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Significance

Aminoacyl-tRNA synthetases 
(aaRSs) ensure both speed and 
accuracy of messenger RNA 
(mRNA) translation. Amino acid 
misincorporation due to loss of 
editing of cytoplasmic aaRSs is 
harmful to cellular functions and 
causes neurodegeneration and 
cardioproteinopathy. However, 
mitochondrial translation in 
mammals is the most simplified, 
generating only 13 proteins with 
3,789 codons. Several 
mitochondrial aaRSs have lost 
editing activity during evolution, 
implying that mammalian 
mitochondrial protein synthesis is 
able to tolerate mistranslation. 
Based on our comprehensive 
studies using mouse mitochondrial 
threonyl-tRNA synthetase as a 
model, we found that the correct 
amino acid incorporation during 
mitochondrial gene expression is 
essential for the structure and 
function of the organelle. 
Inaccurate translation triggers 
profound cellular and tissue 
disorders due to abnormal cell 
proliferation induced by oxidative 
stress.
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Proofreading (editing) of mischarged tRNAs by cytoplasmic aminoacyl-tRNA syn-
thetases (aaRSs), whose impairment causes neurodegeneration and cardiac diseases, is 
of high significance for protein homeostasis. However, whether mitochondrial trans-
lation needs fidelity and the significance of editing by mitochondrial aaRSs have been 
unclear. Here, we show that mammalian cells critically depended on the editing of 
mitochondrial threonyl-tRNA synthetase (mtThrRS, encoded by Tars2), disruption of 
which accumulated Ser-tRNAThr and generated a large abundance of Thr-to-Ser mis-
incorporated peptides in vivo. Such infidelity impaired mitochondrial translation and 
oxidative phosphorylation, causing oxidative stress and cell cycle arrest in the G0/G1 
phase. Notably, reactive oxygen species (ROS) scavenging by N-acetylcysteine attenuated 
this abnormal cell proliferation. A mouse model of heart-specific defective mtThrRS 
editing was established. Increased ROS levels, blocked cardiomyocyte proliferation, 
contractile dysfunction, dilated cardiomyopathy, and cardiac fibrosis were observed. 
Our results elucidate that mitochondria critically require a high level of translational 
accuracy at Thr codons and highlight the cellular dysfunctions and imbalance in tissue 
homeostasis caused by mitochondrial mistranslation.

aminoacyl-tRNA synthetase | tRNA | editing | mitochondria | cardiomyopathy

mRNA translation is a key step in the expression of genetic codes. Aminoacyl-tRNA 
synthetases (aaRSs) are ubiquitously expressed and essential for mRNA translation, cata-
lyzing the ligation of amino acids (aminoacylation) with tRNAs to generate 
aminoacyl-tRNAs (1, 2). Protein synthesis shows a very high level of fidelity (approxi-
mately 1 error in every 10,000 codons) (3). Achieving such a high degree of fidelity is 
challenging for some aaRSs, as large amounts of structurally and chemically similar amino 
acids and metabolites are present in cells. To overcome this difficulty, approximately 
one-half of all aaRSs have evolved a proofreading (editing) function that enables clearance 
of mischarged tRNAs (4–7). Disruption or failure of aaRS editing function due to muta-
tions in the editing domain results in translation errors due to amino acid misincorpora-
tion, e.g., the generation of pools of statistical and heterogeneous proteins, which could 
be detrimental to protein folding and function. Numerous studies have shown that editing 
is critical for optimal cell growth and cell viability in bacteria and eukaryotes (8–13).

Mammalian cells harbor two gene expression systems, one in the cytoplasm and one in 
mitochondria. Mitochondrial DNA (mtDNA) is a double-stranded circular DNA sequence 
of 16,569 bp and encodes 37 genes, including 22 tRNAs, 2 rRNAs, and 11 mRNAs, pro-
ducing only 13 mtDNA-encoded proteins (14). Two sets of translation machinery are based 
on two different sets of aaRSs, which are encoded by 37 nuclear genes (15).

Given the pivotal role of editing in translational accuracy, approximately one-half of 
cytoplasmic aaRSs have retained intact editing domains in mammalian cells throughout 
evolution. Indeed, several cytoplasmic aaRSs, including alanyl-tRNA synthetase (ctAlaRS), 
leucyl-tRNA synthetase, valyl-tRNA synthetase (ctValRS), threonyl-tRNA synthetase 
(ctThrRS), and ThrRS-like protein (ctThrRS-L), have been reported to exhibit posttransfer 
editing activity in vitro (8, 9, 16–18). An apoptotic response was stimulated by 
editing-deficient mouse ValRS in NIH3T3 cells (8). Similarly, expression of editing-deficient 
ValRS activated a p53-dependent DNA damage response in cells and shortened the lifespan 
of zebrafish (19). Notably, mice harboring a single missense mutation in the editing 
domain of ctAlaRS exhibited severe ataxia accompanied by Purkinje cell degeneration (9). 
This mutation, A734E, only slightly decreased editing activity of ctAlaRS, by only approx-
imately twofold. Indeed, a more severe reduction in editing function of ctAlaRS caused 
by the C723A mutation resulted in ubiquitinated protein aggregates and progressive 
cardiac fibrosis and dysfunction (10). Recently, a vertebrate-specific protein, Ankrd16, 
was shown to interact with ctAlaRS to accept misactivated Ser and thus to prevent 
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mistranslation due to defect in ctAlaRS editing (20). Moreover, 
cytoplasmic translation involves several ubiquitously expressed 
trans-editing factors that further promote and ensure fidelity in 
mRNA translation, adding another layer of quality control (21–23). 
All these studies highlight the clear necessity to prevent mistrans-
lation of cytoplasmic mRNAs.

In contrast to the clear requirement for cytoplasmic aaRS editing, 
the requirement for mammalian mitochondrial aaRS editing is 
unclear. Mitochondrial phenylalanyl-tRNA synthetase (mtPheRS) 
has lost an editing domain during evolution (24); in addition, 
mtLeuRS harbors a truncated editing domain, and the editing cat-
alytic site has degenerated (25, 26). In contrast, yeast mtLeuRS has 
retained an editing function (27). In addition, yeast mitochondrial 
prolyl-tRNA synthetase (mtProRS) carries an editing domain that 
has been lost in mammalian mtProRS, which is likely an 
editing-deficient aaRS. The rationale for the loss of mtPheRS, 
mtLeuRS, and mtProRS editing function is unclear but suggests the 
possibility that mitochondrial translation does not require the same 
level of accuracy as cytoplasmic mRNA translation (28, 29). 
However, mammalian mitochondrial ThrRS (mtThrRS), 
isoleucyl-tRNA synthetase (mtIleRS), mtValRS, and mtAlaRS carry 
intact editing domains and editing active sites (30). Indeed, our 
in vitro data have clearly shown that mtThrRS and mtAlaRS hydro-
lyze Ser-mischarged mitochondrial tRNAThr (Ser-mtRNAThr) and 
Ser/Gly-mischarged mitochondrial tRNAAla, respectively (11, 31, 
32). Moreover, loss of the editing function of mouse mtAlaRS caused 
embryonic lethality, highlighting the essential role played by mtA-
laRS editing in embryonic development (11). However, considering 
that mtDNA contains only 3,789 codons (excluding stop codons) 
and generates only 13 polypeptides, it is questionable whether such 
a simple mitochondrial translation requires a high level of precision 
from aaRSs (whose editing domains are intact).

