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Abstract

Background Biallelic pathogenic variants of LARST cause infantile liver failure syndrome type 1 (ILFS1), which

is characterized by acute hepatic failure with steatosis in infants. LARS functions as a protein associated with mTORCT
and plays a crucial role in amino acid-triggered mTORC1 activation and regulation of autophagy. A previous study
demonstrated that larsb-knockout zebrafish exhibit conditions resembling ILFS. However, a comprehensive analysis
of larsb-knockout zebrafish has not yet been performed because of early mortality.

Methods We generated a long-term viable zebrafish model carrying a LARST variant identified in an ILFS1 patient
(larsb-1451F zebrafish) and analyzed the pathogenesis of the affected liver of ILFST.

Results Hepatic dysfunction is most prominent in ILFST patients during infancy; correspondingly, the larsb-1451F
zebrafish manifested hepatic anomalies during developmental stages. The larsb-1451F zebrafish demonstrates
augmented lipid accumulation within the liver during autophagy activation. Inhibition of DGAT1, which con-

verts fatty acids to triacylglycerols, improved lipid droplets in the liver of larsb-1451F zebrafish. Notably, treatment

with an autophagy inhibitor ameliorated hepatic lipid accumulation in this model.

Conclusions Our findings suggested that enhanced autophagy caused by biallelic LARST variants contributes

to ILFST-associated hepatic dysfunction. Furthermore, the larsb-1451F zebrafish model, which has a prolonged survival
rate compared with the larsb-knockout model, highlights its potential utility as a tool for investigating the pathophysi-
ology of ILFS1-associated liver dysfunction.
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Introduction

Infantile liver failure syndrome type 1 (ILFS1; OMIM
615438) is a rare autosomal recessive disorder caused by
pathogenic variants of the LARSI gene (OMIM 151350)
located on chromosome 5q32, which encodes leucyl-
tRNA synthetase (LARS) and catalyzes the ligation of
leucine to leucine tRNA [1]. This syndrome was initially
reported in 2012 within the Irish Traveller community
with a predominant hepatic phenotype [1, 2].

ILES1 is clinically characterized by recurrent liver
dysfunction, intrauterine growth retardation, failure
to thrive, neurodevelopmental delay, encephalopathy,
microcytic anemia, hypoalbuminemia, coagulation dis-
orders, and muscular hypotonia [3]. Major symptoms
appear from the fetal period to infancy, and some of
them, such as liver dysfunction, neurodevelopmen-
tal delay, or muscular hypotonia, have been reported to
recover or disappear spontaneously in early childhood
[3].

Acute liver failure (ALF) in ILFS1 is a life-threatening
event [3, 4]. Liver transaminase elevation is typically
observed from the neonatal to pediatric period in most
patients, often progressing to fulminant liver failure trig-
gered by febrile illnesses within two years after birth [3].
A histological evaluation of liver biopsy samples during
ALF episodes revealed remarkable fatty degeneration [3].
Nutritional management with high-protein diets and leu-
cine supplementation or prophylactic antipyretic therapy
and vaccination was recommended in some reports on
a case-by-case basis by experts [3, 5]. Liver transplanta-
tion may be the final option for ALF; however, the trans-
planted allograft liver never resolves the damage to other
organs, and ALF is expected to recover spontaneously.
Evidence-based management and treatment of ILFS1 in
the liver during infancy thus remain to be established [3].

The LARS protein encoded by the LARSI gene is ubiq-
uitously expressed and serves as an essential enzyme in
protein synthesis, catalyzing the ligation of amino acids
to their cognate transfer RNAs and marking the initial
step of aminoacyl-tRNA synthesis [6, 7]. LARS is a class I
enzyme, characterized by the Rossman fold, a large-inser-
tion CP1 domain, a tRNA-binding anticodon domain,
and a C-terminal extension domain [8]. In higher eukary-
otes, LARS is a part of the multi-tRNA synthetase com-
plex, consisting of nine tRNA synthetases and three
nonenzymatic components [9-11]. LARS catalyzes the
binding of leucine to leucine tRNA using adenosine
triphosphate [6, 7]. Furthermore, LARS plays a unique
non-canonical role as a mammalian target of rapamy-
cin complex 1 (mTORC1)-associated protein required
for amino acid-induced mTORCI activation, which acts
as an intracellular leucine sensor for mTORCI signal-
ing [6, 7, 12, 13]. mTORCI regulates protein synthesis,
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autophagy, and cell growth [14—16]. Thus, LARSs play
broad roles in cellular homeostasis, including transla-
tional control, transcriptional regulation, tumorigenesis,
and senescence [6, 7, 12, 13, 17, 18].

