoacyl transferase and tRNA as its metabolic carrier; (2) spec-
ificity, which depends on the corresponding ARS; and (3) variability,
which differs depending on substrate specificity and covalent bond
formation. More importantly, protein aminoacylation can affect its
activity and thus its function.

He et al.12 have shown that LARS can induce leucinization of Rag het-
erodimer (RagA/B); this leads to an increase in guanosine triphosphate
(GTP) load of RagA/B, followed by mTORC1 activation when amino
acid levels reach their physiological levels. The extracellular apoptotic
signal sensor (apoptosis signal-regulating kinase 1 [ASK1]) was gluta-
mated to negatively regulate the kinase activity of ASK1 and inhibit cell
apoptosis. Lysine aminoacylation markers can be removed by deacety-
lases such as SIRT1 and SIRT3, dynamically regulating the level of ami-
noacylation. Therefore, ARS can also be used as a direct intracellular
amino acid sensor to modify the ε-amine of lysine in proteins, thus
maintaining intracellular homeostasis through aminoacylation. This
is another important non-classical feature of ARS. Because amino acids
have multiple sensors, and the affinity and subcellular localization of
these sensors are different, different pathways can coordinate and
accurately detect amino acid signals. Amino acid modification of pro-
teins enriches themechanism of amino acid signaling to biological net-
works. Notably, He at al.12 found that the lysine-aminoacylated protein
is widely present in human cells, and its functions cover almost all as-
pects of cell physiology, including cardioventricular myogenesis,
myocardial fiber development, cardiac rhythm, and blood pressure
regulation. The proteins related to cardiac rhythm regulation include
desmoplakin, dystrophin, and desmin. Developmental regulation-
related proteins (e.g., GTP-binding protein 1 and caspase-9), angiogen-
esis-related proteins (e.g., cyclin-dependent kinase-like 5), and key
molecules in the signaling pathway (e.g., MAPK-activated protein ki-
nase 2) can all be modified by lysine aminoacylation. This indicates
that metabolite-derivedmodification, especially aminoacylation modi-
fication proteins, may have great research prospects in the pathogen-
esis of CVD and may therefore shed light on a new dimension of
this process. These findings show the potential role of various ARSs
in the development, diagnosis, and treatment of CVD, as well as pre-
sent considerable prospects for clinical application.
DISCUSSION
With the consideration that various ARS mutants play a key role in
the development of CVDs, different ARS mutants have different clin-
ical manifestations and individual growth prognoses. These include
angiogenesis, HCM, abnormal early development of the heart (espe-
cially in early cardiomyocytes development), dysfunction of the
mitochondria of the heart leading to HF, myocardial infarction,
atherosclerosis, and AAA, among other CVDs.

Lack of ARS can lead to cardiac angiogenesis defects and lower capil-
lary density. Endothelial cell migration and proliferation play an
important role in angiogenesis. The absence of WARS2 can affect
endothelial cell migration and proliferation, thereby affecting cardiac
angiogenesis and reducing capillary density. ARS cannot only affect
angiogenesis by regulating endothelial cell function but can also regu-
late VEGF expression by regulating signal transduction pathways,
thus regulating angiogenesis. Interestingly, the natural fragments of
YARS and WARS have no effect on angiogenesis, whereas the small
fragments produced by hydrolysis can affect angiogenesis. Mini-
YARS/mini-WARS affect angiogenesis by regulating endothelial cell
proliferation and migration and the expression level of the vascular
chemokine VEGF. Furthermore, the effects of mini-YARS on angio-
genesis are different at high and low levels. Mini-WARS also report-
edly inhibits mini-YARS-induced angiogenesis. The balance between
the two types of ARS affects the balance between angiogenesis and
antiangiogenesis, providing new possibilities for angiogenesis therapy
in ischemic diseases. SARS also has the nuclear localization domain
UNE-S and can form a complex with the transcription factor YY1,
which enriches the mechanism by which ARS regulates VEGF.

In recent years, an increasing number of studies have reported the close
association between ncRNAs and the development of CVD.90–105

Meanwhile, ncRNAs can be used as an ARS regulator. For example,
miRNA-1 regulates the protein level of SARS and indirectly
upregulates the protein level of VEGF to promote angiogenesis.
miRNA-206 can directly inhibit the VEGF protein level and play an
antagonistic role in angiogenesis. However, it is still necessary to study
the regulatory effect of ncRNA on ARS and its targeting mechanism
under different physiological and pathological conditions, which
may provide insight into a new dimension of the ARS regulatorymech-
anism. IARS promotes the regulation of phenotypic transformation
and VSMC apoptosis, which promotes the occurrence and develop-
ment of AAA. This suggests that IARS may contribute to the AAA
diagnosis as new diagnostic molecules and even as a potential thera-
peutic target. At present, only some studies have shown that mRNA
injection of human-related ARS can effectively treat abnormal blood
vessel branching in zebrafish mutants; these studies have included
the injection of TARS, SARS, and HARS. This suggests that the role
of ARS in regulating zebrafish and human angiogenesis may be
conserved. This finding contributes to the possibility of using zebrafish
ARS mutants to model human disease in the future and presents pos-
sibilities for further study on the mechanisms of angiogenesis and
related angiogenic molecules.