In this work, we revealed that mtThrRS possesses editing capa-
bility. NIH3T3 cells depend on the mtThrRS editing function to 
prevent the generation of Thr-to-Ser misincorporation into pro-
teins. Using CRISPR/Cas9 editing technology, we established a 
mutant NIH3T3 cell line expressing editing-defective mtThrRS, 
which led to impaired mitochondrial translation and oxidative 
phosphorylation (OXPHOS), triggering oxidative stress and 
blocking the cell cycle in the G0/G1 phase. Furthermore, we 
established a heart tissue–specific mouse model with defective 
mtThrRS editing, and these mice exhibited obvious cardiomyo-
pathy. Our results reveal a critical role of mtThrRS editing in 
mitochondrial RNA translation and function.

Results

Mouse mtThrRS Catalyzed Posttransfer Editing In Vitro, Which 
was Reliant on His138 and His142. Mammalian mtThrRS carries an 
N1 domain, an N2 editing domain, an aminoacylation domain, and 
a C-terminal tRNA-binding domain (33) (SI Appendix, Fig. S1A). 
Through its N2 editing domain, human mtThrRS (encoded by 
TARS2, hereafter hmtThrRS) catalyzes posttransfer editing of Ser-
mtRNAThr in vitro (31). To determine whether mouse mtThrRS 
(encoded by Tars2, hereafter mmtThrRS) exhibits the same editing 
activity as its human ortholog, we purified the N-terminal domain 
(Leu22-Pro287, designated mmtThrRS-N, which includes the N1 
and N2 domains) of mmtThrRS based on the primary sequence 
alignment between hmtThrRS and mmtThrRS and the cleavage site 
(between Arg19 and Leu20) in the hmtThrRS precursor after its import 
into mitochondria (31, 34) (SI  Appendix, Fig.  S1A). Hydrolysis 
of preformed Ser-mtRNAThr (generated by editing-deficient 
hmtThrRS-H133A/H137A) (31) clearly showed that mmtThrRS-N 
performed robust posttransfer editing activity (SI Appendix, Fig. S1 B 

and C). The hydrolysis of Ser-mtRNAThr depends on two absolutely 
conserved His residues (His133 and His137) in hmtThrRS, which have 
been completely conserved in ThrRSs in all domains of life (31). 
We mutated the His counterparts in mmtThrRS-N2 (His138 and 
His142) to generate mmtThrRS-N-H138A/H142A (SI Appendix, 
Fig. S1A). We found that mmtThrRS-N-H138A/H142A similarly 
lost posttransfer editing of Ser-mtRNAThr (SI Appendix, Fig. S1 B 
and C). In summary, the biochemical data showed that mmtThrRS 
exhibited posttransfer editing activity and that the His138 and His142 
residues played essential roles in its editing function.

H138A/H142A Mutations Led to Thr-to-Ser Misincorporation 
into Proteins In Vivo. mmtThrRS exhibits editing activity in vitro; 
however, Ser-mtRNAThr hydrolysis has not been demonstrated 
in vivo, and it is unclear whether mitochondrial protein synthesis 
requires this proofreading activity. To address these questions, we 
constructed a mouse NIH3T3 cell line with the His138 and His142 
residues simultaneously replaced with Ala residues via CRISPR/
Cas9-mediated genome editing (Fig. 1A). This cell line is referred 
to as the NIH3T3-MU cell line hereafter. The NIH3T3-MU cell 
line carried the same amount of mtRNAThr as the wild-type NIH3T3 
(NIH3T3-WT) cell line, as determined by northern blot under 
denaturing conditions (SI Appendix, Fig. S2A). Similarly, no change 
in mtRNAThr charging levels was observed in the northern blot under 
acidic conditions, which preserved the amino acid–tRNA conjugates 
(SI Appendix, Fig. S2B). These results showed that mmtThrRS editing 
deficiency did not influence the steady-state abundance or charging 
level of mtRNAThr in vivo. However, mtRNAThr charging level data 
obtained from northern blot assays did not enable the differentiation 
of amino acid identities (Thr or Ser) on mtRNAThr. To overcome 
this limitation, mtRNAThr was purified using a tRNA pulldown 
method based on a solid-phase biotinylated DNA probe designed 
to be complementary to mtRNAThr under acidic conditions. Then, 
amino acids were detached from charged mtRNAThr by incubating 
the samples under alkaline conditions. The identity of the amino 
acids was determined by liquid chromatography–tandem mass 
spectrometry (LC–MS/MS) (API 400 Q-TRAP) (SI  Appendix, 
Fig. S2C), which showed that approximately 3.35% of mtRNAThr 
was incorrectly charged with noncognate Ser in NIH3T3-MU cells, 
and the level of Ser-mtRNAThr was undetectable in NIH3T3-WT 
cells (Fig. 1B). To determine whether this mischarged Ser-mtRNAThr 
had been efficiently incorporated by the mitochondrial protein 
synthesis apparatus, we pulled down the OXPHOS supercomplex 
(35) by immunoprecipitation using an anti-Mt-Atp6 antibody 
directed against mtDNA-encoded adenosine 5'-triphosphate (ATP) 
synthase membrane subunit 6. The complexes immunoprecipitated 
from either NIH3T3-WT or NIH3T3-MU cells were then subjected 
to LC–MS (Q Exactive Orbitrap) analysis to identify the peptides in 
which Ser residues had been incorporated in the place of Thr codons 
on the basis of the mass difference between Thr and Ser residues 
(SI Appendix, Fig. S2D). In the NIH3T3-WT cell line, no peptides 
with a Thr-to-Ser misincorporation were found in the OXPHOS 
complex. In contrast, complexes isolated from NIH3T3-MU cells 
carried a significant level of misincorporated Ser residues. Among 
the 67 peptides analyzed from 10 mtDNA-encoded proteins, 15 
peptides in 7 of the proteins carried erroneously incorporated Ser 
residue at the Thr position. In total, 16 cases of Ser misincorporation 
were identified among 81 Thr codons (Fig. 1C and SI Appendix, 
Fig. S3). Collectively, these data clearly showed that mmtThrRS 
editing deficiency led to Ser-mtRNAThr, which was used by the 
mitochondrial protein synthesis machinery, leading to Ser insertion 
at Thr codons in vivo. These data demonstrated that the editing 
activity of mmtThrRS is necessary for the fidelity of mitochondrial 
mRNA translation.
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The Abundance of mmtThrRS-H138A/H142A in NIH3T3-MU 
Cells was Significantly Reduced due to Protein Degradation. 
We then compared the steady-state levels of mmtThrRS between 
NIH3T3-WT and NIH3T3-MU cells by western blot. The data 
showed that the level of mmtThrRS was significantly reduced 
in NIH3T3-MU cells compared to NIH3T3-WT cells. No 
significant variation in the expression of other mitochondrial 
aaRSs, including mtIleRS and mtAlaRS, between the two 
cell lines was observed (SI Appendix, Fig. S4A). The decrease 
in mmtThrRS protein expression may have been a result of 
transcriptional and/or translational and/or posttranslational 
effects because of His138 and His142 mutations in NIH3T3-MU 
cells. To distinguish among these possibilities, we first measured 
the mmtThrRS mRNA abundance by real-time quantitative PCR 
(RT–qPCR) and found that the mutant mmtThrRS mRNA level 
was increased in NIH3T3-MU cells (SI Appendix, Fig. S4B). To 
compare the mRNA translation efficiency of mmtThrRS-WT 
and mmtThrRS-H138A/H142A, NIH3T3 cells were transfected 
with a plasmid encoding either a C-terminal FLAG-tagged 
mmtThrRS (mmtThrRS-FLAG) or mmtThrRS-H138A/H142A 
(mmtThrRS-H138A/H142A-FLAG). Western blot analysis 
revealed comparable levels of mmtThrRS and mmtThrRS-
H138A/H142A proteins (SI  Appendix, Fig.  S4C), indicating 
that in the presence of endogenous wild-type mmtThrRS, the 
translation efficiencies were comparable between the mmtThrRS 
and mmtThrRS-H138A/H142A mRNAs. Furthermore, similar 
yields of mmtThrRS-N and mmtThrRS-N-H138A/142A were 
observed in E. coli expression systems (SI Appendix, Fig. S4D). 
These data indicated that mRNA translation efficiency was 
not negatively affected by the two mutations in mammalian 
and bacterial cells. To determine whether the decrease in 
mmtThrRS-H138A/H142A in NIH3T3-MU cells was due 
to posttranslational protein degradation, the cells were treated 
with MG132, a proteasome inhibitor (36). The results showed 
that the abundance of mmtThrRS-H138A/H142A increased 
significantly after MG132 treatment. However, the MG132-
induced accumulation of mmtThrRS in NIH3T3-WT cells 
was less pronounced (SI Appendix, Fig. S4E), suggesting that 
mmtThrRS-H138A/H142A was degraded via the action 
of the ubiquitin-proteasome system. To further investigate 