Our previous research using larsb-knockout zebrafish
demonstrated that mutant zebrafish exhibit a phenotype
similar to that of ILFS1 [19]. Excessive autophagy activa-
tion was observed in larsb-knockout zebrafish, and the
suppression of autophagy by bafilomycin treatment sig-
nificantly recovered the liver size and improved the sur-
vival curve [19]. However, early lethality, probably due to
severe liver damage, nervous system disorders, and ane-
mia in larsb-knockout larvae, did not allow us to analyze
the exact molecular mechanism by which LARS patho-
genic variants affect the development and function of the
liver in ILFS1 patients.

To further evaluate the role of LARS and the effects of
its defect in the pathogenesis of the liver, we generated
larsb-knockin zebrafish with a biallelic missense variant
of the LARSI gene identified in an ILFS1 patient in our
hospital. We investigated the molecular function of Lars
in the context of ILFS1 pathogenesis.

Materials and methods

WES (whole-exome sequencing) and filtering analyses
Genomic DNA was extracted from the peripheral blood
of the proband, his sister, and the parents using a QIA
amp DNA blood mini kit (QIAGEN, Venlo, Netherlands)
and sequenced by WES. WES and variant filtering analy-
ses were performed as previously described with slight
modifications [20]. In brief, after sharing the DNA with
a Covaris Focused-ultrasonicator S220 (Woburn, MA,
USA), the sequence library was prepared using a Human
All Exon V6 Kit (Agilent Technologies, Santa Clara, CA,
USA) and sequenced using a 2500 Illumina with 125-
bp paired-end reads (Illumina, San Diego, CA, USA).
Sequence reads were aligned to GRCh38 and annotated
using CompStor NOVOS and CompStor Insight, which
carry a proprietary Novos caller and annotation engine
(OmniTier, San Jose, CA, USA). The filtering procedure
for the annotated variants is as follows: first, variants
with allele frequencies>0.01 were removed from the
public databases gnomAD and 14 KJPN (jMORP) as well
as our in-house exome variant data consisting of more
than 7,000 WES data. Next, the variants were narrowed
down based on assumed modes of inheritance, such as
autosomal dominant, autosomal recessive, X-linked, and
compound heterozygous. Finally, two variants of LARSI
and one variant of LAMA4 were co-segregated, with the
latter variant not exhibiting concordant clinical symp-
toms (S1 Table). No pathogenic copy number variations
were detected in the WES data. The two LARSI variants
were confirmed by Sanger sequencing (ABI3130) using
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the primers 5'- GGGTCTCATAACAATGAATACTTC
-3" and 5'- GGGAAAAGGTAGGCTACAAGG -3 for
NM_020117:c.601 T>G and 5- GGCAGTGTCGTA
ATGACATATAC-3" and 5 -CCATAGAGATTCCTAGAG
GG-3’ for c.1351A > T.

Zebrafish maintenance

The larsb mutant and Tg[fabpl0:mcherry] zebrafish AB
genetic background were raised and maintained follow-
ing standard procedures [21, 22]. They were maintained
at 28-29 °C under a 14-h:10-h light:dark cycle. Embryos
were collected and housed at 28.5 °C.

All animal experimental procedures were performed in
accordance with the institutional and national guidelines
and regulations. The study was conducted in compliance
with the ARRIVE guidelines.