ARS affects not only the coronary arteries and aorta, which provide
blood oxygen, but also cardiomyocytes and fibroblasts. HCM pa-
tients, whose ARS gene defects lead to mitochondrial respiratory
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defects, have poor prognoses. Some ARS patients are reported to be
newborns to 10 years old, whereas others may even experience peri-
natal death. However, relatively normal lactic acid levels and delayed
disease progression can reportedly be promoted in individual patients
through regular respiratory and cardiac function tests, in addition to
early support via therapies such as specific nutritional and vitamin
combinations, noninvasive ventilation, and cardiac remodeling
drugs. These patients often have other systemic diseases, and the
same mtARS mutation can lead to different diseases involving
different tissues. One hypothesis suggests that phenotypic differences
in the same ARS-related diseases are due to mutations exerting
different effects on aminoacylation. That is, cardiac abnormalities
may be present when aminoacylation is severely impaired, and other
systemic diseases may be present when aminoacylation is partially
reduced. At the same time, different organs have different sensitivities
to mitochondrial functional changes at different developmental
stages. This suggests that ARS activity is critical to the heart during
early development, which somewhat explains the younger age of
onset of HCM caused by defects in the ARS gene. Research on ARS
dysfunction has great prospects for elucidating the mechanism by
which the same ARS gene defects cause heterogeneous phenotypes.
This research may also elucidate the signaling pathways, cytokines,
and abnormal proteins involved, thus contributing to future clinical
diagnosis and disease prognosis.

As previously mentioned, the specific inhibitor of EPRS, Halo, can
reportedly regulate the transcriptome and proteome of CFs by acti-
vating signal transduction elements. In addition, its antifibrosis effect
has been verified in various mouse models of HF, with its application
improving left ventricular function and remodeling and improving
survival rate. At the same time, the protein of the proline-rich gene
Sulf1 is enriched in human and mouse muscle fibroblasts after trans-
lation by EPRS. High levels of Sulf1 protein expression promote
collagen deposition and CF activation and partially antagonize the
antifibrosis effect of Halo. This suggests that there are a number of
new proteins that are rich in certain amino acids that need to be stud-
ied in the context of CVD. The effects of ARS on organelles include
not only mitochondria but also organelles associated with autophagy.
Studies conducted in the DARS2-deficient mouse model have found
that the impaired protein stability of themitochondria in the heart tis-
sue leads to abnormal increases in CHOP, Atf4, and Atf5 expression,
which not only causes changes in mitochondrial function but also
damages the autophagy pathway. This suggests that ARS gene defects
may affect changes in organelle function through a variety of path-
ways, leading to cell-function changes and disease. This suggests
that the ARS-translated proteins and activated cytokines may be
novel markers of cardiac dysfunction, and these may play a therapeu-
tic role in the future by regulating the expression of related proteins.
Furthermore, the signal transduction, cytokine, and protein expres-
sion of various ARSs can affect organelle function and lead to
HCM caused by cardiomyocytes and fibroblasts. This knowledge
will contribute to the development of clinically targeted therapies
and protocols and the discovery of new markers of cardiac
dysfunction.
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Although many clinical cases of pathogenic mutations in cytoplasmic
andmitochondrial ARS genes have been reported, there are still many
problems to be solved in the study of pathogenic mechanism, espe-
cially regarding the relationship between nonclassical dysfunction
and disease phenotype. Mitochondrial ARS gene mutations lead to
impaired mitochondrial protein synthesis, resulting in mitochondrial
productivity defects; however, the relationship between the occur-
rence of such defects and mitochondria–nucleus communication
has not been extensively studied. Despite this, existing studies have
also shown the complexity of the pathogenic mechanism of ARS.
The mechanisms by which several mutated ARSs cause CVD differ,
and these mechanisms involve new and unknown cellular functions
of ARS. The questions of why the pathogenic effects of ARS target
only certain types of cells, why symptoms appear at a certain age,
and what other aspects of the cellular functional network are involved
in the pathogenic process must be studied further. At present, some
articles point out that ARS is a biomarker for diagnosis and moni-
toring in tumors. For example, plasma KARS1 is a new biomarker
for diagnosis of colorectal cancer.106 MARS is a useful diagnostic
marker for lymph node metastasis of non-small cell lung cancer.107

However, there is no clear article pointing out that ARS has been
used as a biomarker of CVDs. At present, it is found that the
abnormal function of ARS affects the proliferation and migration of
endothelial cells and regulates the expression of VEGF and affects
angiogenesis. ARS also affects its phenotype transformation and
apoptosis in smooth muscle cells. Therefore, we speculate that ARS
may be a potential biomarker for detection and/or treatment in
CVDs, such as myocardial infarction, HCM, and early abnormal
development of the heart, needing further deep investigation.
Conclusions

The widespread involvement of ARS in CVD has aroused a high level
of research interest. In particular, recent studies have shown that ARS
modifies the function of regulatory proteins through aminoacylation;
this regulation may be widely present in various cell components,
molecular functions, and biological processes. Further studies are
required to determine whether ARS can be used as a potential thera-
peutic target for treating CVD.
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