the accelerated degradation of mmtThrRS-H138A/H142A 
in NIH3T3-MU cells compared to mmtThrRS degradation 
in NIH3T3-WT cells, both cell lines were treated with 
cycloheximide to stop cytoplasmic mRNA translation. The levels 
of mmtThrRS and mmtThrRS-H138A/H142A remaining in 
the cells were measured at different times. Western blot analysis 
revealed that the protein level of mmtThrRS-H138A/H142A 
decreased more rapidly over time in NIH3T3-MU cells than in 
the NIH3T3-WT cells (SI Appendix, Fig. S4F). Together, these 
data collectively showed that the reduced level of mmtThrRS-
H138A/H142A in NIH3T3-MU cells was mainly due to 
ubiquitin-mediated proteasome degradation of the protein.

We hypothesized that the degradation of mmtThrRS-H138A/ 
H142A in NIH3T3-MU cells might result from its toxicity due to 
the production of mischarged Ser-mtRNAThr and to the Thr-to-Ser 
misincorporation in vivo. Alternatively, His138 and His142 mutations 
may lead to local conformation changes and subsequent instability 
of the protein. To distinguish between these possibilities, we com-
pared the thermal stabilities of purified mmtThrRS- N and 
mmtThrRS-N-H138A/142A in vitro, but the results showed little 
difference (SI Appendix, Fig. S4G). Furthermore, circular dichroism 
(CD) spectroscopy analysis showed that there was little difference 
in the secondary structure of the two proteins (SI Appendix, 
Fig. S4H). In addition, we measured the stability of purified 
mmtThrRS-N and mmtThrRS-N-H138A/142A using a proteinase 
K hydrolysis experiment, and the results showed comparable pro-
teinase K sensitivity (SI Appendix, Fig. S4I). These data indicated 
that at least in vitro, the two mutations did not cause local structural 
alterations.

Overall, these data suggested that His138 and His142 mutations had 
no effects on the local architecture or stability of the protein. However, 
the abundance of mmtThrRS-H138A/H142A in NIH3T3-MU cells 
was significantly lower due to the degradation of the protein. We 
proposed that cell toxicity of mmtThrRS-H138A/H142A could be 
one of the main reasons for its lower abundance in NIH3T3-MU 
cells, perhaps to avoid the accumulation of large amounts of 
Ser-mtRNAThr. However, the detailed degradation mechanism of 
mmtThrRS-H138A/H142A in the mutant cells is unclear at present. 
Notably, mmtThrRS-H138A/H142A was not completely degraded, 
likely because it was essential for mitochondrial translation and cell 

Fig. 1. mmtThrRS editing defects lead to Thr-to-Ser 
misincorporation during mitochondrial translation 
in  vivo. (A) Schematic showing the NIH3T3-MU 
cell line construction by CRISPR/Cas9-mediated 
homologous recombination. DNA sequencing of 
the mmtThrRS gene in NIH3T3-MU cells is shown. 
Codons His138 and His142 (CAC and CAT) have been 
changed to GCC and GCT Ala codons, respectively. 
(B) The amount of each amino acid moiety attached 
to mtRNAThr in the two cell lines was determined 
by LC–MS/MS. The results are reported as the 
averages of two independent trials with the SD 
indicated. (C) LC–MS analysis showing Thr-to-Ser 
misincorporation during mitochondrial translation 
in the NIH3T3-MU cell line.
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survival. Therefore, the observed abundance of mmtThrRS-H138A/ 
H142A probably results from a balance between survival mechanisms 
and the potentially induced toxicity in cells.

Mitochondrial Translation, Biogenesis, and Morphology were 
Impaired in NIH3T3-MU Cells. Having established that the editing-
defective mmtThrRS-H138A/H142A protein generated Ser-
mtRNAThr, which functions in conjunction with the mitochondrial 
ribosome in vivo, we investigated whether mitochondrial translation 
is affected by mischarged tRNAThr. To this end, we analyzed 
the abundance of several mtDNA-encoded proteins in various 
OXPHOS complexes, including Mt-Nd2 (Complex I subunit), Mt-
Cytb (Complex III subunit), Mt-Cox2 and Mt-Cox3 (Complex IV 
subunit), and Mt-Atp6 and Mt-Atp8 (Complex V subunit). Western 
blot analyses revealed that mischarged tRNAThr exerted different 
effects on the levels of these proteins. The amount of some of these 
proteins, such as Mt-Cytb, Mt-Cox2, Mt-Cox3, and Mt-Atp6, 
was not altered, while the abundance of other proteins, including  
Mt-Nd2 and Mt-Atp8, was significantly lower in NIH3T3-MU 
cells. In particular, Mt-Atp8 was barely detectable (Fig.  2A and 
SI Appendix, Fig. S5A). In addition, nuclear DNA (nDNA)-encoded 
proteins in various OXPHOS complexes were also analyzed, and the 
results showed that the levels of Ndufs1 (Complex I subunit) and 
Uqcrc2 (Complex III subunit) were significantly lower, while the 
protein levels of Sdhb (Complex II subunit), Cox4 (Complex IV 
subunit), and Atp5a (Complex V subunit) were not changed (Fig. 2B 
and SI Appendix, Fig. S5B). Thus, the disruption of the mmtThrRS 

editing activity not only affected the specific subunits encoded by 
mtDNA but also those encoded by nDNA. We then compared the 
respiratory chain complex activities in NIH3T3-WT and NIH3T3-
MU cells. The results showed that the activity levels of Complexes I 
and III were significantly lower, while the activity level of Complex 
IV was significantly higher in NIH3T3-MU cells compared to 
NIH3T3-W cells (Fig.  2C), possibly due to a compensatory 
mechanism. In addition, the activity level of Complex II was not 
altered, which was consistent with the fact that subunits of Complex 
II are all nDNA-encoded. We then compared the mitochondrial 
OXPHOS capacity of NIH3T3-WT and NIH3T3-MU cells. The 
oxygen consumption rate (OCR) measurements indicated that both 
basal and maximal respiration capacities were significantly lower in 
the NIH3T3-MU cells (Fig. 2D and SI Appendix, Fig. S5 C and D). 
As expected, the reduction in OCR rates resulted in decreased ATP 
production in the NIH3T3-MU cells (SI Appendix, Fig. S5E). These 
data clearly showed that mitochondrial function was disrupted in the 
NIH3T3-MU cells, likely because of mitochondrial mistranslation. 
To determine whether mitochondrial translation infidelity affects 
mitochondrial biogenesis, we first counted the number of mtDNA 
copies, which we found to be markedly reduced (SI  Appendix, 
Fig. S5F). Furthermore, the steady-state levels of nDNA-encoded 
mitochondrial proteins, including Polg2 and Twinkle (which 
function in mtDNA replication), Polrmt and Tfam (which 
function in mtDNA transcription) (37), and Mrpl44 and Mrps18b 
(which function in mitochondrial ribosome biogenesis) (38), were 
significantly lower in the NIH3T3-MU cells (Fig. 2E and SI Appendix, 

