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Abstract 

In higher eukary otes, tRNA meth yltransferase 1 0A (TRMT1 0A) is responsible for N 

1 -methylguanosine modification at position nine of various 
cytoplasmic tRNAs. Pathogenic mutations in TRMT10A cause intellectual disability , microcephaly , diabetes, and short stature in humans, and 
generate cytotoxic tRNA fragments in cultured cells; however, it is not clear how TRMT10A supports codon translation or brain functions. Here, 
we generated Trmt10a null mice and sho w ed that tRNA 

Gln(CUG) and initiator methionine tRNA le v els w ere univ ersally decreased in various tissues; 
the same was true in a human cell line lacking TRMT10A. Ribosome profiling of mouse brain re v ealed that dysfunction of TRMT10A causes 
ribosome slo w do wn at the Gln(CAG) codon and increases translation of Atf4 due to higher frequency of leaky scanning of its upstream open 
reading frames. Broadly speaking, translation of a subset of mRNAs, especially those for neuronal str uct ures, is pert urbed in the mutant brain. 
Despite not showing discernable defects in the pancreas, liver, or kidney , Trmt1 0a null mice showed lower body weight and smaller hippocampal 
postsynaptic densities, which is associated with defective synaptic plasticity and memory. Taken together, our study provides mechanistic insight 
into the roles of TRMT10A in the brain, and e x emplifies the importance of universal tRNA modification during translation of specific codons. 
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ntroduction 

RNA is an adaptor molecule that translates genetic informa-
ion transcribed on mRNA to generate proteins ( 1 ,2 ). tRNAs
re post-transcriptionally decorated with a variety of chem-
cal modifications that are incorporated by specific modify-
ng enzymes ( 3 ). These tRNA modifications are important for
aintaining tRNA structural integrity, biochemical stability,

nd / or appropriate codon–anticodon interactions ( 4 ). In hu-
ans, tRNAs collectively contain > 40 different modifications

t specific positions, and the importance of the modifications
s emphasized by the existence of over 50 human tRNA mod-
fication enzymes harboring pathogenic mutations ( 5 ). Such
RNA modopathies’ or ‘tRNA modopathies’ frequently man-
fest as brain dysfunction, cancer, diabetes, or mitochondrial
iseases ( 4–7 ). 
Among the phenotypes of human tRNA modopathies,

rain dysfunction is associated with the largest number ( > 20)
f tRNA modification enzymes harboring pathogenic muta-
ions. However, the reason why the brain is particularly sus-
eptible to the loss of tRNA modifications is poorly under-
tood due to the necessity to generate animal models. A recent
tudy revealed that whole-body knockout of Ftsj1 (a gene en-
oding a 2 

′ - O -methyltransferase for tRNA positions 32 and
4) in mice caused degradation of tRNA 

Phe only among the
arious tRNAs methylated by FTSJ1, thereby slowing down
he codon translation in the brain ( 8 ). Intriguingly, tRNA 

Phe

egradation occurred only in the brain and not in other mouse
issues, such as the kidney and liver, which partly explains the
rain-specific functional decline in patients with FTSJ1 mu-
ations ( 8–10 ). However, whether such brain-specific tRNA
egradation upon loss of a tRNA modification can be re-
arded as a general mechanism underlying brain tRNA mod-
pathy remains unclear. 
In eukaryotes, the N 

1 -methylguanosine (m 

1 G) modifica-
ion is present at position 9 in cytoplasmic tRNAs (Figure
 A, B) ( 3 ). In human cells, m 

1 G9 exists in approximately
0% of all cytoplasmic tRNA species. The m 

1 G9 modifica-
ion is present in most human tRNAs having a G at posi-
ion 9; the exceptions are tRNA 

Gly , tRNA 

Leu , tRNA 

Sec , and
RNA 

Ser ( Supplementary Table S1 ) ( 11–13 ). In higher eukary-
tes, tRNA methyltransferase 10A (TRMT10A) is respon-
ible for m 

1 G9 modification of various cytoplasmic tRNAs
 14 ,15 ). TRMT10A is crucial for human health, and homozy-
otic mutations in the TRMT10A gene is associated with mi-
rocephaly , intellectual disability , diabetes, and short stature
 16–24 ). 

Some molecular and cellular roles of TRMT10A have
een identified using cultured cells. TRMT10A knockout in
 human haploid cell line decreases the initiator methionine
RNA (tRNA 

iMet ) steady-state level ( 15 ). Furthermore, lym-
hoblasts and β-like cells derived from TRMT10A -deficient
atients show some fragmentation of tRNA 

Gln , which pro-
otes apoptosis ( 14 ). In addition to tRNA methylation,
RMT10A is also involved in promoting the degradation
f a subset of mRNAs by binding to and supporting the
at mass and obesity-associated (FTO) protein ( 25 ), which

s a demethylase for mRNA N 

6 -methyladenosine (m 

6 A) and
 

6 ,2 

′ - O -dimethyladenosine (m 

6 Am) modifications that pro-
ote mRNA decay and / or translation ( 26 ,27 ). However, de-

pite these advances, two fundamental questions remain un-
olved: (i) what is the potential role of tRNA m 

1 G9 modifica-
ions in translation? and (ii) how does TRMT10A dysfunction
mpair brain function? 
Here, we generated Trmt10a null mice and performed com-
prehensive analyses using biochemical, molecular, cellular,
physiological, and behavioral approaches. We found that loss
of TRMT10A decreased steady-state levels of tRNA 

iMet and
tRNA 

Gln in various mouse tissues, thereby reducing transla-
tion of the corresponding codons, and in particular perturb-
ing translation of mRNAs related to neuronal structures. Fur-
thermore, TRMT10A dysfunction impaired synaptic struc-
ture, synaptic plasticity, and memory. These data provide in-
sight into the molecular pathogenesis of a brain tRNA mod-
opathy, and demonstrate the importance of a universal tRNA
modification for translation of specific codons. 

Materials and methods 

Animals 

A constitutive Trmt10a null mouse line was generated by
the introduction of the Cas9 protein (Nippon Gene, Tokyo,
Japan), trans-activating CRISPR RNA (tracrRNA, FASMAC,
Atsugi, Japan), synthetic CRISPR RNA (crRNA, FASMAC),
and single-stranded oligodeoxynucleotides (ssODN) into
C57BL / 6N fertilized eggs by electroporation. The synthetic
crRNAs were designed according to the sequence GGGTAC-
GA GTGA CGGTGAA G(A GG) of the Trmt10a exon 2. The
ssODN 5 

′ -ATTGGCTCAGCCCCTGC ATCC ACTCTAGGC
TCCTGTCTCTACTCTTC ACCGTC ACTCGTACCC AGC 

TTTTCCTCC AC ATTAGT AGACTCGA T-3 

′ was used as a
homologous recombination template. The electroporation
solution contained 10 μM tracrRNA, 10 μM synthetic cr-
RNA, 0.1 μg / μl Cas9 protein, and 1 μg per μl ssODN in
Opti-MEM I Reduced Serum Medium (Thermo Fisher Scien-
tific, Waltham, USA). Electroporation was performed using
the Super Electroporator NEP A21 (NEP A GENE, Ichikawa,
Japan) on glass microslides with round wire electrodes (1.0
mm gap). Four steps of square pulses were applied (step 1:
3 ms poring pulses three times with 97 ms intervals at 30 V;
step 2: 3 ms polarity-charged poring pulses three times with
97 ms intervals at 30 V; step 3: 50 ms transfer pulses five
times with 50 ms intervals at 4 V with 40% decay of voltage
per pulse; step 4: 50 ms polarity-changed transfer pulses five
times with 50 ms intervals at 4 V with 40% decay of voltage
per pulse). Backcrossings were performed using C57BL / 6N
mice. 

Mice were housed at 25 

◦C in a 12-h light and 12-h dark
cycle. After sacrificing, the tissues were dissected, immediately
flash-frozen in liquid nitrogen, and stored at −80 

◦C until the
biochemical experiments were conducted. All animal proce-
dures were approved by the Animal Ethics Committee of Ku-
mamoto University (Approval ID: A27-037R1, A2019-1078
R2, A2021-012R2, and A2023-011). 

Cell culture 

HEK293FT cells were grown in Dulbecco’s modified Eagle’s
medium (Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (FBS), at 37 

◦C under a humidified atmo-
sphere with 5% carbon dioxide (CO 2 ). 