Generation of the larsb 1451F zebrafish line

The larsb I451F zebrafish line was generated via CRISPR/
Cas9 gene editing [23, 24]. The site of the larsb sgRNA
target was 5 -CCAAAGCCAGAATGACAGAGAGA-
3" in the editing domain of the LARS protein. Single-
stranded oligodeoxynucleotides (ssODNs) were designed
with the following sequences (phosphorothioate modifi-
cations in the first and last nucleotides) and ordered as
ultramers by Integrated DNA Technologies (Coralville,
IA, USA) to generate single-nucleotide polymorphisms:
A*G*TGGCTTATTGGTTTGTTCTACCAGGTTCCC
ATCATTGAAATTCCAGGGTATGGGAATCTGTCA
GCTCCACTGGTGTGCGATGAACTGAAGTTTCAA
AGCCAGAATGACAGAGAGAAACTGGCCGAG
G*C*T. The microinjection solution (1 nl; Cas9 protein
[300 pg], gRNA [30 pg], ssODNs [41 pg], and 0.1% phe-
nol red) was microinjected into single-cell-stage wild-
type (WT) embryos. The microinjected zebrafish were
raised to adulthood and screened for germline transmis-
sion of larsb mutations through natural breeding. We
crossed adult microinjected zebrafish with WT zebrafish
and collected 20 embryos into a single polymerase chain
reaction (PCR) tube, which was then heated at 95 °C for
15 min in 180 pL of 50 mM NaOH. Subsequently, 20 puL
of 1 M Tris—HCIl was added to each sample. The DNA
extraction sample was used as a template, and PCR was
performed using the larsb [451F forward primer 5-TGT
GCGATGAACTGAAGTTT-3 and larsb reverse primer
5- CACATCTCCTTTCATGCGTTT-3, with GoTaq
DNA polymerase (Promega, WI, USA). These prim-
ers were designed to specifically recognize knock-in
sequences. The PCR program was as follows: 95 °C for
2 min, followed by 35 cycles at 95 °C for 30 s, 63 °C for
30 s, and 72 °C for 12 s. Targeted mutations were verified
by Sanger sequencing of PCR-positive zebrafish embryo
DNA obtained from genotyped PCR. The primers used
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for Sanger sequencing were the larsb forward primer
5-TCATGCCAAGTCAAGTCCTG-3’ and larsb reverse
primer. The FO founder, with germline transmission,
was selected to establish a knock-in zebrafish line. The
F1 generations were raised to adulthood, had their fins
clipped, and were sequenced. Consequently, a homozy-
gous larsb I451F zebrafish line (larsb 1451F zebrafish line)
was identified.

Generation of transgenic zebrafish

Tg(fabp10:mCherry] fish expressing mCherry exclu-
sively in hepatocytes were generated using a MultiSite
Gateway kit (Thermo Fisher Scientific, Waltham, MA,
USA) to produce vectors with Tol2 transposon sites [25].
A 2.8-kb promoter of the zebrafish fabpl0 gene [21]
was amplified from genomic DNA in WT zebrafish by
PCR (KOD-plus-Neo; Toyobo, Osaka, Japan). The PCR
primers used were the fabpl0 forward primer 5-AAA
AAGCTTGCAGTAAATTGATTCAAACT-3 and fabpl0
reverse primer 5-AAAGGATCCGCTTTCTGGAGA
AGCTCAAC-3. The PCR program was as follows: 94 °C
for 2 min, followed by 30 cycles at 98 °C for 10 s, 60 °C
for 30 s, and 68 °C for 90 s. The PCR mixture was sub-
jected to agarose gel electrophoresis, and the desired
bands were isolated and purified from the gel. Subse-
quently, the purified band was digested with restriction
enzymes HindIIl and BamHI. The digested PCR prod-
uct was then ligated with the p5E-mcs vector, which was
digested with the same enzymes using Ligation High
(Toyobo). Multisite Gateway cloning [26] was performed
using the destination vector pDestTol2pA2, the 5  entry
vector containing the fabp10 promoter, the middle entry
vector containing pME-mCherry, and the 3" entry vector
containing p3E-polyA. DNA constructs (25 pg) and Tol2
mRNA (25 pg) were microinjected into WT zebrafish
embryos at the single-cell stage. Six days post-injection,
fish were examined using fluorescence microscopy, and
mcherry-expressing fish were saved. Germline-integrated
transgenic zebrafish were selected from these mcherry-
positive fish by raising them to sexual maturity and
breeding them with WT zebrafish.

WES automated simple Western blot assay

Samples were lysed with lysis buffer (0.5% NP-40, 10%
glycerin, 50 mM HEPES-KOH [pH 7.8], 150 mM NacCl,
and 1 mM EDTA) using protease and a phosphatase
inhibitor cocktail (Thermo Fisher Scientific). Protein
samples were separated by capillary electrophoresis using
12- 230-kDa Wes Separation Module capillary cartridges
in a Simple Protein Wes system (ProteinSimple Wes; Pro-
teinSimple; San Jose, CA, USA), according to the manu-
facturer’s protocol. The following antibodies were used:
Lars (#13,868; Cell Signaling Technology, Beverly, MA,
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USA; 1:50) and B-actin (A3854; Sigma-Aldrich, St. Louis,
MO, USA; 1:100). The anti-rabbit and anti-mouse mod-
ules for the Wes kit (DM-001 and DM-002; ProteinSim-
ple), which include luminol-S, peroxide, antibody diluent
2, streptavidin-HRP, anti-rabbit secondary antibody, and
anti-mouse secondary antibody, were used for detection.
The intensities of the acquired chemiluminescence sig-
nals were quantified using the AlphaView and Compass
software programs (ProteinSimple).