Fig. 2. Mitochondrial translation, biogenesis, and morphology 
were impaired in the NIH3T3-MU cell line. (A and B) Relative 
level of several proteins in various OXPHOS complexes. (C) 
Enzymatic activity levels of mitochondrial oxidative respiratory 
chain complexes. (D) OCR of NIH3T3-WT (blue) and NIH3T3-
MU (red) cells. Oligo, oligomycin; FCCP, carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone; R+A, rotenone + antimycin 
A. (E) Relative level of proteins in mitochondrial replication, 
transcription, and translation. (F) Relative level of mitochondrial 
morphology-associated proteins. (G) Representative TEM 
images (Left) and quantification (Right) of mitochondria in 
NIH3T3-WT and NIH3T3-MU cells. Swollen mitochondria are 
marked by red arrowheads. The data are presented as the 
mean ± SEM (n = 3 to 12, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗∗P < 0.0001; NS, 
not significant). Student’s t test was performed.
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Fig. S5G). These data suggested that mitochondrial biogenesis was 
influenced by mitochondrial translation infidelity. In addition, the 
amount of Drp1 (39), which is essential for mitochondrial fission, 
was lower in the NIH3T3-MU cells. In contrast, the amounts of 
Mfn2 and Opa1 (39), which are essential for mitochondrial fusion 
of the outer and inner mitochondrial membranes, were higher 
in the NIH3T3-MU cells (Fig. 2F and SI Appendix, Fig. S5H), 
suggesting altered mitochondrial morphology in NIH3T3-MU 
cells. Transmission electron microscopy (TEM) results indeed 
showed that mitochondria were swollen in NIH3T3-MU cells, as 
evidenced by an enlarged mitochondrial surface. In addition, less 
delineated mitochondrial ridges were observed in the NIH3T3-MU 
cells (Fig. 2G). Altogether, these results indicated that disruption to 
mmtThrRS-mediated mitochondrial translation fidelity impaired 
mitochondrial translation, biogenesis, structure, and function.

The NIH3T3-MU Cell Proliferation Rate was Lower due to Cell 
Cycle Arrest. The phenotypes of NIH3T3-MU cells were then 
characterized. The cell growth rate was clearly lower after the loss of 
the mmtThrRS editing function (Fig. 3A). To evaluate whether cell 
proliferation was blocked, we examined cell proliferation capability 
by 5-ethynyl-2′-deoxyuridine labeling (40). NIH3T3-MU cells 
showed significantly lower proliferation rates than NIH3T3-WT 
cells (SI Appendix, Fig. S6A). Flow cytometry analysis revealed that 
the mutant cell line was more frequently arrested in G0/G1 phase 
than the wild-type cell line (Fig. 3B). High-throughput sequencing 
of total RNA (RNA-seq) from NIH3T3-WT and NIH3T3-MU 
cells identified 3,582 protein-coding genes that were differentially 
expressed after mmtThrRS was mutated (1,603 up-regulated 
genes and 1,979 down-regulated genes) (SI Appendix, Fig. S6B). 
A Gene Ontology (GO) analysis of the down-regulated genes in the 
biological process subset (BP) revealed a high gene enrichment in 
terms of cell proliferation and cell cycle (Fig. 3C). An enrichment 
score (ES) analysis of all genes also revealed that cell cycle signaling 
pathway was highly enriched (Fig. 3D). In summary, our results 
showed that the NIH3T3-MU cell line exhibits suppressed cell 
cycle progression and reduced proliferation.

Cyclins and cyclin-dependent kinases are key regulators of the 
eukaryotic cell cycle (41). Cdk2 forms a complex with Cyclin E to 
control the G1/S transition, which is inhibited by p21 via its com-
petitive binding to Cdk2 (42–44) (SI Appendix, Fig. S6C). To 
understand the potential mechanism underlying the observed G0/
G1 arrest of the mutant cells, we first measured the transcript levels 
of the relevant genes encoding Cdk inhibitor family proteins by 
RT–qPCR. The mRNA level of p21 was higher in the NIH3T3-MU 
cells than in the NIH3T3-WT cells (SI Appendix, Fig. S6D). 
Western blot analyses showed that the p21 level was consistently 
higher in the NIH3T3-MU cells (Fig. 3E and SI Appendix, 
Fig. S6E). We hypothesized that the Cdk2-Cyclin E interaction was 
inhibited in NIH3T3-MU cells. Therefore, we enriched endoge-
nous Cdk2 using an anti-Cdk2 antibody and found that the 
amount of immunoprecipitated Cyclin E was indeed significantly 
reduced. In addition, the level of p21 pulled down was markedly 
increased in NIH3T3-MU cells (Fig. 3F and SI Appendix, Fig. S6F).

In a similar experiment, we precipitated endogenous p21 using 
an anti-p21 antibody and found that Cdk2 was more abundant in 
the p21-enriched sample of NIH3T3-MU cells (SI Appendix, 
Fig. S6G). DNA damage–induced activation of the cell-cycle check-
point pathway is involved in mammalian cell-cycle arrest (45) 
(SI Appendix, Fig. S6C). Phosphorylation of ataxia telangiectasia 
mutated (Atm) at Ser1987 (pAtm), a key player in the DNA-damage 
response (DDR) pathway, was higher in the NIH3T3-MU cells 
(Fig. 3G and SI Appendix, Fig. S6H). In addition, the protein level 
of p53 (a transcription factor related to p21 expression) (46, 47), 

whose transcription is activated by pAtm, was higher in the 
NIH3T3-MU cells (Fig. 3G and SI Appendix, Fig. S6H). These data 
collectively suggested that increased p21 prevented Cdk2 from 
interacting with Cyclin E and thus likely contributed to cell cycle 
arrest during the G1/S phase transition in NIH3T3-MU cells.

Oxidative Stress Led to Cell Cycle Arrest in NIH3T3-MU Cells. Atm 
is frequently activated by oxidative stress (48). Indeed, abnormal 
mitochondrial function frequently leads to excessive ROS (reactive 
oxygen species) production and cellular oxidative stress (49). 
Specifically, Complex I is a main source of ROS production (50). 
To determine whether disruption of mmtThrRS editing leads to 
oxidative stress, 2′,7′-dichlorofluorescein (DCF), a cell-permeable 
fluorescent probe, was used to measure global oxidative stress (51). 
The ROS content in NIH3T3-MU cells was significantly higher 
than that in NIH3T3-WT cells (Fig. 4A). Oxidative stress is thought 
to lead to the posttranslational modification of proteins, including 
carbonylation (52). Protein carbonylation assays showed a higher 
level of carbonylation in the NIH3T3-MU cells, confirming a 
higher level of ROS production in the mutant cells (SI Appendix, 
Fig. S7A). Besides Complex I, Nox4 is a validated source of ROS 
production (53). Western blot analysis showed that the level of 
Nox4 was significantly higher in NIH3T3-MU cells (Fig. 4B and 
SI Appendix, Fig. S7B). In addition, the level of Sod2, a protein 
involved in ROS scavenging (54), was significantly higher in the 
mutant cells (Fig. 4B and SI Appendix, Fig. S7B). Taken together, 
these data revealed that defective editing of mmtThrRS led to high 
levels of ROS production in NIH3T3-MU cells.