Construction of TRMT10A knockout HEK293FT cells 

TRMT10A knockout cells were generated using the
CRISPR / Cas9 system, as described previously ( 28 ). Briefly,
sense and antisense oligonucleotides encoding a single guide
RNA (sgRNA; Supplementary Table S2 ) were selected from

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
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Figure 1. Generation of Trmt10a null mice and their reduced body weight. ( A ) Secondary str uct ure of the mouse / human cytoplasmic tRNA 

iMet with 
modified nucleosides: N 

1 -methylguanosine (m 

1 G), 2-methylguanosine (m 

2 G), N 

6 -threon ylcarbamo yladenosine (t 6 A), 7-methylguanosine (m 

7 G), 
dih y drouridine (D), 5-methylcytidine (m 

5 C), and N 

1 -methyladenosine (m 

1 A). Mouse and human tRNA 

iMet ha v e the same sequences and modifications 
( 67 , 68 ). ( B ) Chemical str uct ure of m 

1 G. ( C ) Trmt10a alleles of WT and Trmt10a null mice. The G-to-T mutation generates a premature termination codon 
in Trmt10a gene e x on 2 (E29Stop mutation), mimicking a human patient with a homozygotic E27Stop mutation in TRMT10A e x on 2. Sanger sequence 
results of the generated mice are shown. ( D ) Number of post-natal day 0.5 (P0.5) pups born after crossing parental heterozygous mice. ( E ) Body weight 
of WT, Trmt10a null, and heterozygous P0.5 pups. n = 6 WT females, n = 18 WT males, n = 14 Trmt10a null females, n = 17 Trmt10a null males, n = 40 
heterozygous females, and n = 29 heterozygous males. **** P < 0.0 0 01, *** P < 0.001 by one-way ANO V A. ( F ) Representative pictures of WT and 
Trmt10a null males at indicated ages. ( G ) Body weight of WT, Trmt10a null, and heterozygous mice. Each dot represents the means ± s.e.m. of ≥19 
mice. **** P < 0.0 0 01, n.s., not significant by two-way ANO V A. (H, I) LC–MS analysis of total RNA nucleosides generated by nuclease P1 digestion of 
total RNA from brain ( H ) and liver ( I ) tissue from adult (14–17-week-old) male mice. The peak area of each tRNA-related modified nucleoside was 
normalized against the uridine peak area in the same sample. The abbreviations for the modified nucleosides not listed in the legend to Figure 1 A are 
listed in Supplementary Table S4 . Values are expressed relative to the mean value of the WT samples. Data are presented as the mean ± s.e.m. ( n = 7 
mice each). **** P < 0.001 or n.s. (tw o-w a y ANO V A f ollo w ed b y Sidak’s multiple comparisons test). ( J ) LC–MS analy sis of tRNA 

iMet nucleosides 
generated by nuclease digestion of tRNA 

iMet purified from total RNA extracted from the liver of adult (15–17-week-old) male mice using a biotinylated 
oligo DNA probe. The peak area of each modified nucleoside was normalized against the uridine peak area in the same sample. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
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he human GECKO v2 library ( 29 ). Sense and antisense
ligonucleotides were annealed and cloned into the BsmBI
ite of the lentiCRISPR v2 plasmid (Addgene #52961).
entiviruses were generated using the sgRNA-sequence-
ontaining lentiCRISPR v2 plasmid, psPAX2 (Addgene
12260), and pMD2.G (Addgene #12259), and HEK293FT
ells were transduced with the generated viruses. After
uromycin selection of the transduced cells, single clones
ere acquired by diluting the cells in 96-well plates. 

enotyping 

enomic DNA was extracted from the tail end of post-natal
ay 0.5 (P0.5) or 4-week-old mice. Approximately 50 ng of
enomic DNA were subjected to polymerase chain reaction
PCR) to amplify the region surrounding the mutation site us-
ng KOD FX DNA polymerase (TOYOBO Life Science, Tokyo,
apan), followed by agarose gel excision of the PCR prod-
ct and Sanger sequencing using the PCR forward primer.
EK293FT cells were genotyped by PCR amplification sur-

ounding the CRISPR-target region, agarose gel excision of
he PCR product, and Sanger sequencing. The primers are
isted in Supplementary Table S2 . 

ormone measurements 

lood was collected from the mouse tail and allowed to clot
t room temperature for 30 min, followed by centrifugation
t 2000 × g for 15 min at 4˚C. The serum was collected and
tored at -80˚C until use. Growth hormone (GH), insulin-like
rowth factor I (IGF-1), thyroid-stimulating hormone (TSH),
nd adrenocorticotrophic hormone (ACTH) levels in serum
ere measured using a Rat / mouse Growth Hormone ELISA
it (Merck Millipore, Billerica, USA), a Quantikine ELISA
ouse / Rat IGF-I / IGF-1 (R&D Systems, Minneapolis, USA),

 Mouse TSH ELISA Kit (Abbexa, Cambridge, United King-
om), and a Mouse / rat ACTH ELISA Kit (Abcam, Cam-
ridge, United Kingdom), respectively, according to the man-
facturers’ protocols. 

NA extraction 

he mouse brain (left or right half), liver (a quarter of the
hole liver), heart, and kidney were removed from −80 

◦C
torage and immediately placed into 3 ml of TRI Reagent
MRC, Cincinnati, USA) and homogenized using TissueRup-
or (Qiagen, Hilden, Germany). The tissue lysate in the TRI
eagent was then centrifuged at 12 000 × g for 10 min, and

he supernatant was used for total RNA extraction according
o the manufacturer’s protocol. For HEK293FT cells, the cells
n 10-cm dishes were briefly washed with phosphate-buffered
aline (PBS) and lysed in 1 ml of TRI Reagent, followed by to-
al RNA extraction according to the manufacturer’s protocol.

NA nucleoside mass spectrometry 

NA nucleoside mass spectrometry was performed as previ-
usly described ( 30 ,31 ). Briefly, a 25- μl solution containing
otal RNA (3 μg for LCMS-8050 or 1 μg for LCMS-8060),
0 mM Hepes–KOH (pH 7.6), 2 units of Nuclease P1 (Fuji-
lm, Tokyo, Japan), and 0.25 units of bacterial alkaline phos-
hatase (Takara, Kusatsu, Japan) was incubated at 37 

◦C for
 h. Subsequently, 3 μl of the nucleoside solution was injected
nto the LCMS-8050 or LCMS-8060 system (Shimadzu, Ky-
oto, Japan). The nucleosides were first separated by an Inert-
sil ODS-3 column (GL Science, Tokyo, Japan) using a mobile
phase that continuously changed from 100% of solution A (5
mM ammonium acetate in water, pH 5.3) to 100% of solu-
tion B (60% acetonitrile in water) in 17 min at a flow rate of
0.4 ml min 

−1 , followed by electrospray ionization and triple
quadrupole mass spectrometry in multiple reaction monitor-
ing mode. 

Isolation of tRNA 

iMet from total RNA 

tRNA 

iMet was isolated from total RNA as described previ-
ously ( 28 ). Briefly, 1.5 nmol of a 3 

′ biotinylated DNA probe
( Supplementary Table S2 ) was bound to streptavidin beads
(GE Healthcare, Chicago, USA) for 1 h at room tempera-
ture in binding buffer (100 mM NaCl, 10 mM Hepes–KOH
pH 7.6, and 5 mM EDTA), followed by washing with bind-
ing buffer and hybridization buffer (1200 mM NaCl, 30 mM
Hepes–KOH pH 7.6 and 7.5 mM EDTA). The probe-bound
beads were mixed with 100 μg of total RNA in hybridiza-
tion buffer and then incubated at 65 

◦C for 1 h with occa-
sional agitation. The beads were washed ten times with wash
buffer (600 mM NaCl, 30 mM Hepes–KOH pH 7.6, and
7.5 mM EDTA) at 65 

◦C and then eluted with elution buffer
(20 mM NaCl, 0.5 mM Hepes–KOH pH 7.6, and 0.25 mM
EDTA) at 65 

◦C. The eluate was subjected to 7 M urea / Tris–
borate–EDTA (TBE) / 10% polyacrylamide gel electrophoresis
(PAGE), followed by SYBR Gold staining and excision of the
tRNA band from the gel. 

tRNA sequencing 

Total tRNA sequencing (tRNA-seq) was performed as de-
scribed previously ( 32 ). Briefly, 6 μg of total RNA was re-
solved by 7 M urea / TBE / 10% polyacrylamide gel, and to-
tal tRNA (60–100 nt) was collected by gel excision. To-
tal tRNA was demethylated using E. coli -derived AlkB (Ad-
dgene #79050) to enable reverse transcription ( 12 ). In brief,
total tRNA was incubated in 45 mM Tris–HCl (pH 8),
0.9 mM α-ketoglutaric acid, 1.8 mM ascorbic acid, 67 μM
(NH 4 ) 2 Fe(SO 4 ) 2 , and 2.5 μM AlkB at 37 

◦C for 2 h. Demethy-
lation was confirmed by simultaneously performing yeast
tRNA demethylation and RNA nucleoside mass spectrome-
try analysis as a positive control. tRNA and Air Adenylated
Linker A (BIOO, Barcelona, Spain) were incubated at 60 

◦C
for 3 min to denature and then ligated using T4 RNA lig-
ase 2 truncated (NEB, Ipswich, USA), according to the manu-
facturer’s protocol. The 3 

′ adopter-ligated tRNA was urea gel-
excised and reverse-transcribed using Rever Tra Ace (Toyobo)
and the primer listed in Supplementary Table S2 . cDNA was
gel-excised and circularized using CircLigase II (Lucigen, Mi-
ami, USA) according to the manufacturer’s protocol. cDNA
amplification and barcode sequence addition were performed
by PCR using the primers listed in Supplementary Table S2
and PrimeST AR Max (T AKARA). The PCR product was pu-
rified by gel excision after native TBE / 10% PAGE, and then
subjected to quantitative PCR using TB Green (TAKARA),
Rotor Gene (Qiagen), KAPA Library Quant (Illumina, San
Diego, USA), and the primers listed in Supplementary Table 
S2 . The cDNA library was sequenced using MiSeq (Illumina).
Galaxy ( 33 ) was used for adaptor trimming of fastq files,
bowtie2 mapping of the obtained sequences to the mouse
tRNA sequences retrieved from the Genomic tRNA Database

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
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( 11 ), conversion to Sequence Alignment / Map (SAM) files, and
counting using the ‘cut column’ and ‘group’ functions. 