Morphological analyses

Zebrafish larvae were placed in 3% methylcellulose
and images were acquired using a Leica M205 FA fluo-
rescent stereo microscope (Leica, Wetzlar, Germany).
Tg[fabp10:mcherry] larvae were immobilized in 3%
methylcellulose and imaged in vivo using an RFP fluores-
cence filter. Hepatic structures were traced, and area and
circularity were quantified using the Image] Fiji software
program (1.53t; National Institutes of Health, Bethesda,
MD, USA) [27, 28].

Histopathological staining and fluorescent
immunostaining

Histopathological staining and fluorescent immunostain-
ing were performed on paraffin-embedded or frozen
sections. For histopathological staining, 5 days post-ferti-
lization (dpf) larvae zebrafish were fixed in 4% paraform-
aldehyde (PFA) overnight. Tissues were then dehydrated,
embedded in paraffin, and sectioned to 5-um thickness.
The samples were initially stained with a hematoxylin
solution for 20 s and rinsed with deionized water. They
were then stained with eosin solution for 60 s, rinsed
again with deionized water, and dehydrated using a series
of ascending ethanol concentrations. Excess protein was
removed using xylene for 30 s (three repetitions). Finally,
the coverslips were mounted using mounting medium.
Cryosectioning was performed to obtain samples for
immunofluorescence staining. Samples were fixed with
4% PFA for 16 h and then incubated in a microcentrifuge
tube with 30% sucrose in phosphate-buffered saline until
samples sank down to the bottom of the tube. Samples
were then transversally embedded in a mixture of 30%
sucrose and Tissue-Tek O.C.T. Compound (4583; Sakura-
Finetek, Tokyo) (2:1) and fixed in liquid nitrogen. Sec-
tions of 10-pm thickness were obtained using a Leica
CM1950 microtome.

An immunofluorescence analysis was performed using
the following primary antibodies: anti-p62 (PMO045;
Medical & Biological Laboratories, Nagoya, Japan) and
anti- LC-3 pAb (PM036; Medical & Biological Labora-
tories). Alexa Fluor 488 donkey anti-rabbit IgG (A21206;
Molecular Probes, Eugene, OR, USA; 1:500) was used as
the secondary antibody. Images were captured using a
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laser-scanning microscope (BZ-9000; Keyence, Osaka,
Japan).

Fluorescent staining of accumulated lipids

Fluorescent staining of accumulated lipids was per-
formed on the sections. Zebrafish larvae at 5 dpf were
fixed in 4% PFA overnight. Frozen samples were rinsed
with phosphate-buffered saline. The samples were then
stained with 1 uM Lipi Dye II solution (Funakoshi, Tokyo,
Japan) in phosphate-buffered saline and incubated for 1 h
at 37 °C. The cells were rinsed three times with phos-
phate-buffered saline and mounted with fluorescence
mounting medium (S3023; Dako, Agilent Technologies).
Images were captured using a laser-scanning microscope
(BZ-9000; Keyence).

Bafilomycin A1 and A922500 treatments

In experiments employing autophagy inhibitors, embryos
were treated in embryo medium from 72 to 120 h post-
fertilization (hpf) for a morphological analysis, with
Bufilomycin Al (2.5 nM; EMD Millipore, Darmstadt,
Germany) or dimethyl sulfoxide (DMSO) as a control.
For experiments utilizing DGAT1 inhibitors, embryos
were similarly treated in embryo medium from 72 to
120 hpf for the morphological analysis, with A922500
(2 mM; Sigma-Aldrich, St. Louis, MO, USA) or DMSO
as a control. The medium containing the compounds was
changed daily.

Statistical analyses

Statistical analyses were performed using the Graph-
Pad Prism software version 8 (GraphPad Software, Inc.,
San Diego, CA, USA). All values are expressed as the
mean t standard error of the mean. Shapiro—Wilk and
Brown-Forsythe tests were performed to analyze the
normal distribution and homogeneity of the data, respec-
tively. The different groups were compared using the
nonparametric independent samples Kruskal—Wallis test
for non-normally distributed variables, and the results
obtained were expressed as median and interquartile
ranges. In contrast, when the data had a normal distribu-
tion, they were analyzed using a one-way analysis of vari-
ance (ANOVA) followed by Tukey’s pairwise comparison
tests. Statistical differences in the survival curves were
analyzed using the log-rank (Mantel-Cox) test. Statistical
significance was set at P<0.05.