We hypothesized that the higher level of ROS might contribute 
to the activation of the DDR pathway, as shown by a higher level 
of pAtm, and subsequently lead to cell cycle arrest. N-acetylcysteine 
(NAC) is a precursor of cysteine and glutathione synthesis and 
normally functions as an antioxidant that contributes to cellular 
redox balance (55, 56). We treated the NIH3T3-MU and 
NIH3T3-WT cell lines with NAC and measured the protein car-
bonylation levels, which indeed showed that the NIH3T3-MU cell 
line exhibited significantly reduced overall protein carbonylation 
after NAC treatment. A reduction in protein carbonylation in the 
NIH3T3-WT cells was also evident, but it was not as pronounced 
as that in the NIH3T3-MU cells (SI Appendix, Fig. S7C). Cell 
number determination showed that NAC treatment exerted no 
effect on the number of NIH3T3-WT cells. In contrast, the num-
ber of the NIH3T3-MU cells increased significantly after NAC 
treatment, reaching a number comparable to that of the 
NIH3T3-WT cells (Fig. 4C). Cell cycle analysis showed that the 
ratio of NIH3T3-MU cells in the G0/G1 phase after NAC treat-
ment was significantly reduced, whereas it was increased in G2/M 
(Fig. 4D). No significant difference was observed in S phase 
(Fig. 4D). Consistently, the abundance of p53 and p21 proteins 
was markedly reduced in NIH3T3-MU cells after NAC treatment, 
but not in NIH3T3-WT cells (Fig. 4E and SI Appendix, Fig. S7D). 
These data indicated that NAC effectively reduced ROS levels in 
the NIH3T3-MU cells. Additional immunofluorescence assay 
showed that the level of pAtm in the NIH3T3-MU cells after NAC 
treatment was reduced and comparable to that in the NIH3T3-WT 
cells (SI Appendix, Fig. S7E).

We then evaluated whether mitochondrial function was influenced 
by NAC treatment. The OCR and ATP production were similar 
before and after NAC treatment in both NIH3T3-WT and 
NIH3T3-MU cells (Fig. 4F and SI Appendix, Fig. S7F). Furthermore, 
we measured Complexes I and III activity levels after NAC treatment, 
which were not significantly increased (Fig. 4G). Indeed, NAC treat-
ment reduced only the levels of ROS and did not rescue the mito-
chondrial mRNA translation fidelity that had been abolished.
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All these data indicated that NIH3T3-MU cells underwent oxi-
dative stress, which contributed to cell cycle arrest. NAC treatment 
alleviated oxidative stress and thus restored cell cycle progression.

Impaired Mitochondrial Translation, Elevated ROS Levels, 
and Cell Cycle Arrest were Conserved Effects after mmtThrRS 
Editing was Rendered Deficient in Other Mammalian Cells. We 
further explored whether the impaired mitochondrial translation, 
elevated ROS levels, and cell cycle arrest were common outcomes of 
mmtThrRS-editing deficiency in other cell lines. The HL-1 cell line, 
derived from the AT1 mouse atrial cardiomyocyte tumor cell line 
(57), is a mouse cardiac muscle cell line (hereafter, the HL-1-WT 
cell line). H138A/H142A double mutations were established in the 
HL-1 cell line (hereafter, the HL-1-MU cell line) using CRISPR/
Cas9-mediated genome editing (SI Appendix, Fig. S8A). As in the 
NIH3T3-MU cells, the mmtThrRS-H138A/H142A level was 
substantially lower in the HL-1-MU cells (SI Appendix, Fig. S8B). 
The abundance of Mt-Atp6 was significantly lower in the HL-1-
MU cell line. The protein level of Mt-Nd2 was also decreased, but 
the reduction was not significant (SI Appendix, Fig. S8C). These 
results indicated impaired mitochondrial translation in the HL-
1-MU cells. Moreover, with respect to the OXPHOS rate, the 
activity levels of Complexes I and III were significantly lower while 
the activity levels of Complexes II and IV were not substantially 
changed in the HL-1-MU cells (SI Appendix, Fig. S8D). The OCR 
results showed that ATP production capacity was significantly lower 
in the HL-1-MU cells (SI Appendix, Fig. S8E). A DCF fluorescent 
probe assay showed that the ROS content was significantly higher 
(SI Appendix, Fig. S8F) and was accompanied by an elevated level 
of global protein carbonylation (SI  Appendix, Fig.  S8G) in the 
HL-1-MU cells. Notably, the abundance of p21 and p53 proteins 
was significantly higher in the HL-1-MU cell line (SI Appendix, 
Fig. S8B). We then compared the number of HL-1-MU and HL-
1-WT cells in each cell cycle phase via flow cytometry, and the 

results revealed that the HL-1-MU cell line was more frequently 
arrested in G0/G1 phase than the HL-1-WT cell line (SI Appendix, 
Fig. S8H). Altogether, these results indicated that disruption of 
mmtThrRS editing activity induced conserved cellular responses, 
including impaired mitochondrial translation, elevated ROS levels, 
and disruption of the cell cycle in different mammalian cells.

Cardiomyocyte-Specific mmtThrRS H138A/H142A Mutations 
Led to Cardiac Dysfunction. To investigate the role of the 
mmtThrRS editing function in mice, we constructed a 
conditional mmtThrRS H138A/H142A-mutant C57BL/6 
mouse model using the Cre-loxP recombinase system (Tars2Flox/

Flox) (SI  Appendix, Fig.  S9A). We introduced the mmtThrRS 
H138A/H142A mutation throughout the whole body of the 
mice using Cre recombinase controlled by the adenovirus EIIa 
promoter (58). Only mice with the Tars2Flox/+-EIIa Cre−/− genotype 
(Tars2-EIIa Cre−/−, only wild-type mmtThrRS expressed in the 
whole body due to absence of Cre recombinase) were among the 
offspring, and they showed no obvious abnormalities. However, 
mice with Tars2Flox/+-EIIa Cre+/− genotype (Tars2-EIIaCre+/−, 
both mmtThrRS and mmtThrRS-H138A/H142A expressed 
in the whole body) were not obtained (SI Appendix, Fig. S9B). 
This outcome suggests that the editing function of mmtThrRS 
was essential for embryonic development, as its loss resulted in 
lethality even in heterozygotes, likely due to the manifestation 
of a gain-of-function mutation that generated a large amount of 
Ser-mtRNAThr. Western blot analysis revealed that mmtThrRS 
protein expression was the highest in the heart compared to 
multiple other mouse tissues (SI Appendix, Fig. S9C). Notably, 
the heart is sensitive to mitochondrial dysfunction due to its 
high energy consumption (59). Given the high expression level 
of mmtThrRS in the heart and to gain an understanding of any 
potential role for mmtThrRS editing in cardiac function, we 
crossed Myhc6-Cre mice (in which the cardiac-specific mouse 

Fig. 3. NIH3T3-MU cell lines showed reduced cell proliferation due to 
cell cycle arrest. (A) Cell growth determination of NIH3T3-WT (blue) and 
NIH3T3-MU (red) cells over time. (B) Cell cycle analysis performed with 
flow cytometry. (C) GO enrichment analysis of the subset of dysregulated 
genes in the RNA-seq data. Cell cycle relative BP subsets were marked 
with red. (D) The cell cycle pathway was enriched by ES enrichment.  
(E) Relative level of p21. (F) A higher level of p21-Cdk2 interaction in 
NIH3T3-MU cells was observed by coimmunoprecipitation with an anti-
Cdk2 antibody. (G) Relative level of pAtm and p53. The data are presented 
as the mean ± SEM (n = 3 to 4, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; NS, not 
significant). Student’s t test was performed.
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alpha-myosin heavy chain promoter drove the expression of 
Cre) (60) with Tars2Flox/Flox mice to obtain cardiac-specific 
mmtThrRS-H138A/H142A mutant mouse offspring (Tars2Flox/