Northern blot analysis 

Total RNA (1.5 μg) was separated using electrophoresis in
7 M urea / TBE / 10% polyacrylamide gel at 150 V. The gel
was then stained with SYBR Gold (Invitrogen, Carlsbad, USA)
to check RNA quality and then transferred to a nylon mem-
brane (Merck Millipore, Billerica, USA) in 1 × TBE using a
wet transfer blotting system (Bio-Rad, Hercules, USA) on ice
at 50 V for 80 min. Membranes were dried and crosslinked
with ultraviolet light at 1200 × 100 μJ cm 

−2 using HL-2000
Hybrilinker (Funakoshi, Tokyo, Japan) and incubated in pre-
hybridization buffer (6 × saline sodium citrate (SSC), 0.1%
sodium dodecyl sulfate (SDS) and 1 × Denhardt’s solution)
at 42 

◦C for 1 h. The membranes were then hybridized with
digoxigenin (DIG)-labeled (Roche, Basel, Switzerland) probe
DNA in hybridization buffer (900 mM NaCl, 90 mM Tris–
HCl pH 8, 6 mM EDTA and 0.3% SDS) overnight at 50 

◦C.
The membranes were washed with 1 × SSC, blocked using
DIG wash and block buffer set (Roche), and probed with anti-
DIG alkaline phosphatase Fab fragments (Roche) and CDP-
Star (Roche). Images were acquired using ImageQuant (GE
Healthcare). Aminoacyl-tRNA analysis was performed as de-
scribed previously ( 34 ,35 ). Briefly, after the total RNA pel-
let was collected from the tissues using TRI Reagent and 2-
propanol precipitation, the RNA pellet was rinsed with 75%
ethanol / 10 mM NaOAc (pH 5.0) / 1 mM EDTA and dissolved
in 10 mM NaOAc (pH 5.0) / 1 mM EDTA. The aminoacyla-
tion level was monitored using acidic PAGE, followed by con-
ventional northern blot, using the same DIG-labeled probes as
conventional northern blot. Probe DNA sequences are listed
in Supplementary Table S2 . 

Ribosome profiling 

Ribosome profiling ( 36 ) was performed as described previ-
ously ( 8 ), with several modifications. Briefly, the mouse brain
half stored at − 80 

◦C was transferred into ice-cold polysome
buffer ( 32 ) and homogenized using TissueRuptor (Qiagen).
RNase I (Thermo Fisher Scientific) was added at a ratio of 1
μl per 30 μg of RNA (estimated by measuring the optical den-
sity (OD) using a Biospectrometer; Eppendorf, Hamburg, Ger-
many) and incubated for 45 min on ice. This was followed by
addition of 10 μl of RNase inhibitor (Nacalai, Kyoto, Japan)
and centrifuging at 100 000 rpm for 2 h using a TLA110 rotor
(Beckman Coulter, Brea, USA) to pellet the ribosomes through
a sucrose cushion (1 M sucrose, 20 mM Tris–HCl pH 7.5,
150 mM NaCl, 5 mM MgCl 2 , 1 mM DTT and 100 μg / ml
cycloheximide). RNA was extracted from the pellet using the
TRI Reagent (MRC). Library preparation was performed as
described for tRNA-seq, except that T4 PNK (NEB) treat-
ment in the absence of ATP was performed instead of AlkB
treatment. The library was sequenced using NovaSeq (Illu-
mina). Galaxy ( 33 ) was used to filter fastq files by quality,
followed by removal of the adaptor sequence, alignment by
HISAT2, counting of reads by HTSeq-count, and WT versus
null comparison by DESeq2. Gene ontology analysis was per-
formed using Gene Set Enrichment Analysis website software
( 37 ). For Atf4 and Atf5 ribosome footprint analysis, the adap-
tor sequence was removed and the fastq files were aligned
against mouse rRNAs. The rRNA-removed reads were aligned
against Atf4 , Atf5 and actin cDNA sequences, and the aligned
reads were counted using the bowtie2, BAM-to-SAM, cut, and 

group functions in Galaxy ( 33 ) and then visualized using the 
Integrative Genomics Viewer ( 38 ). 

Western blot analysis 

Western blot was performed as previously described ( 39 ).
Briefly, the left or right half of the mouse brain stored 

at − 80 

◦C was transferred into 1 ml of lysis buffer (150 mM 

NaCl, 100 mM Tris–HCl pH 8, 0.5% NP-40, a protease in- 
hibitor cocktail [Roche], and a phosphatase inhibitor cocktail 
[Nacalai]), homogenized using TissueRuptor (Qiagen), and 

sonicated for 10 s. The protein concentration was determined 

using a bicinchoninic acid (BCA) protein assay kit (Thermo 

Fisher Scientific). Samples were electrophoresed in SDS poly- 
acrylamide gel and transferred to an Immobilon-P membrane 
(Merck Millipore, Billerica, USA). The membrane was blocked 

with 5% skim milk in TBST buffer (150 mM NaCl, 25 mM 

Tris–HCl pH 7.4, 2.7 mM KCl and 0.05% Tween-20) and 

probed for respective proteins using the primary antibodies 
diluted in 5% skim milk in TBST buffer at 4 

◦C overnight. The 
membrane was washed in TBST, probed using the secondary 
antibody at room temperature for 1 h, and washed again in 

TBST. The signals were detected using an ECL Prime West- 
ern Blotting Detection Reagent (GE Healthcare) and an Image 
Quant 400 imager (GE Healthcare). The antibodies and their 
dilutions are listed in the Supplementary Table S3 . 

35 S-methionine labeling of nascent proteins 

Pulse-labeling of nascent proteins was performed as previ- 
ously performed ( 28 ,40 ), with several modifications. Briefly,
1 day before radiolabeling, 1.2 × 10 

6 wild-type (WT) or 
TRMT10A knockout (KO) HEK293FT cells were seeded into 

6-cm dishes. The next day, the cells were briefly washed us- 
ing 37 

◦C DMEM without Met, Cys and Gln (Thermo Fisher 
Scientific). A total of 3 ml of 37 

◦C preincubation medium 

(DMEM without Met, Cys, or Gln, supplemented with 2% 

FBS, 2 mM Gln and 0.2 mM Cys) was added to the cells,
and the cells were incubated in a 37 

◦C CO 2 incubator for 15 

min. The medium was then exchanged with 2 ml of incuba- 
tion medium (2 ml of preincubation medium containing 5.92 

MBq of 35 S-labeled methionine [PerkinElmer]), and the cells 
were incubated in a 37 

◦C CO 2 incubator for 40 min. Subse- 
quently, the medium was removed, and the cells were washed 

with PBS and collected using trypsin and DMEM contain- 
ing 10% FBS. Cells were lysed and the protein concentration 

was measured using a BCA Protein Assay Kit (Thermo Fisher 
Scientific). Then, 24 μg of total protein were run on Tricine 
PAGE gel (NOVEX, Carlsbad, USA). The gel was stained us- 
ing Coomassie brilliant blue staining solution (Bio-Rad), dried 

on a gel dryer, and photographed, and the radiation image was 
acquired using an imaging plate and imager (Fujifilm). 