Results

An ILFS1 patient with liver dysfunction

The patient was the first male child born to a non-
consanguineous Japanese couple. His younger brother
and parents had no congenital abnormalities, including
liver disease (Fig. 1A). He was delivered at 37 weeks’
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Cross-sectional Growth Chart for Boys (0-6 yrs)
(The 2000 National Growth Survey on Preschool Children & School Health Statistics Research)
The dotted lines of the -2.5 SD and -3.0 SD indicate the criteria for starting growth hormone (GH) treatment for

GH deficiency and achondroplasia, respectively, which are included in the Japanese Medical Ald Program for
Specific Pediatric Chronic Diseases.
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Fig. 1 Clinical information of an infantile liver failure syndrome type 1 patient with biallelic LARST variants. A Pedigree of the family. B Abdominal
computed tomography image at eight months old. C Changes in serum levels of AST and ALT. D Developmental curve

gestation with a birth weight of 2,320 g (9.2%tile).
Marked hepatomegaly and failure to thrive were
detected during routine checkups by a primary pedia-
trician at seven months old, and he was referred to
our hospital. At 8 months old, his height was 62.2 cm
(-3.3 standard deviations [SD]), body weight was 6.6 kg
(-2.1 SD), and head circumference was 43.9 cm (0.0

SD). The patient presented with a cherubic face with
full cheeks, hepatomegaly (approximately 8 cm below
the costa), and mild hypotonia. He was able to control
his head by himself but lacked the ability to roll over
and sit up unaided. Abdominal computed tomography
(CT) revealed a diffuse, low-density, and enlarged liver
(Fig. 1B).
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Laboratory findings demonstrated mild elevation of
serum AST and ALT levels (103 U/l and 70 U/], respec-
tively) with mild microcytic anemia (hemoglobin 10.6 g/
dl, mean corpuscular volume 56.4 fl, mean corpuscular
hemoglobin, 17.6 pg). Several days later, he developed a
high fever for the first time after birth, which was caused
by a human herpesvirus 6 infection. His liver dysfunc-
tion soon progressed to ALF as elevation of transami-
nases (AST 870 U/l, ALT 263 U/l) with reduction of
protein synthesis (PT-INR 1.53) and hypoalbumininema
(albumin 2.47 g/dl), remarkable anemia (hemoglobin
6.3 g/dl), and thrombocytopenia (platelet count 19,000/
ul) (Fig. 1C). He continued to have a fever, generalized
edema, oliguria, and respiratory distress and received
treatments that included acetaminophen administration,
albumin infusion, red blood cell transfusion, and oxygen
therapy.

His critical condition recovered with defervescence
after five days. Following this episode, he experienced
four episodes of febrile illnesses, including acute phar-
yngitis, hand-foot-mouth disease, and acute gastroen-
teritis, over the next two years. However, the symptoms
appeared to be mild, and ALF did not recur, as transami-
nase levels peaked at AST 80-220 U/l and ALT 70-260
U/l during these episodes, and growth retardation grad-
ually normalized by 3 years old (Fig. 1C, D). His febrile
episodes after his first three years of life included negligi-
ble deterioration of the liver function. His psychomotor
development progressed normally, with a developmental
quotient at 3 years old, as assessed by the Enjohji Devel-
opmental Test in Infancy and Early Childhood 106;
however, cognitive dysfunction was identified at 6 years
old using the Wechsler Intelligence Scale for Children-
Fourth edition.

The patient is now 12 years old, and the most recent
data are as follows: height, 147.3 cm (-0.2 SD); weight,
34.9 kg (body mass index, 16.1); serum AST level, 24 U/l;
serum ALT level, 22 IU/l; serum albumin level 4.04 g/
dl; hemoglobin 12.6 g/dl; platelet count, 395,000/ul; and
white blood cell count, 6,870/ul, indicating a normal
physical growth and liver function with mild anemia.

LARS1 as a single candidate gene by WES

WES using the child-parent trio revealed compound
heterozygosity in the infant for two potentially patho-
genic variants of LARSI [NM_020117.9] (Fig. 1A). One
missense variant, c.601 T>G; p.Trp201Gly in exon 7
[NM_020117.9], is paternally inherited and has not been
previously reported in ClinVar. An in silico analysis sug-
gested that p.Trp201Gly probably damaged the pro-
tein structure and/or function (Polyphen2: score 1.000;
probably damaging (Supplementary Table S1). Another
missense variant, ¢.1351A>T; p.Ille451Phe in exon 14
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[NM_020117.9], is maternally inherited and has been
previously described in a Japanese patient with ILFS1
[29]. It was located in the LARS-editing domain (Fig. 2A).
Importantly, 9 of the 23 pathogenic variants previously
reported in ILFS1 patients were located in this domain.
Three editing-domain variants, including p.Ille451Phe,
show severe symptoms during the neonatal period [1, 3,
4,29-31]. An in silico analysis predicted that p.lle451Phe
was also probably damaging to the protein structure and/
or function (PolyPhen-2:0.921; probably damaging) (Sup-
plementary Table S1). Notably, both missense variants
affected the evolutionarily conserved residues (Fig. 2B).