Flox-Cre, only mmtThrRS-H138A/H142A expressed in 
cardiomyocytes, designated the mutant mice) (Fig.  5A). We 
were able to obtain knock-in mice that followed Mendel's laws 
of inheritance (mice without Cre (Tars2Flox/Flox, only wild-type 
mmtThrRS expressed in cardiomyocytes) were the control group, 
designated the wild-type mice) (Fig.  5B). The mutant mice 
showed a significantly shorter lifespan than the wild-type mice, 
with a median survival rate of 26 wk, suggesting that the editing 
function of mmtThrRS was essential for the maintenance of 
normal cardiac function (Fig. 5C). We continuously monitored 
the cardiac function of the mice from week 3 to week 16. A 
longitudinal echocardiographic analysis of the left ventricle in 
the mouse heart revealed cardiac dysfunction in the mutant 
mice (SI  Appendix, Fig.  S9D). The mutant mice showed a 
decrease in left ventricular ejection fraction (LVEF) and left 
ventricular fractional shortening (LVFS) from approximately 
the sixth week (Fig. 5 D and E). In addition, we found that the 
left ventricular internal diameter end diastole (d) and the left 
ventricular cavity in the mutant mice started to dilate in the 
sixth week, meaning that the mutant mice exhibited systolic 
heart dysfunction (Fig. 5F and SI Appendix, Fig. S9E). Masson’s 
trichrome staining revealed cardiac fibrosis in the hypertrophic 
hearts of the mutant mice (Fig. 5G). Altogether, these results 
showed that the cardiomyocyte-specific loss of the mmtThrRS 
editing function led to cardiomyopathy in mice.

The Mutant Mice Exhibited Increased ROS Levels and Inhibited 
Cardiomyocyte Proliferation. To explore the molecular basis 
of cardiac dysfunction in the mutant mice, we examined the 
morphology of mitochondria in cardiomyocytes using TEM 
(Fig. 6A). Mitochondria with abnormal cristae structures and a 
large surface area, indicating altered mitochondrial structure, had 
accumulated in the hearts of the mutant mice (Fig. 6A). Furthermore, 
we observed a decrease in the number of mitochondria, which was 
consistent with the TEM results obtained by observation of the 
NIH3T3-MU cell line (SI Appendix, Fig. S9F). Considering the 
increased ROS levels in NIH3T3-MU cells, we examined the ROS 
levels in cardiomyocytes isolated from the wild-type and mutant 
mice separately and found that the ROS levels were significantly 
higher in the mutant mice, as indicated by a protein carbonylation 
assay (SI Appendix, Fig. S9G). An immunofluorescence assay of the 
ROS probe dihydrorhodamine 123 (DHR 123), a probe commonly 
used for the measurement of tissue ROS, also showed a higher level 
of ROS content in the hearts of the mutant mice (Fig. 6B). We then 
determined the mouse heart weight to body weight ratio (HW/BW) 
and found that the mutant mice showed an HW/BW comparable 
to that of control mice (SI Appendix, Fig. S9H). By performing 
a wheat germ agglutinin (WGA) staining assay, we found that 
the cardiomyocytes in the mutant mice were significantly larger 
(Fig. 6C). We then isolated cardiomyocytes and found that the 
number of cardiomyocytes in the mutant mice was significantly 
lower than that in the wild-type mice (Fig. 6D), implying that 
excessive ROS levels reduced cardiomyocyte proliferation, similar 
to their effect on NIH3T3-MU cell proliferation. To validate the 

Fig. 4. Oxidative stress contribu
ted to NIH3T3-MU cell cycle arr
est. (A) Fluorescence intensity  
(Left) and level (Right) of ROS mea
sured using a DCF fluorescent 
probe in  vivo. (B) Relative level 
of the ROS-related proteins Nox4  
(Left) and Sod2 (Right). (C) Number 
of NIH3T3-WT and NIH3T3-MU cells 
before and after NAC treatment. 
(D) Analysis of the NIH3T3-MU cell 
cycle in the absence or presence 
of NAC treatment, as determined 
via flow cytometry. Ratios of cells in 
various phases to the total number 
of cells were calculated and com
pared with those of NIH3T3-WT 
cells. (E) Relative protein level of 
p21 and p53 in NIH3T3-WT and 
NIH3T3-MU cells before and after 
NAC treatment. (F) OCR in cells 
before [NIH3T3-WT (blue), NIH3T3-
MU (red)) and after (NIH3T3-WT + 
NAC (green), NIH3T3-MU (yellow)] 
NAC treatment. (G) Activities of 
Complexes I and III in NIH3T3-MU 
cells after NAC treatment. The 
data are presented as the mean ± 
SEM (n = 3-12, ∗P < 0.05; ∗∗P < 0.01; 
∗∗∗P < 0.001; ∗∗∗∗P < 0.0001; NS, not 
significant). Student’s t test was 
performed.
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inhibition of cardiomyocyte proliferation in the mutant mice, we 
analyzed the karyotype of the cardiomyocytes isolated from both 
the mutant and wild-type mice and found that the number of 
mononuclear cardiomyocytes was significantly lower and that the 
number of bi- or multinucleated cardiomyocytes was significantly 
higher in the mutant mice (Fig.  6E). These results revealed 
increased ROS levels and inhibited cardiomyocyte proliferation 
in the mutant mice.

Discussion

AaRSs are generally considered the initial checkpoint of “translation 
quality” because they ensure accurate tRNA charging via aminoac-
ylation and proofreading functions. In all three domains of life, with 
few exceptions, Class I aaRSs, namely, LeuRS, IleRS, and ValRS, 
and Class II aaRSs, namely, AlaRS, ThrRS, ProRS (bacterial type), 
and PheRS, all carry editing domains (4, 5). This conservation high-
lights the high selective pressure to maintain the proofreading of 
mischarged tRNAs, which is necessary to maintain a high level of 
translational accuracy during mRNA decoding. Indeed, misincor-
poration of amino acids is likely to generate a statistical proteome 
with effects of loss or gain of function, including toxicity and mis-
folding, leading to various outcomes for both bacteria and mam-
malian cells/tissues. For example, ctValRS editing deficiency leads 
to mistranslation in the mammalian cytoplasm (8). As a conse-
quence, metabolic dysfunctions and diseases in mice and humans 
have been observed (9, 10). Mammalian mitochondrial aaRSs are 
unique in that only some of these enzymes carry intact editing 

domains: mtIleRS, mtValRS, mtAlaRS, and mtThrRS (30). The 
yeast mtLeuRS carries an intact CP1 editing domain and can edit 
mischarged tRNALeu (27). However, in mammalian cells, peptide 
deletions and loss of catalytic residues in the CP1 domain in 
mtLeuRS have resulted in the loss of proofreading ability (25, 26). 
Several studies have suggested that although the amino acids Ile, 
Val, and norvaline (Nva) share very similar structures and physico-
chemical properties, all LeuRSs misactivate Nva at significantly 
higher efficiency than Ile or Val (16, 61–63). Nva seems to be the 
bona fide substrate for the editing activity of LeuRS in vivo (64, 
65). The failure to detect free Nva in the amino acid pool of mam-
malian mitochondria may explain the loss of editing activity of 
mtLeuRS (66). On the other hand, the CP1 domain also contributes 
to the structure of the enzyme and thus to the aminoacylation of 
tRNALeu, which may explain the reason that the editing domain has 
been retained in these enzymes, even though they are inactive (26). 
Notably, there is a clear dichotomy between bacterial ProRSs (with 
an editing domain) and eukaryotic ctProRSs (without an editing 
domain) enzymes. The prokaryotic editing domain, or “INS”, is 
critical for removing Ala-tRNAPro (67). This editing activity is com-
plemented by freestanding trans-editing factors, including ProX (22, 
23) and YbaK, which remove Ala-tRNAPro and Cys-tRNAPro, respec-
tively (68). Mitochondrial ProRSs in lower and higher eukaryotes 
lack an INS homologous domain and are thus thought to be inca-
pable of editing functions (30). Furthermore, no trans-editing factors 
have been identified, suggesting that no proofreading mechanism 
is available to correct misacylated tRNAPro in mitochondria. The 
possibility that mtProRSs efficiently reject noncognate Ala and Cys 