Pancreas, liver and kidney histology 

Under deep anesthesia by intraperitoneal injection of pento- 
barbital, mice were fixed by perfusion of 10% formaldehyde 
(Wako) in PBS. Subsequently, tissues were embedded in paraf- 
fin, and hematoxylin and eosin (H&E) staining was performed 

for the pancreas and liver by K. I. Stainer, Inc. (Kumamoto,
Japan). Periodic acid-Schiff (PAS) staining was performed on 

the kidney sections (2- μm thick) according to standard proto- 
cols. The stained samples were observed under a light micro- 
scope (Olympus, Tokyo, Japan). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
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lucose tolerance test 

he glucose tolerance test was performed as performed pre-
iously ( 41 ). Briefly, mice were fasted for 14 h (9 pm to 11
m) in cages with new bedding, followed by intraperitoneal
njection of glucose (1 g / kg). Blood glucose concentration
as measured using an ACCU-CHEK glucometer (Roche), be-

ore (0 min) and 15, 30, 45, 60, 75 and 90 min after glucose
njection. 

erum and urine biochemical measurements 

nder deep anesthesia by intraperitoneal injection of pen-
obarbital, mouse blood was collected from the vena cava
sing a 26-gauge needle and a syringe. The blood was al-
owed to clot at room temperature for approximately 1 h,
ollowed by centrifugation at 1800 × g. The supernatant
as then collected as serum samples. The total bilirubin

nd creatinine concentrations of the mouse serum were mea-
ured by enzymatic assays. Serum urea nitrogen concentra-
ion was measured using the urease-glutamate dehydroge-
ase method. Serum albumin concentration was measured
sing the bromocresol green method. Serum amylase, aspar-
ate aminotransferase (AST), and alanine transaminase (ALT)
oncentrations were measured by the Japanese Committee
or Clinical Laboratory Standards-transferable methods. The
erum biochemical measurements were performed by Oriental
east Co. Ltd. (Tokyo, Japan). Urine was collected by keep-

ng each mouse in a metabolic cage for 24 h. Mouse urine
odium and potassium ion concentrations were measured us-
ng ion-selective electrode methods. Urine creatinine concen-
ration was measured by enzymatic assay. The urine bio-
hemical measurements were performed by SRL, Inc. (Tokyo,
apan). 

mmunofluorescence analysis 

nder deep anesthesia by inhalation of isoflurane, mice were
xed by perfusion through the ascending aorta with 4%
araformaldehyde (PFA) and 0.1% glutaraldehyde in 0.1 M
hosphate buffer (PB). Serial 40- μm thick coronal sections
ontaining the hippocampus and somatosensory cortex were
ut using a vibrating microtome (DTK-3000, Dosaka). Sec-
ions were processed for triple-label immunofluorescence us-
ng a mixture of goat antibody against vesicular glutamate
ransporter 1 (vGluT1, Frontier Institute, Ishikari, Japan; di-
ution 1:500), guinea pig antibody against vGluT2 (Frontier
nstitute, dilution 1:500), and rabbit antibody against glu-
amic acid decarboxylase 65 / 67 (GAD65 / 67, Sigma, dilu-
ion 1:5000). Signals were visualized using a combination
f secondary antibodies consisting of biotinylated anti-goat
mmunoglobulin G (IgG; Jackson ImmunoResearch, Balti-
ore, USA), followed by streptavidin-Alexa 647 (Jackson Im-
unoResearch), Alexa 488-conjugated anti-guinea pig IgG

Jackson ImmunoResearch), and rhodamine red-conjugated
nti-rabbit IgG (Jackson ImmunoResearch); all secondary an-
ibodies are those raised in donkey. After embedding in Vec-
ashield (Vector Labs, Newark, USA), images were acquired
sing a confocal laser scanning light microscope (CLSM,
ikon C2). The thickness of the cerebral cortex was measured

t the barrel field of the primary somatosensory area (S1BF).
ight coronal sections of the S1BF in each mouse were mea-
ured and averaged. 
 

Quantification of axonal bouton size 

Because the size of the brains of null mice was smaller than
that of WT littermates, the rostrocaudal position of the re-
gion in the hippocampus used for morphological analysis was
objectively determined using internal landmarks rather than
a brain atlas; coronal sections at the same distance from the
bregma were found to differ in neuroanatomical profiles be-
tween the WT and null mice. The two landmarks along the
rostrocaudal axis of the hippocampus were selected as fol-
lows: one was the rostral end of the dorsal hippocampus and
the other was the section from which the dorsal subiculum
appeared and extended caudoventrally. According to the stan-
dard brain atlas ( 42 ), these two landmarks in WT mice cor-
responded to the levels of −0.95 and −2.45 mm from the
bregma, respectively. Sections located at the mid-rostrocaudal
level between these landmarks were selected for analysis.
Next, the mid-proximodistal position of the CA1 region in
each section was selected. Finally, the mid-apicobasal position
in the stratum radiatum was selected for analysis. 

Quantification of axonal bouton size was performed as de-
scribed previously ( 43 ,44 ). High-resolution CLSM images of
vGluT1-positive boutons were acquired using a 60 × objective
with a zoom factor of 2.0 in a 1024 × 1024-pixel frame, where
1 pixel corresponded to 0.10358 μm. Conditions of the CLSM
settings, such as laser power and gain of photon multiplier,
were kept constant during the acquisition of bouton images in
both the WT and Trmt10a null brains. The single optical slice
images were processed for morphological quantification using
a series of automatic commands included in the image anal-
ysis software ImageJ (National Institute of Health, Bethesda,
USA) as follows: background signals were subtracted using
a ‘Rolling-ball’ command, signals were thresholded at a con-
stant gray level to generate binary images, and the binary im-
ages were then filtered using the ‘Open’ command, which per-
forms an erosion operation followed by dilatation to smooth
objects and remove isolated pixels. Following these proce-
dures, the areas of the individual boutons were measured us-
ing the ‘Analyze Particle’ command under the condition that
objects larger than 100 pixels (which corresponded to pro-
files of adhesion of multiple boutons) were excluded from the
measurements. 

Transmission electron microscopy 

Under deep anesthesia by inhalation of isoflurane, mice were
fixed by perfusion through the ascending aorta with 2% PFA
and 2.5% glutaraldehyde in 0.1 M PB. Serial 40- μm thick
coronal sections containing the hippocampus were cut using a
vibrating microtome (DTK-3000, Dosaka). After washing in
PBS, the tissues were post-fixed with 1% OsO 4 in PB on ice
for 1 h. The tissues were stained en bloc with 1.5% uranyl
acetate at 4 

◦C for 1 h, dehydrated in ethanol, infiltrated in
propylene oxide, and finally flat-embedded between a cover-
slip and a slide using epoxy resin. After hardening of the resin
and removal of the coverslips and slides, the region of inter-
est was defined using the same method as described above for
measuring the size of the axonal boutons in the CLSM im-
ages. The selected regions for electron microscopy (EM) anal-
ysis were excised from the resin-embedded sections and re-
embedded on top of a resin cylinder. Ultrathin sections (65
nm in thickness) were cut using an EM UC7 ultramicrotome
(Leica, Wetzlar, Germany) and stained with 1.5% uranium
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acetate and lead citrate. The images were acquired at 80 kV
using an HT7700 transmission electron microscope (Hitachi,
Tokyo, Japan). Random section images were used to mea-
sure the length of post-synaptic density (PSD) with the ImageJ
software. 

Behavioral tests 

Ten- to 13-week-old mice were handled for at least 3 days.
Mice were then subjected to the open-field test, Barnes maze,
and rotarod test, with approximately 1-week intervals be-
tween each test. For the open-field test, a gray 60 × 60 cm
chamber was used. Mice were placed in the center of the cham-
ber, and exploratory behavior was recorded for 30 min using
a video camera above the chamber. Video software (Actimet-
rics, Wilmette, USA) was used to define a five-by-five grid, and
the central three-by-three grid was defined as the center area.
Total distance traveled in the entire area of the chamber, and
time spent in the center or outside areas was quantified. 

The Barnes maze was performed as described previously
( 45 ), with several modifications. The Barnes maze consisted of
a circular platform (diameter: 91 cm) elevated 100 cm above
the floor, with equally spaced holes (diameter: 5 cm) around
the perimeter. A black box was mounted underneath one of
the holes on the platform to enable the mouse to escape from
the open platform surface. Visual cues were placed around the
maze. The black escape box was maintained at a fixed location
for each mouse throughout the experiment period but at a
different location for each mouse. A video camera was placed
above the platform to record the movements of the mice. On
the trial day, the mouse was placed in a dark start chamber in
the center of the platform. After 10 s, the start chamber was
lifted, and the movement of the mouse was recorded for 3 min.
If the mouse was unable to locate the black box within 3 min,
the trial was terminated by gently guiding the mouse toward
the black box. For 4 consecutive days, the mice received four
trials per day with intervals of 20 min. The time to reach the
target black box in the first trial on each of the 4 trial days
was measured. 

The rotarod test was performed as described previously
( 46 ). A rotating rod was set with a start speed of 4 rpm. The
mouse was held by the tail and placed on the rotating rod in
the direction that required it to walk forward to stay upright.
The mouse was allowed to walk on the rod at 4 rpm for 10 s,
followed by continuous rod acceleration at 20 rpm / min. The
time taken for the mouse to fall from the rod was recorded. 

Electrophysiology 

To evaluate neuronal plasticity, the hippocampal slices were
prepared as described previously ( 47 ). Briefly, the brains were
quickly removed from ether-anesthetized mice and immedi-
ately chilled in ice-cold, oxygenated artificial cerebrospinal
fluid containing 124 mM NaCl, 5 mM KCl, 26 mM NaHCO 3 ,
2 mM CaCl 2 , 2 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , and 10
mM d -glucose. The hippocampal slices were cut into sagit-
tal slices with a thickness of 400 μm using a 7000smz-2
vibratome (Campden Instruments, Loughborough, England)
and transferred to a recording chamber, where they were left
to recover for at least 1 h at room temperature (24 ± 2 

◦C)
before recording. A concentric bipolar stimulating electrode
was inserted into the stratum radiatum of the CA1 to stimu-
late the Schaffer collateral pathway. High-frequency stimula-
tion (HFS) at 100 Hz for a duration of 1 s was applied three
times with a 20-s interval. Traces were obtained and analyzed 

using SutterPatch version 2.2 (Sutter Instrument, Novato,
USA). 