Liver defects in larsb-1451F zebrafish during liver
development

To assess the pathological relevance of LARSI variants in
the liver, we generated A-to-T at codon 1351 and C-to-
T at codon 1353 knock-in zebrafish lines using CRISPR/
Cas9. To obtain more efficient knock-in using genome
editing, we replaced the two bases that changed the PAM
sequence (Fig. 3A). Among the pathogenic variants in the
LARSI gene (p.ITrp201Gly/p.lle451Phe) identified in our
patient, we focused on the p.Ile451Phe variant, which
has been found in other Japanese patients, suggesting a
Japanese founder effect and is located within the editing
domain of the LARS protein, where pathological vari-
ants have accumulated [29]. We designed a model of the
larsb p.lle451Phe mutation (larsb-I451F) to elucidate the
pathogenesis of ILFS1 (Fig. 3B).

First, we measured the amount of Lars protein in the
whole body of larsb-I451F zebrafish larvae. Western blot-
ting confirmed that the amount of Lars protein in [arsb-
I451F zebrafish was similar to that in WT larsb zebrafish
(Supplementary Figure S1A-B). Patients with ILFS1
exhibit hepatomegaly and liver damage with rapid pro-
gression after viral infection during neonates and infancy
[3]. To analyze the morphology of the liver, larsb-I451F
zebrafish were crossed with Tg[fabplO:mcherry] trans-
genic zebrafish, which constitutively express mCherry
fluorescent protein in the liver [21, 22]. Because zebrafish
livers mature at the larval stage by five days old [32, 33],
we observed larsb-1451F zebrafish livers at approximately
5 dpf. At 5 dpf, larsb-I451F zebrafish exhibited a signifi-
cant decrease in the liver area and an increase in liver cir-
cularity (Fig. 3C-E), which are common features of liver
diseases [27]. As larsb-I451F zebrafish grew, abnormali-
ties in liver area and circularity gradually improved by 7
dpf (Fig. 3C-E). In addition, larsb-I451F zebrafish sur-
vived to adulthood in the same manner as WT zebrafish.
Thus, we found morphological abnormalities that pre-
dominantly appeared in the developing hepatocytes of
larsb-I1451F zebrafish.
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Fig. 2 Leucine-tRNA synthetase (LARS) mutations. A LARS domains and pathogenic variants found in infantile liver failure syndrome type 1
patients. Variants in our patients are shown in bold. Variants in another reported case with severe manifestation in the neonatal period are in red. B

Conservations of the missense variant in LARS

(See figure on next page.)

Fig. 3 Larsb-knockin larvae display liver abnormality during the liver developmental stage. A Diagram showing the larsb genomic locus

and larsb-knockin (larsb-1451F) zebrafish mutant genotype. B In the genomic sequencing analysis chromatograms, the mutation site
in the larsb-1451F zebrafish is shown in red. C Morphological abnormality at 4 to 7 dpf in the livers of larsb-1451F larvae with a Tg[fabp10:mcherry]
background. White arrows indicate the loss of liver edges in larsb-1451F larvae. Scale bar: 200 um. D Relative liver area in larsb-WT (n=15 fish)

and larsb-1451F (n=9 fish) larvae with a Tg[fabp 10:mcherry] background (4 to 7 dpf). *P < 0.05. E Circularity of liver in larsb-WT (n=15 fish)

and larsb-1451F (n=9 fish) larvae with a Tg[fabp 10:mcherry] background (4 to 7 dpf). Error bars indicate SEM. *P < 0.05, **P < 0.01
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A larsb gene
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Hepatic adiposity in larsb-1451F zebrafish

The liver was histopathologically analyzed. The livers
of larsb-1451F larvae contained more vacuoles than
those of larsb-WT larvae (Fig. 4A, B). Multiple vacu-
oles in the cytoplasm and clear circular spaces with
sharp outlines and contours are characteristic of fat-
type vacuolation [34].