Fig. 5. Cardiomyocyte-restricted mmtThrRS-H138A/  
H142A mutations resulted in cardiac dysfunction. 
(A) mmtThrRS-H138A/H142A was expressed in 
cardiomyocytes by flipping the floxed mmtThrRS-
WT cassette between the mmtThrRS gene 
promoter and mmtThrRS-MU and crossing the 
mice carrying this mutation with mice harboring 
Myhc6 promoter-driven Cre recombinase. Myhc6-
Cre; Mice expressing mmtThrRS-H138A/H142A in 
cardiomyocytes were designated Tars2Flox/Flox-Cre 
(mutant) mice. Litter-mate mice expressing wild-
type mmtThrRS in cardiomyocytes were designated 
Tars2Flox/Flox (control, wild-type) mice. (B) The 
genotyping results after crossing Myhc6 promoter-
Cre mice with Tars2Flox/Flox mice; the outcome 
followed Mendelian laws. (C) Survival curves for 
the wild-type (n = 13) and the mutant mice (n = 16).  
(D and E) LVEF (Tars2Flox/Flox, n = 7; Tars2Flox/Flox-Cre, n = 6)  
and LVFS (Tars2Flox/Flox, n = 7; Tars2Flox/Flox-Cre, n = 4) 
measurements of the wild-type and the mutant 
mice over time. (F) Representative hematoxylin and 
eosin (H&E) staining of the wild-type and the mutant 
mouse hearts. (G) Representative image showing 
Masson’s trichrome staining of the wild-type and 
the mutant mouse hearts. The data are presented 
as the mean ± SEM (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; 
NS, not significant). Student’s t test was performed.
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during the amino acid activation step, thus eliminating the need for 
editing function, cannot be discounted. Finally, yeast mtPheRS 
misactivates noncognate Tyr but cannot edit Tyr-tRNAPhe, suggest-
ing that mitochondrial translation is inherently less accurate than 
cytoplasmic translation at Phe codons (28). Similar to yeast 
mtPheRS, mammalian mtPheRS does not carry an editing domain 
(30). The loss of the editing function of mammalian mtPheRS 
implies efficient Tyr discrimination or toleration of inaccuracy at 
Phe codons (29).

Overall, the reason that many mitochondrial tRNA syn-
thetases have lost their editing function is unclear, although some 
hypotheses have been suggested. First, mitochondrial tRNA 
synthetases may exhibit greater fidelity via improved synthetic 
active sites that have rendered them to show higher specificity 
and be less prone to error (29). Second, the proteinogenic or 
nonproteinogenic amino acid content in mitochondria may be 
reduced, preventing competition with cognate amino acids (66). 
Third, mitochondrial translation tolerates a certain degree of 
amino acid misincorporation at Leu, Pro, and Phe codons. 
Fourth, the possibility that translation specificity is enhanced by 
other factors, such as a quality control program orchestrated by 
mitochondrial elongation factors, similar to counterparts in bac-
teria that can reject nonhomologous aa-tRNA pairs, cannot be 
ruled out (69, 70). Finally, the possibility that certain 

unidentified trans-editing factors exist in mitochondria cannot 
be absolutely excluded.

The translation of a complete cytoplasmic proteome (approxi-
mately 40.6 × 106 codons in a human genome) (https://www.
kazusa.or.jp/codon/) is accompanied by thousands of misincorpo-
ration events, which may explain the need for proofreading by 
tRNA synthetases. The high complexity of an organism seems to 
justify the need for a proofreading function that reduces the error 
rate (3, 71, 72). The human mitochondrial genome harbors only 
3,789 codons (excluding stop codons). Given the small number of 
codons for the 13 mitochondrial proteins, one may question the 
need of editing. With an overall translation error rate of 10−3 to 
10−5 and considering that the mitochondrial ribosome is similarly 
faithful (3, 72), we may deduce that the translation of the 3,789 
mitochondrial codons can take place almost without any incorpo-
ration errors. However, in a previous work, we showed that mtA-
laRS misactivated noncognate Ser and Gly and relied on robust 
tRNA-independent pretransfer editing to correct misactivated Gly 
and posttransfer editing to correct mischarged Ser-mtRNAAla (32). 
This proofreading function seems essential since disruption of the 
mtAlaRS editing function led to early embryonic lethality in mice 
(11). In the present work, we established an NIH3T3 cell line and 
a mouse model with mtThrRS editing deficiency. This is a previ-
ously undescribed cell line or mouse model with the mitochondrial 

Fig. 6. Increased ROS levels and  
inhibited proliferation of cardiomy
ocytes from the mutant mice. 
(A) Mitochondria (indicated by a 
black arrow) were examined by 
TEM (×30,000). Representative 
images (Left) showing disorganized 
mitochondrial cluttering (indicated 
by a red arrow) in the mutant mice 
hearts (scale bar: 0.2 µm.) The 
quantification (Right) of the surface 
area of mitochondria from the 
wild-type (n = 128) and the mutant 
(n = 73) mice. (B) Representative 
images showing DHR 123 staining 
of heart tissue sections from 
the wild-type and the mutant 
mice. (C) Representative images 
showing WGA staining (Left) and 
quantification (Right) of parameters 
measured in the heart tissue 
sections prepared from the wild-
type (n = 3) and the mutant (n = 3) 
mice. (D) Bright-field images (Upper) 
and number (Lower) of isolated 
mouse cardiomyocytes (the wild-
type and the mutant mice, n = 3).  
(E) The types (Left) and quantification 
(Right) of the nuclei in the isolated 
mouse cardiomyocytes from the 
wild-type (n = 3) and the mutant  
(n = 4) mice. The data are presented 
as the mean ± SEM (∗∗P < 0.01;  
∗∗∗P < 0.001; ∗∗∗∗P < 0.0001). Student’s 
t test was performed.
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translation quality control abolished. Our results clearly showed 
that without mtThrRS editing, noncognate Ser was readily charged 
to mtRNAThr, and the resulting Ser-mtRNAThr was efficiently uti-
lized by the mitochondrial translation apparatus, as shown by the 
misincorporated Ser residues identified at Thr positions in seven 
mtDNA-encoded proteins (Fig. 7). Considering the peptides iden-
tified, we roughly estimated a replacement rate of approximately 
20% at Thr positions in the mutant cells, which is a significantly 
high rate, although this ratio should be interpreted with caution 
due to the small number of peptides sequenced. In contrast to 
mammalian mtThrRS, yeast mtThrRS lacks an editing domain, 
retaining only the aminoacylation and tRNA-binding domains 
(73). The specificity of this minimal ThrRS is ensured by two edit-
ing functions: tRNA-independent pretransfer editing and 
tRNAThr-species-specific pretransfer editing (74, 75). These obser-
vations point to species-specific strategies to prevent the replace-
ment of Thr by Ser in mitochondria. Overall, our data showed that 
mammalian mtThrRS misactivated noncognate Ser and hydrolyzed 
Ser-mtRNAThr, which were essential for controlling the transla-
tional quality of mitochondrial protein synthesis.