Statistical analysis 

All numerical data were analyzed using the GraphPad Prism 9 

or 10 software. W elch’ s t -test or Mann–Whitney test was used 

to assess differences between the two groups. When compar- 
ing more than two groups, an analysis of variance (ANOVA) 
was used. A two-tailed P -value of 0.05 was considered sig- 
nificant. Data are presented as mean ± standard error of the 
mean (s.e.m.). 

Results 

Trmt10a null mice show reduced body weight 

To explore the molecular and physiological roles of 
TRMT10A-mediated m 

1 G9 modification, we generated 

whole-body Trmt10a null mice by introducing a point mu- 
tation into the endogenous Trmt10a gene to mimic a muta- 
tion found in TRMT10A -deficient patients ( 23 ). Specifically,
a G-to-T mutation was introduced to generate a stop codon 

in the endogenous Trmt10a exon two, which produced an 

E29stop mutation in the TRMT10A protein (Figure 1 C). Af- 
ter five generations of backcrossing, heterozygous males and 

females were crossed to generate Trmt10a null mice. The WT,
Trmt10a null, and heterozygous mice were born at an approx- 
imately Mendelian ratio (Figure 1 D), which suggested that 
Trmt10a deficiency does not fatally impair embryonic devel- 
opment, similar to human patients being born with homozy- 
gotic TRMT10A null mutations. The Trmt10a null mice had 

lower body weight at post-natal day 0.5 (P0.5) (Figure 1 E), as 
well as during the growth period and adulthood (Figure 1 F,
G). The lower body weight of the Trmt10a null mice mimics 
that in human patients with defective TRMT10A , who typi- 
cally have short stature ( 16–24 ). 

To investigate whether the levels of growth-related hor- 
mones are lower in Trmt10a null mice than in the WT, we mea- 
sured the concentrations of growth hormone (GH), insulin- 
like growth factor I (IGF-1), thyroid-stimulating hormone 
(TSH), of which GH and TSH are produced by the brain pi- 
tuitary gland. There were no clear differences in the levels 
of these growth-related hormones between the serum from 

Trmt10a null and WT mice ( Supplementary Figure S1 A). 
We then extracted total RNA from the brain and liver 

and confirmed that the amount of m 

1 G in total RNA from 

Trmt10a null brain and liver tissues had decreased to about 
60% of that in WT mice (Figure 1 H, I). We postulate that 
the remaining m 

1 G was derived from m 

1 G at position 37 

of various tRNAs ( 3 ). In tRNA 

iMet , m 

1 G exists only at po- 
sition nine (Figure 1 A) ( 3 ), and was confirmed to be lost from 

tRNA 

iMet purified from total RNA extracted from Trmt10a 
null mice, whereas there was no change in the amount of all 
other tRNA 

iMet modifications (Figure 1 J). 
Thus, our Trmt10a null mice may serve as a suitable animal 

model to study the physiological functions of TRMT10A. 

A uni ver sal decrease in the steady-state levels of 
tRNA 

iMet and tRNA 

Gln in various mouse tissues and 

a human cell line lacking TRMT10A 

To explore the global effect of TRMT10A in all tRNAs, we 
performed tRNA-seq of Trmt10a null and WT mouse brains.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
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e observed reductions in several m 

1 G9-containing tRNAs.
n particular, the initiator methionine tRNA (tRNA 

iMet ) and
he tRNA 

Gln with the CUG anticodon (tRNA 

Gln(CUG) ) showed
he largest decreases in Trmt10a null brains (Figure 2 A). In-
erestingly, cytoplasmic tRNAs reported to harbor the m 

1 G9
odification in human cells (orange bars in Figure 2 A)

 12 ) were concentrated within tRNAs that showed a de-
rease in Trmt10a null brains, suggesting that m 

1 G9 is im-
ortant for maintaining steady-state levels of several m 

1 G9-
ontaining tRNA species. Next, we validated the tRNA-seq
esults by northern blotting, after which we observed a de-
rease in tRNA 

iMet and tRNA 

Gln levels, and a limited (or
o) change in m 

1 G9-containing tRNA 

Arg(UCU) and m 

1 G9-
nmodified tRNA 

Phe (Figure 2 B, Supplementary Figure S2 A–
2 D). Similar to brain, we found that tRNA 

iMet and tRNA 

Gln

evels decreased in the adult liver and kidney (Figure 2 C, D).
oreover, these tRNAs were decreased also in newborn P0.5
ouse brains (Figure 2 E, F). To test the effect of TRMT10A in
uman cells, we generated TRMT10A knockout HEK293FT
ells ( Supplementary Figure S3 A, S3 B), and confirmed that
similar to mouse tissues) levels of tRNA 

iMet and tRNA 

Gln de-
reased (Figure 2 G). We did not find a significant change in
RNA 

Arg(UCU) and tRNA 

Phe in any of the mouse tissues and
uman cells (Figure 2 B–G). Notably, a similar reduction in
RNA 

iMet levels was also reported in a TRMT10A knockout
uman haploid cell line ( 15 ). 
During northern blotting, we noticed that the tRNA 

iMet 

ands appeared to shift down slightly upon loss of TRMT10A
Figure 2 B–E, G), which is in line with a previous report that
sed a human TRMT10A KO haploid cell line ( 15 ). The band
hift is not likely due to exoribonucleolytic degradations be-
ause our tRNA-seq mapping showed that there was no ma-
or difference in the 5 

′ and 3 

′ ends of tRNA 

iMet between WT
nd Trmt10a null brains, including the CCA tail (Figure 2 H).
n addition, the aminoacyl-tRNA northern blot showed that
here was no difference in the tRNA 

iMet aminoacylation sta-
us, at least in the brain (Figure 2 I, Supplementary Figure S2 E,
2 F). In addition, there was no difference in the modification
evel of tRNA 

iMet , except m 

1 G9, upon loss of Trmt10a (Fig-
re 1 J). Taken together, the data suggest that the band shift of
RNA 

iMet in the standard northern blots likely derived from
he lack of m 

1 G9 modification. 
Thus, our results show that TRMT10A is universally

equired to maintain steady-state levels of tRNA 

iMet and
RNA 

Gln across various mouse tissues, as well as in a human
ell line. 

ack of an apparent phenotype in pancreas, 
iver and kidney tissues, and the presence of 
maller postsynaptic densities in the hippocampus 

f the Trmt10a null mice 

uman patients with homozygotic TRMT10A mutations typ-
cally show short stature, diabetes, and brain-related patholo-
ies (microcephaly and intellectual disability) ( 16–24 ). Con-
istent with this, we observed lower body weight in Trmt10a
ull mice (Figure 1 E–G); therefore, we investigated whether
rmt10a null mice show similar defects in pancreatic glucose
egulation and brain tissue. Surprisingly, and unlike human
atients with TRMT10A mutations, Trmt10a null mice had
ormal pancreatic tissue (Figure 3 A), normal serum amylase
evels (a marker of pancreatic injury or inflammation; Fig-
re 3 B, left), and normal blood glucose regulation (Figure 3 B,
right). A high-fat diet weakened blood glucose regulation in
Trmt10a null mice, but the level of weakening was similar
to that in WT mice (Figure 3 B, right). Although liver or kid-
ney abnormalities are not common in human patients with
TRMT10A mutations, we examined the liver and kidneys of
Trmt10a null mice. Liver tissue sections and measurement of
markers of liver protein production and injury (serum albu-
min, AST , ALT , and bilirubin) did not reveal significant differ-
ences between Trmt10a null and WT mice (Figure 3 A, C). Sim-
ilarly, the kidney tissue sections, and levels of function mark-
ers serum urea nitrogen, serum creatinine, and urine sodium
or potassium (normalized against creatinine), did not show
major differences (Figure 3 A, D). 

The weight of adult Trmt10a null brains was lower than
that of WT brains, yet there was no difference in the brain-to-
body weight ratio (Figure 3 E). In addition, P0.5 mice did not
show a significant reduction in brain weight (Figure 3 F). Brain
tissue sections were triple-immunolabeled to detect vGLUT1,
vGLUT2, and GAD65 / 67; the former two transporters are
markers of excitatory axon terminals originating from corti-
cal and subcortical neurons, respectively, whereas GAD65 / 67
is a marker of inhibitory neurons (Figure 3 G). We observed
that the overall morphological appearance and neuronal dis-
tribution in brain tissue (Figure 3 G), as well as cortical thick-
ness (Figure 3 H) and presynaptic bouton size (Figure 3 I), did
not differ between WT and Trmt10a null brains; however,
EM observations revealed that postsynaptic density (PSD),
an electron-dense region just beneath the postsynaptic mem-
brane showing an accumulation of synapse-related proteins,
was smaller in the CA1 region of the hippocampus of Trmt10a
null brains than in that of WT brains (Figure 3 J, K). Consid-
ering that reduced PSD size is often associated with brain dys-
functions such as memory impairment ( 8 ), we next examined
protein synthesis in the brain. 