To examine whether or not intrahepatic vacuoles in
larsb-I451F zebrafish were lipid droplets, we evalu-
ated intrahepatic lipids using fluorescent staining
[35]. Many lipid droplets visualized by lipid dye drop-
let staining were observed in the livers of larsb-I451F
larvae compared to those of larsb-WT larvae (Fig. 4C,
D). These data indicate that LARS dysfunction induces
hepatic lipid droplet formation. Most patients with
ILFS1 present liver steatosis [3]. Thus, larsb-I1451F
zebrafish exhibited a phenotype analogous to that
observed for ILFS1, indicating that the function of
LARS in the liver is conserved between zebrafish and
humans.

larsb-WT
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The larsb-1451F mutation augments autophagy in liver
Excessive activation of autophagy has been observed
in larsb-deficient zebrafish [19]. Therefore, to assess
whether or not autophagy is involved in liver abnor-
malities in larsb-I1451F zebrafish, we evaluated the sta-
tus of autophagy using fluorescent immunostaining for
LC-3 and p62 in larsb-I451F larvae. LC-3, a downstream
component of the autophagy pathway that participates
in autophagosome formation, is widely used to monitor
autophagy [36]. While the expression of p62, a selective
autophagy substrate, did not differ markedly between
larsb-I1451F and larsb-WT larvae (Supplementary Fig-
ure S2A-B), many autophagosomal structures visualized
with LC-3 were observed in the livers of larsb-1451F lar-
vae compared to larsb-WT larvae (Fig. 5A, B). There-
fore, LARS dysfunction appears to enhance autophagy in
developing livers.

Next, to validate whether or not the lipid droplets
detected in the livers of larsb-I451F larvae were induced
by enhanced autophagy, larsb-1451F larvae were treated
with an inhibitor specific to diacylglycerol acyltrans-
ferase 1 (DGAT1) (A922500). DGAT1 and DGAT2

=t
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Fig. 4 Histopathology and lipids staining of the liver in larsb-knockin larvae. A Hematoxylin and eosin staining of the liver in larsb-knockin
(larsb-1451F) larvae at 5 dpf. Scale bar: 20 um. B Quantification of the vesicle number in larsb-WT (n=7 sections) and larsb-1451F (n=12 sections) liver
at 5 dpf. Error bars indicate SEM. *P < 0.05. C Lipids staining of the liver in larsb-1451F larvae at 5 dpf. Scale bar: 20 um. D Quantification of the lipid
area in larsb-WT (n=6 sections) and larsb-1451F (n=6 sections) larvae liver at 5 dpf. Error bars indicate SEM. **P <0.01. Dpf: days post fertilization
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mediate the final step in the synthesis of triacylglycerols
from fatty acids stored in lipid droplets [37, 38]. Because
both DGAT1 and DGAT?2 act on liver lipid droplet for-
mation due to overnutrition, inhibition of DGAT1 alone
does not usually improve lipid droplets [37-39]. In con-
trast, hepatic lipid accumulation via autophagy is spe-
cifically mediated by DGAT1 [39]. We demonstrated
that A922500 treatment improved the accumulation of
intrahepatic lipids in larsb-1451F larvae (Supplemen-
tary Figure S3A-B). Consequently, it was likely that the
accumulated lipid droplets in the livers of larsb-1451F
zebrafish had been induced by autophagy.

To verify whether or not liver abnormalities in larsb-
I451F larvae were due to excessive autophagy, we treated
larsb-I451F larvae with the autophagy inhibitor, bafilo-
mycin Al. Bafilomycin treatment improved the abnormal
liver area and decreased liver circularity in larsb-1451F
larvae at 5 dpf (Fig. 5C-E). The accumulation of intra-
hepatic lipids was significantly reduced by bafilomycin
treatment (Fig. 5F-G). We concluded that hyperactivated
autophagy induced by larsb-I451F was responsible for
liver steatosis.

Discussion

In this study, we report a patient with deleterious vari-
ants in LARSI gene and demonstrate the pathogenesis of
ALF in ILFS1 by excessive autophagy during LARS dys-
function. Our patient presented with intrauterine growth
retardation, failure to thrive, developmental delay, micro-
cytic anemia, decreased muscle tone, and acute liver
failure in infancy, exaggerated by infections. CT during
infancy suggested the accumulation of hepatic fat. Liver
dysfunction leading to liver failure, along with growth
impairment, psychomotor developmental delay, anemia,
and muscular hypotonia, mostly improved by three years
old.

Liver dysfunction was most prominent in ILFS1
patients during infancy, which aligns with the finding
of this study that larsb-I451F zebrafish exhibited liver
abnormalities during the developmental stage. A histo-
pathological analysis of larsb-1451F zebrafish showed the

(See figure on next page.)
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accumulation of lipid droplets in the liver, which mim-
icked the liver of ILFS1 patients caused by biallelic vari-
ants of the human LARSI gene. In addition, enhanced
autophagy was observed in the livers of larsb-I451F
zebrafish. Inhibition of DGAT1, which converts fatty
acids to triacylglycerols, improves lipid droplets in the
liver of larsb-I451F zebrafish. Furthermore, the inactiva-
tion of autophagy by bafilomycin treatment significantly
decreased the accumulation of intrahepatic lipids. These
results suggest that LARS dysfunction in ILFS1 induces
steatosis in the developing zebrafish liver via enhanced
autophagy, pointing to the potential treatment of ALF by
inhibiting autophagy.