The components of the OXPHOS chain are multiprotein com-
plexes that must be assembled from subunits encoded by both nDNA 
and mtDNA (except for Complex II) (37). In mtThrRS-mutated 
cells, altered content and quality of mtDNA-encoded proteins are 
thought to impair the faithful assembly and functions of OXPHOS 
complexes. Indeed, we observed a significant reduction in the activity 
levels of Complexes I and III, which led to the disruption of basic 
cellular functions. Moreover, the production of ATP by Complex V 
was significantly reduced, leading to a deficient cellular energy supply. 
Finally, the abnormality in electron transport generated oxidative 
stress in the cells (Fig. 7).

In this work, we showed that ROS overload triggered oxida-
tive damage to nuclear genes and activated the DDR (Fig. 7). 
The damaged nuclear genome induced the phosphorylation of 

Atm, a key kinase upstream of the DDR signaling pathway. Atm 
activated the p53 protein, a transcription factor that mediates 
p21 expression. Ultimately, p21 bound to Cdk2 to suppress the 
Cdk2-Cyclin E interaction, and therefore, the G1/S transition 
was arrested. Our results suggested that increased levels of p53 
in mutant cell lines were involved in cell cycle arrest, a finding 
similar to that of previous studies (42, 46, 47). The 
p53-dependent DDR was also activated in zebrafish models 
expressing editing-defective cytoplasmic ValRS, suggesting a 
common connection between cytoplasmic and mitochondrial 
translation fidelity with p53 (19). A recent study has reported 
that mtThrRS can interact with RagC to regulate mTORC1 
signaling outside of mitochondria. However, it has been shown 
that the H133A/H137A double mutant in the hmtThrRS edit-
ing site does not influence the mtThrRS-RagC interaction (76). 
It is worth noting that treatment of NIH3T3-MU cells with 
NAC efficiently reversed cell cycle arrest, indicating that ROS 
generation is the primary driver of NIH3T3-MU cell prolifer-
ation suppression. However, mitochondrial dysfunction itself 
is directly associated with mTORC1 regulation (77, 78); the 
potential alteration in mTORC1 activity in NIH3T3-MU cells 
requires further investigation.

We observed abnormal mitochondrial morphology and elevated 
ROS in the cardiomyocytes of mutant mice, with these cardiomy-
ocytes undergoing cell cycle arrest and generating excessive ROS, 
which in turn activated nuclear responses to suppress the expression 
of electron transport chain subunits and further impair electron 
transfer capability. This vicious cycle induces high level of oxidative 
stress in cardiomyocytes, resulting in cardiomyocyte cell cycle arrest 
(45). In addition, echocardiography results showed that the values 
of the LVEF and LVFS parameters were reduced in mutant mice, 
indicating that they had acquired the classic cardiomyopathy phe-
notype (79). In cardiac dysfunction, metabolic substrates of the 
heart are converted from fatty acids to glucose, which leads to a 

Fig. 7. Proposed model showing how mmtThrRS 
editing deficiency leads to cellular and heart 
dysfunctions. Mutations in His138 and His142 abolished 
the posttransfer editing function of mmtThrRS, 
leading to gain-of-function effects that increased 
the Ser-mtRNAThr mischarging, in addition to Thr-
mtRNAThr charging, by mmtThrRS-H138A/H142A. The 
accumulation of Ser-mtRNAThr led to abundant Thr-
to-Ser misincorporation during mitochondrial mRNA 
translation. This disruption to translation impaired 
the assembly and function of the mitochondrial 
respiratory chain complexes and caused oxidative 
stress, which subsequently led to cell cycle arrest 
in the G0/G1 phase. This comprehensive mito
chondrial and cellular dysfunction likely affected 
cardiomyocytes after mutations of His138 and His142, 
which were associated with dilated cardiomyopathy 
in heart-specific mmtThrRS editing–defective mice. 
This figure was created with BioRender.
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decrease in the mitochondrial ATP production capacity of the heart 
and exacerbates cardiac dysfunction (80–82). Considering these 
analyses, we suggest that both the reduction in the ATP supply 
and cell cycle arrest, likely caused by oxidative stress, contributed 
to the impaired cardiac function of mtThrRS-mutant mice (Fig. 7).

We and others have reported several pathogenic hmtThrRS 
mutations (including P282L, S258L, F323C, E425G, R452W, 
etc.) in clinical studies (31, 83, 84). Both S258L and P282L were 
in the editing domain of hmtThrRS. However, none of the patients 
showed heart dysfunction. It is likely that the lack of cardiac dys-
function was a result from weak impairment to Ser-mtRNAThr 
editing induced by these hmtThrRS mutants. We observed robust 
posttransfer editing of mischarged tRNAThr by the P282L mutant 
(31) and no accumulation of Ser-mtRNAThr by the S258L, F323C, 
E425G, and R452W mutants (83). Thus, the clinical effects of 
these hmtThrRS mutants were rather the result of a deficiency in 
Thr-mtRNAThr production by enzymes whose levels were also 
decreased due to their structural instability. These mutants were 
clearly different from the H138A/H142A double mutant con-
structed in this study, which resulted in the accumulation and 
incorporation of Ser-mtRNAThr into mitochondrial protein syn-
thesis. Notably, the genetically induced mutations of H133 and 
H137 (mouse equivalents of H138 and H142) have never been 
isolated in clinical studies, which may corroborate the very strong 
deleterious effect observed in this study. Indeed, if these mutations 
were introduced, embryonic development would be stopped, and 
the patient would not give birth. Here, when the mouse H138A/
H142A mutations were introduced by a widely expressed Cre 
recombinase, no offspring were obtained. Consistent with this 
hypothesis, we observed early embryonic lethality due to 
whole-body mutations in two critical editing sites in mtAlaRS 
(11). Similarly, “sticky” mice expressing ctAlaRS with a minor 
defect (shown an approximately twofold loss of function) in edit-
ing activity exhibited neurodegeneration (9). Homozygous 
embryos expressing ctAlaRS-C723A, with abolished editing activ-
ity, died at an earlier stage of development (10). We anticipate 
that hmtThrRS editing site mutations, with attenuated disruptions 
of editing, can be found in patients with cardiopathies. In this 
regard, hmtThrRS may be a valuable marker in patients with heart 
diseases in future clinical studies.

Materials and Methods

Generation of Knock-in mmtThrRS Mutation in Mice. Tars2Flox/Flox knock-in 
mice were generated by homologous recombination using CRISPR/Cas9 by 
Cyagen (Suzhou) Biotechnology Co., Ltd. In short, a target vector containing the 
loxP-endogenous SA-Tars2 exon 4~18 CDS-polyA-SDA-Neo-SDA-loxP sequence 
was inserted into Intron 3, and the H138A (CAC to GCC) and H142A (CAT to GCT) 
mutations were introduced into Exon 4 in the 3′ homology arm. To express the 
mmtThrRS mutant in the whole mouse body, Tars2Flox/Flox mice were crossed with 
EIIa-Cre mice. Similarly, Tars2Flox/Flox mice were crossed with Myh6-Cre mice to 
obtain Tars2Flox/Flox-Cre mice with the mmtThrRS mutant specifically expressed 
in cardiomyocytes.

Detailed methods are described in SI Appendix, Materials and Methods.

Data, Materials, and Software Availability. All data presented in this study 
are available within the Figures, Table, and in SI Appendix. The RNA-seq data have 
been deposited to the NCBI Gene Expression Omnibus (GEO) under accession 
number GSE232410 (85).
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