Ribosome slowdown at the Gln CAG codon and 

perturbed translation in the Trmt10a null brain 

We conducted ribosome profiling experiments ( 36 ) to inves-
tigate the impact of tRNA m 

1 G9 loss on translation (Fig-
ure 4 A). To elucidate the effect of TRMT10A dysfunction on
mRNA codon translation, we measured ribosome occupancy
on each A-site codon. We observed increased ribosome occu-
pancy on the glutamine CAG codon in the mutant brain (Fig-
ure 4 B), indicating slowdown of ribosome traversal on this
codon. This result was highly congruent with the reduction in
tRNA 

Gln(CUG) levels in the Trmt10a null brain (Figure 2 A). 
Next, we extended our analysis to the open reading

frame (ORF). Here, we calculated translational efficiency
(TE), which denotes the ribosome footprint number nor-
malized against RNA abundance (as measured by mRNA-
sequencing (RNA-seq)) (Figure 4 A). We observed that TE
decreased in 180 genes, and increased in 189 genes (Figure
4 C, Supplementary Figure S4 A), although changes in mRNA
abundance were limited (Figure 4 D). 

We performed gene ontology (GO) analysis to better under-
stand the gene groups associated with altered mRNA trans-
lation. From the perspective of cellular components, we ob-
served enrichment of neuron-related GO terms such as ‘so-
matodendritic compartment’, ‘dendritic tree’, ‘neuron projec-
tion’, ‘postsynapse’, ‘synapse’ and ‘axon’ in the increasing TE
gene group (189 red genes in Figure 4 C) and in the decreasing
TE gene group (180 blue genes in Figure 4 C) (Figure 4 E, F).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
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Figure 2. Universal decrease in tRNA 

iMet and tRNA 

Gln levels in mouse tissues and a human cell line. ( A ) Relative abundance of individual tRNA species in 
the 15-week-old male Trmt10a null mouse brains in comparison to WT brains. Means ± s.e.m. from n = 4 WT and n = 4 Trmt10a null mouse brains. 
**** P < 0.0 0 01, *** P < 0.0 0 1, ** P < 0.0 1 b y tw o-w a y ANO V A f ollo w ed b y Sidak’s test. (B–E) Northern blot analysis of tRNA 

iMet , tRNA 

Gln , tRNA 

Arg(UCU) , 
tRNA 

Phe and 5.8S rRNA from 15-week-old (adult) male mouse brains ( B ), adult livers ( C ), adult kidneys ( D ) and P0.5 pup brains ( E ). Each lane derives from 

one mouse ( n = 5 WT and n = 5 Trmt10a null). Note that although the tRNA 

Gln probes were designed to recognize tRNA 

Gln(CUG) , the probe might also 
bind to tRNA 

Gln(UUG) due to the sequences having only a single nucleotide mismatch. Long exposure images of the whole membrane northern blots of 
brain tRNA 

iMet and tRNA 

Gln are shown in Supplementary Figure S2 A and S2 C. ( F ) Quantification of tRNA le v els in northern blots in B–E and G. tRNA was 
normaliz ed b y 5.8S rRNA. Means ± s.e.m. from n = 5 WT and n = Trmt1 0a null mouse tissues or HEK293FT cells. ** P < 0.0 1, * P < 0.05 by 
Mann–Whitney test. ( G ) Northern blot analysis of tRNA 

iMet , tRNA 

Gln , tRNA 

Arg(UCU) , tRNA 

Phe and 5.8S rRNA from WT and TRMT10A KO HEK293FT cells. 
( H ) Reads mapped to tRNA 

iMet in the brain tRNA-seq in Figure 2 A. One extra nucleotide in the 5 ′ end (shown in red) likely derives from the terminal 
transferase activity of the re v erse transcriptase. ( I ) Aminoacyl-tRNA northern blot of tRNA 

iMet and 5.8S rRNA (loading control). The two left samples are 
deacylated control samples. The samples acquired by acidic extraction reflect the physiological aminoacylation status. tRNAs from n = 3 WT and n = 3 
Trmt10a null 1 5–1 6-week-old male mice were analyzed. A representative image from a WT and a Trmt10a null mouse is shown. Results obtained from 

additional mice, as well as statistical analysis of the quantified ratio of aminoacylated and non-aminoacylated tRNAs, are shown in 
Supplementary Figures S2 E and S2 F. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
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C D

E F G
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Figure 3. Tissue phenotypes in Trmt10a null mice. ( A ) Pancreas, liver, and kidney slices of 8-week-old WT and Trmt10a null males. Pancreas and liver 
samples were subjected to H&E staining and kidney samples to PAS st aining . Scale bar, 100 μm. ( B ) Pancreas-related markers. Left, serum amylase 
le v els. Means ± s.e.m. from n = 7 WT and n = 5 Trmt10a null 17-week-old females. Right: glucose tolerance test performed in mice fed with a normal 
diet (ctrl) or a high-fat diet (HFD). Means ± s.e.m. from n = 4 WT fed with the ctrl diet, n = 4 Trmt10a null fed with the ctrl diet, n = 5 WT fed with the 
HFD and n = 4 Trmt10a null fed with the HFD, 20-week-old males. **** P < 0.0 0 01, ** P < 0.01 by two-way ANO V A. ( C ) Liver-related markers detected 
from the same serums as in (B). ( D ) Kidne y -related mark ers detected from the same serums as in (B). Urine samples were collected from n = 8 WT and 
Trmt10a null 10- to 11-week-old males. Urine Na + and K + were normalized by urine creatinine. ( E ) Adult brain weight (left) and brain-to-body weight ratio 
(right). Means ± s.e.m. from n = 7 WT and n = 7 Trmt10a null,16- to 20-week-old males. ** P < 0.01 by Mann–Whitney test. ( F ) P0.5 pup brain weight 
(left) and brain-to-body weight ratio (right). n = 4 WT and n = 4 Trmt10a null males. * P < 0.05 by Mann–Whitney test. ( G ) Immunofluorescence of 
vGluT1, vGluT2, and GAD65 / 67 in brains of 14-week-old males. Scale bar, 500 μm. ( H ) Cortical thickness. Means ± s.e.m. from n = 3 WT and n = 3 
Trmt10a null 14-week-old males. ( I ) Presynaptic bouton size measured by quantification of 3894 boutons in four images from n = 2 WT 14-week-old 
males and 3544 boutons in four images from n = 2 Trmt10a null 14-week-old males. ( J ) Representative electron microscopic images of hippocampal 
post-synaptic density (PSD, arrows). Scale bar, 1 μm. ( K ) Cumulative frequency distribution of PSD length from the hippocampus of WT and Trm10a null 
14-week-old males. We measured 189 synapses (both excitatory and inhibitory synapses) from six WT images and 178 synapses from eight Trmt10a 
null images. **** P < 0.0 0 01 by Kolmogorov-Smirnov test. 
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Figure 4. Ribosome slo w do wn at the Gln CAG codon and perturbed translation in the Trmt10a null brain. ( A ) Strategy for ribosome profiling, 
transcriptome analysis, and bulk poly(A)+ RNA modification analysis. ( B ) Relative ribosome A-site occupancy at each mRNA codon. Means ± s.e.m. 
from n = 3 WT and n = 3 Trmt10a null 14-week-old male mice. **** P < 0.0 0 01 by Welch’s t -test. Unindicated codons sho w ed non-significant changes. 
( C ) Volcano plot of brain translational efficiency (TE) in WT versus Trmt10a null male brains. Genes with P < 0.05 and log 2 (fold change null / WT) > 0.5 are 
plotted in red, and genes with P < 0.05 and log 2 (fold change null / WT) < −0.5 are plotted in blue. ( D ) Volcano plot of brain transcriptome in n = 5 WT 
versus n = 5 Trmt10a null 14-week-old male brains. Genes with P < 0.05 and log 2 (fold change null / WT) > 0.5 are plotted in red, and genes with P < 0.05 
and log 2 (-fold change null / WT) < −0.5 in blue. ( E, F ) Gene ontology (GO) cellular compartment analysis of the increased TE genes (red dots in C) and 
decreased TE genes (blue dots in C). ( G ) Percentage of Gln CAG codons in the coding sequence of each TE down gene (the blue dots in C) and TE up 
gene (the red dots in C) group. Data are presented as the mean ± s.e.m; n.s. = not significant (Mann–Whitney U test). (H, I) m 

6 A ( H ) and m 

6 Am ( I ) 
le v els within poly(A)+ RNA. Total brain poly(A)+ RNA was digested to nucleosides using nuclease P1 and then subjected to LC–MS analysis. m 

6 A and 
m 

6 Am le v els w ere normaliz ed against uridine le v els. Data are presented as the mean ± s.e.m. from n = 4 WT and n = 4 Trmt10a null 14-w eek-old male 
mice. * P < 0.05 (Welch’s t -test). ( J ) Quantification of nascent cellular protein synthesis in WT and TRMT10A KO HEK293FT cells observed by 
35 S-methionine pulse-labeling. The original gel image is shown in Supplementary Figure S3 C. Data represent the mean ± s.e.m. from a triplicate 
experiment. * P < 0.05 (Welch’s t -test). 

 

 

 

 

 

 

 

 

 

 

By contrast, we found no GO terms related to mitochondria
or the endoplasmic reticulum, emphasizing the importance
of TRMT10A for translation of mRNAs related to neuronal
structures. From the perspective of biological processes, cell
signaling-related terms were enriched both in the increasing
and decreasing TE gene groups ( Supplementary Figure S4 B). 

Notably, when we compared the frequency of CAG codons
between the decreasing and increasing TE gene groups, we
did not observe a significant difference (Figure 4 G); thus,
the difference in TE between WT and null mice cannot be 
explained solely by the glutamine CAG codon content. Be- 
cause TRMT10A affects not only tRNA m 

1 G9 modifica- 
tion but also mRNA m 

6 A and m 

6 Am modifications ( 25 ),
we measured the m 

6 A and m 

6 Am levels in poly(A)+ RNAs,
which were selected using oligo(dT) beads (Figure 4 A). Nu- 
cleoside analysis by mass spectrometry revealed a statistically 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
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A B

Figure 5. Reduced tRNA 

iMet availability implicated by the release of Atf4 main coding sequence translation in the Trmt10a null brain. ( A ) Ribosome 
footprints on Atf4 mRNA. Reads from ribosome profiling of n = 3 WT and n = 3 Trmt10a null brains in Figure 4 were each added to obtain sufficient 
reads for visibility. Note that the translation of the Atf4 main coding sequence (CDS) is suppressed in WT brains and released in Trmt10a null brains. ( B ) 
Western blot of ATF4, eIF2 α, S51 phosphorylated eIF2 α, and β-actin (loading control) in brains from n = 2 WT and n = 2 Trmt10a null 15-week-old 
males. 
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on-significant increase in m 

6 A, as well as a 40% increase in
 

6 Am, in Trmt10a null brain poly(A) + RNAs (Figure 4 H, I).
onsidering that the m 

6 Am modification can promote trans-
ation ( 48 ), increased amounts of m 

6 Am might be responsi-
le, at least partially, for translational upregulation of the TE
enes depicted in Figure 4 C. In a previous study, TRMT10A
nockdown increased overall translation ( 18 ). In line with
his, our TRMT10A knockout cells showed increased levels
f cellular translation, as shown by 35 S-methionine labeling
f nascent proteins (Figure 4 J, Supplementary Figure S3 C), a
henomenon that might be partly attributable to m 

6 A-related
RNA modification(s). 
Therefore, these results collectively demonstrate that

RMT10A is crucial for translation, especially of neuron-
elated mRNAs. 

RMT10A dysfunction increases translation of the 

ain coding sequence of Atf4 mRNA, suggesting 

hat reduced amounts of tRNA 

iMet are available for 
ranslation 

he reduction in the amount of tRNA 

iMet (Figure 2 A) led us
o investigate the mechanism underlying translational regu-
ation mediated by upstream (u)ORFs. In mice and humans,
ranslation of the Atf4 and Atf5 (stress-responsive transcrip-
ion factors) main coding sequence (CDS) is strongly sup-
ressed by two uORFs (uORF1 and uORF2; see Figure 5 A
nd Supplementary Figure S4 C) ( 49–53 ). Under normal con-
itions, after translating uORF1, the ribosomal small subunit
lides on the mRNA and quickly binds to the eIF2 α-GTP-
RNA 

iMet ternary complex to initiate translation of uORF2.
verlap of uORF2 with the main Atf4 or Atf5 CDS inhibits

ranslation of the main CDS. By contrast, when availability of
he eIF2 α-GTP-tRNA 

iMet complex becomes limited (e.g. due
o eIF2 α phosphorylation upon cellular stress), after transla-
tion of uORF1, the reduced concentration of the eIF2 α-GTP-
tRNA 

iMet complex allows the ribosome subunit to bind to the
eIF2 α-GTP-tRNA 

iMet complex after passing the uORF2 start
codon and before reaching the main CDS start codon. This
enables translation of the main CDS ( 49–53 ). Thus, we pos-
tulated that the reduced amount of tRNA 

iMet in the Trmt10a
null brain may phenocopy the translational response even in
the absence of stress. Indeed, we observed an increase in ribo-
some footprints on the main CDS of Atf4 in the Trmt10a null
brain (Figure 5 A, lower panel, Supplementary Figure S4 D).
Consistent with this, we observed accumulation of the ATF4
protein in Trmt10a null brains (Figure 5 B). By contrast, al-
though the Atf5 CDS showed increasing trend toward an in-
creased ribosomal footprint number ( P = 0.066), there was no
increase in ATF5 protein levels ( Supplementary Figure S4 A,
S4 C, S4 D); this may be due to causes other than translation,
including the balance between protein synthesis and degra-
dation. Importantly, we observed neither a decrease in eIF2 α

protein levels nor an increase in eIF2 α phosphorylation (Fig-
ure 5 B). Therefore, TRMT10A deficiency can affect transla-
tion of the initiator methionine codon, at least with respect
to translation of Atf4 mRNA, which is strongly affected by
availability of tRNA 

iMet . 

Impairment of TRMT10A causes brain dysfunction 

in mice 

Given the aberrant translation in the Trmt10a null brain (Fig-
ures 4 and 5 ), as well as the smaller postsynaptic densities in
the hippocampus (Figure 3 J, K), we next investigated whether
impairment of TRMT10A causes brain dysfunction. First, we
subjected mice to the open-field test and found that sponta-
neous locomotor activity and fear-like behaviors were not af-
fected (Figure 6 A, B). However, the rotarod test revealed that
Trmt10a null mice could not continue walking and staying on

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
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A B C D

E F G

Figure 6. Impairment of neuronal functions in the Trmt10a null mice. ( A ) Distance tra v eled in the open-field test. Means ± s.e.m. from n = 14 WT and 
n = 10 Trmt10a null 12- to 15-week-old male mice. n.s. by Mann–Whitney test. ( B ) Time in the outer and inner zones in the open-field test. 
Means ± s.e.m. from n = 14 WT and n = 10 Trmt10a null 12- to 15-week-old males. n.s. by Mann–Whitney test. ( C ) Rotarod test. Means ± s.e.m. from 

n = 6 WT and n = 6 Trmt10a null 16- to 17-week-old males. * P < 0.05 by Mann–Whitney test. ( D ) Barnes maze test. Means ± s.e.m. from n = 14 WT 
and n = 9 Trmt10a null 14- to 17-week-old males. At day 1, although n = 14 WT and n = 9 Trmt10a null mice were used for the experiment, n = 6 WT 
and n = 7 Trmt10a null mice are shown because data were not initially acquired on day 1. **** P < 0.0 0 01, *** P < 0.001 by two-way ANO V A followed 
by Sidak’s test. ( E ) Input-output slope recorded in hippocampal slices. Means ± s.e.m. from n = 4 WT and n = 4 Trmt10a null 16- to 22-week-old males. 
( F ) R epresentativ e traces of field e x citatory postsynaptic potentials (fEPSPs) detected bef ore and after the presentation of high-frequency stimuli (HFS). 
HFS was administered at 0 min to induce long-term potentiation (LTP). ( G ) L eft, HFS-e v ok ed LTP in hippocampal slices. Right, fEPSP slope quantification 
at 1 min and 60 min after HFS administration. Data represent the mean ± s.e.m. (derived from the same mice as in Figure 6 E). **** P < 0.0001 
(tw o-w a y ANO V A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the rotating rod (Figure 6 C), suggestive of reduced motor co-
ordination by the central nervous system. We then performed
the Barnes maze test, and observed that Trmt10a null mice had
difficulty learning and memorizing the location of the hiding
box (Figure 6 D), suggesting reduced spatial learning ability.
Because hippocampal long-term potentiation (LTP) is critical
for learning and memory, we next performed electrophysio-
logical experiments to assess neuronal plasticity. We found
no changes in the input-output slope curve in the field exci-
tatory postsynaptic potential (fEPSP), suggesting similar basic
electrophysiological properties across both WT and Trmt10a
null hippocampal synapses (Figure 6 E and ‘baseline’ in Fig-
ure 6 F). We then administered high frequency stimuli (HFS)
at 0 min to induce LTP in hippocampal slices. There was
no difference in the maximum fEPSP slope of the WT and
Trmt10a null hippocampal slices after administering the HFS
(1 min after HFS; Figure 6 G). In the WT hippocampus, the
fEPSP slope was maintained at > 150%, at least until 60 min
post-administration of the HFS, suggesting successful induc-
tion of LTP; however, maintenance of LTP was disrupted in the
Trmt10a null hippocampus at 60 min post-administration of
HFS (Figure 6 G), suggesting impaired hippocampal neuronal
plasticity in Trmt10a null mice. 

Taken together, these data demonstrate that brain functions
are impaired in Trmt10a null mice. 
Discussion 

Among the > 50 tRNA modification enzymes in which muta- 
tions are associated with human disease, mutations in > 20 of 
them are associated with brain-related diseases. Despite recent 
efforts, we still do not know exactly why the brain is most af- 
fected, or how loss of tRNA modifications impacts the brain.
Recently, we reported that upon loss of mouse FTSJ1, a 2 

′ - 
O -methyltransferase for tRNA positions 32 and 34, tRNA 

Phe 

was degraded only in the brain and not in other tissues such 

as the kidney and liver; moreover, we observed slowdown of 
Phe codon translation in the brain ( 8 ). Thus, in the case of 
FTSJ1-mediated tRNA methylation, a brain-preferential phe- 
notype upon FTSJ1 loss is thought to be at least partly due 
to brain-specific tRNA 

Phe degradation. By contrast, our cur- 
rent study demonstrated that in the case of TRMT10A, loss 
of TRMT10A universally reduced the levels of tRNA 

iMet and 

tRNA 

Gln(CUG) in various tissues and cells. Because body size 
was smaller in the Trmt10a null mice than in WT mice, the 
physiological phenotype was not brain-specific; nevertheless,
at the tissue level, the strongest phenotype was observed in 

the brain. Therefore, the brain preference of disorders upon 

loss of a tRNA modification enzyme persists, regardless of dif- 
ferences in tRNA modification enzymes. Furthermore, both 

the Trmt10a null mice and Ftsj1 KO mice ( 8 ) showed smaller 
postsynaptic densities and impaired synaptic plasticity in the 
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null tissues and cells. 
ippocampus, which explained the memory impairment dis-
layed by the mice. 
The brain preference of a disease phenotype in genetic dis-

ases is not limited to the loss of tRNA modification. In fact,
t is widely seen in mutations of various translation-related
actors, such as aminoacyl-tRNA synthetases, translational
nitiation factors, and translational elongation factors ( 54 ,55 ).
ocal translation is a neuron-specific event. In axon terminals
nd dendrites close to synapses, the local translation level in-
reases several fold upon transmission of strong stimuli ( 56 ),
nd is essential for synaptic plasticity ( 57 ). Future studies on
he effect of tRNA modification loss in neuronal local transla-
ions near the synapses will be vital to gaining further insight
nto the brain preference of tRNA modopathies. 

uORFs are present in approximately half of human and
ouse transcripts and repress or promote mRNA transla-

ion of thousands of genes, depending on the uORF number
nd structure (e.g. distance and overlap with the main CDS)
 49 ,58 ). Translational regulation of Atf4 and Atf5 mRNAs by
ORFs is conserved between human and mouse, and trans-
ation of the main CDS of these two mRNAs are strongly
epressed in normal states and released upon reductions in
he concentration of the tRNA 

iMet -eIF2 α-GTP ternary com-
lex ( 49 ,51–53 ). Our present study showed a decrease in the
RNA 

iMet level to approximately 50% in the Trmt10a null
rain, which likely released Atf4 translation in the Trmt10a
ull brain. Recent technologies have enabled the discovery
hat mRNAs involved in synapse organization and axon de-
elopment are highly enriched for uORF translation in certain
eurons ( 59 ). In addition to abundant and strongly regulated
RNAs such as Atf4 , improved technologies may reveal sensi-

ive differences in the translation of various neuronal mRNAs
pon loss of a tRNA modification. 
Originally, we conducted our TRMT10A experiment to ex-

mine the function of tRNA modification in the brain. How-
ver, during the progress of our study, TRMT10A was re-
orted to also be involved in FTO-mediated mRNA m 

6 A
nd m 

6 Am demethylation ( 25 ). In line with this report, we
onfirmed the effect of TRMT10A on mRNA m 

6 Am (Figure
 I). Our study revealed that TRMT10A has a larger impact
n translation than on mRNA levels (Figure 4 C, D). Con-
idering that m 

6 A-modified RNAs accumulate in the synap-
ic compartment following learning ( 60 ), further studies from
he perspective of mRNA m 

6 A modification would deepen
ur understanding of how TRMT10A deficiency causes brain
isorders. 
Our data suggest that in the Trmt10a null brains, ribo-

omes are slowing down on glutamine (CAG) codons, which
ay be explained by the reduction in the tRNA 

Gln(CUG) level.
owever, when we compared the frequency of CAG codons

etween the decreasing and increasing TE genes, we did
ot observe a significant difference (Figure 4 G). In addi-
ion, in a previous study, TRMT10A knockdown resulted in
ncreased overall translation ( 18 ). In line with this report,
RMT10A knockout cells showed increased cellular trans-

ation, as shown by 35 S-methionine labeling of nascent pro-
eins (Figure 4 J, Supplementary Figure S3 C), which might
e attributable, at least in part, to increased m 

6 Am or m 

6 A
odifications. Additionally, a previous study showed that
atient-derived TRMT10A -deficient lymphoblasts contained
 tRNA 

Gln 5 

′ fragment ( 14 ); however, using a probe that de-
ects essentially the same region of the tRNA 

Gln 5 

′ fragment
as the previous study ( 14 ), we did not observe an increase in
the amount of tRNA 

Gln 5 

′ fragment in the Trmt10a null brain
( Supplementary Figure S2 B, S2 D). Nevertheless, this does not
deny the possible presence of fragments from other tRNAs;
this will be a subject for future studies. Taken together, the
translational changes due to TRMT10A dysfunction cannot
be explained by glutamine CAG codon frequency only; rather,
they may derive from the combined effects of CAG codon
frequency-derived perturbation of translational elongation,
m 

6 A / m 

6 Am-mediated translational upregulation, the possi-
ble contribution of tRNA fragments, and tRNA 

iMet -mediated
perturbation of translational initiation. 

Similar to patients with TRMT10A mutations, Trmt10a
null mice showed smaller body size (Figure 1 E–G). To find
the cause of this phenomenon, we measured GH, IGF-1,
and TSH levels (GH and TSH are secreted by the pitu-
itary gland), but neither showed a clear difference between
Trmt10a null and WT mice ( Supplementary Figure S1 A).
Thus, to better understand the cause of smaller body size
in Trmt10a null mice, we may need to investigate transla-
tional perturbation within the whole body. We noted that
levels of adrenocorticotrophic hormone (ACTH), a pituitary
gland-derived hormone not directly related to growth, were
lower in Trmt10a null mice than in WT mice ( Supplementary 
Figure S1 B); therefore, we cannot completely rule out the pos-
sibility of a partial decline in the function of the pituitary
gland, which may affect the body in multiple ways. In ad-
dition to TRMT10A , mutations in various tRNA modifica-
tion enzyme genes ( TRMT5 , NSUN2 , NSUN3 , WDR4 , PUS3,
PUS7 , CTU2 , YRDC , OSGEP , TP53RK , TPRKB , LAGE3 ,
MTO1 , GTPBP3 , THG1L , and TRIT1 ) cause short stature
( 5 ), and all of these mutations are associated with brain
disorders. Thus, identifying whether defects of these tRNA
modification enzymes cause short stature via perturbation
of translation throughout the whole body, or via aberration
of hormone level(s), may be an important subject for future
studies. 

Despite the presence of m 

1 G9 in approximately 40% of the
various cytoplasmic tRNA species, the mechanism underly-
ing how TRMT10A dysfunction specifically reduces tRNA 

iMet

and tRNA 

Gln(CUG) remains unclear. In humans and mice, the
base at tRNA position nine (N9) is almost always a purine
( Supplementary Table S1 ) ( 11 ,13 ), which in some cases may
form a N9-N23-N12 base triplet ( 61 ,62 ); thus, studies in-
volving direct structural analysis or structural probing ex-
periments are needed to assess whether the m 

1 G9 modifica-
tion affects the base triplet structure and overall structure
of tRNA. tRNAs with aberrant structures can be degraded
by pathways such as 1) the TRF4 / RRP6-dependent nuclear
surveillance pathway via polyadenylation and degradation by
the nuclear exosome ( 63 ), 2) the rapid tRNA decay path-
way ( 64 ), or 3) via endonucleolytic cleavage by the ribonu-
clease A family ( 65 ). In our tRNA-seq and tRNA northern
blots, we did not observe a detectable amount of poly(A)
tail, repeating CC ACC A tail ( 66 ), or an increase in 5 

′ tRNA 

Gln

fragments, in RNA from Trmt10a null tissue (Figure 2 A, H,
Supplementary Figure S2 D). Although we observed slightly
increased traces of potential 5 

′ exonucleolytic degradation in
the Trmt10a null brain (Figure 2 H) ( 14 ), further studies are
required to determine which pathway is responsible for the
specific reduction in tRNA 

iMet and tRNA 

Gln(CUG) in Trmt10a

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae520#supplementary-data


9244 Nucleic Acids Research , 2024, Vol. 52, No. 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In summary, we generated Trmt10a null mice and demon-
strated that TRMT10A dysfunction induces a universal reduc-
tion in tRNA 

iMet and tRNA 

Gln(CUG) levels, which is associated
with translational aberrations, smaller postsynaptic densities,
impaired synaptic plasticity, and impaired brain function. Our
findings deepen our understanding of how loss of tRNA mod-
ification affects translation and causes brain impairment. 
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