ILFS1 patients demonstrate liver failure during infancy
and episodes of febrile illness [1]. Hepatic dysfunction in
these patients is characterized by recurrent liver crises
with elevated liver enzyme levels as a prominent clinical
manifestation during the acute phase [3]. Liver crises are
most severe in infancy and tend to improve with age [1].
Histopathological findings in the liver are characterized
by hepatocellular damage resembling acute liver failure,
steatosis, fibrosis, and cirrhosis, consistent with the clini-
cal features of recurrent acute and chronic liver failure
[3]. The hepatic dysfunction in our ILFS1 patients was
quite similar to that in previous reports, indicating a large
impact of LARS dysfunction on infantile liver tissue.

In our previous study, larsb-knockout zebrafish exhib-
ited progressive liver failure, anemia, and neurologi-
cal defects that resembled the symptoms of patients
with ILFS1 [19]. However, the livers of larsb-knockout
zebrafish exhibited cytoplasmic loss due to severe dam-
age, and early lethality precluded a further histological
examination [19]. In the present study, we demonstrated
the accumulation of lipids through enhanced autophagy
in the liver of larsb-I451F zebrafish larvae. Although
larsb-I451F zebrafish had the same amount of LARS
protein as larsb-WT zebrafish, pathological variants of
LARSI led to a reduction in the aminoacylation activity
of LARS, as previously reported in fibroblasts from ILFS1
patients [3]. Aminoacylation is executed through the pre-
cise functions of leucine sensing and binding to the LARS

Fig. 5 Enhanced autophagy in the liver of larsb-knockin larvae. A Immunostaining of LC-3 in the liver of larsb-knockin (larsb-1451F) larvae at 5

dpf. Scale bar: 20 um. White arrowheads indicate LC3-positive dots. B Quantification of the number of LC-3 dots in larsb-WT (n=10 sections)

and larsb-1451F (n=9 sections) larvae liver at 5 dpf. Error bars indicate SEM. **P<0.01. C Morphological abnormality in the livers of larsb-1451F

larvae at 5 dpf with a Tg[fabp10:mcherry] background treated with DMSO or bafilomycin. Scale bar: 200 um. D Liver area in larsb-1451F larvae at 5
dpf with a Tg[fabp10:mcherry] background treated with DMSO (larsb-WT n=11 sections, larsb-1451F n=9 sections) or bafilomycin (larsb-WTn=10
sections, larsb-1451F n=14 sections). Error bars indicate SEM. *P < 0.05. E Circularity of the liver in larsb-1451F larvae at 5 dpf with a Tg[fabp10:mcherry]
background treated with DMSO (larsb-WT n=11 sections, larsb-1451F n=9 sections) or bafilomycin (larsb-WT n=10 sections, larsb-1451F n=14
sections). Error bars indicate SEM. *P<0.05. F Lipids staining of the liver in larsb-/451F larvae at 5 dpf treated with DMSO or bafilomycin. Scale bar:

20 um. G Quantification of the lipid area in larsb-1451F larvae liver at 5 dpf treated with DMSO (larsb-WT n=10 sections, larsb-1451F n=11 sections)
or bafilomycin (larsb-WT n=14 sections, larsb-1451F n=9 sections). Error bars indicate SEM. **P < 0.01. Dpf: days post fertilization
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protein, ATP binding, and structural alterations in LARS
[40, 41].

Pathogenic variants of LARSI that exhibit abnormali-
ties in any of these functions lose their capacity to stim-
ulate the mTORCI1 pathway, which regulates autophagy
[42]. Autophagy serves as an alternative energy source
during nutrient deficiency by facilitating the breakdown
of cellular components to produce fatty acids [43, 44].
However, excessive enhancement of autophagy beyond
physiological limits can lead to autophagic cell death
[45], which has also been confirmed in larsb-knockout
zebrafish. While moderate autophagy serves as a pro-
tective mechanism against cell death during starvation,
the surplus fatty acids generated during this process can
be toxic and need to be directed into the mitochondria
and used for energy production or stored as lipid drop-
lets through DGAT1-mediated pathways [39, 46], as
shown by larsb-I1451F zebrafish in this study. Recent
studies using mouse models have reported that increased
autophagy promotes lipid release from adipocytes
throughout the body. This process involves accelerated
degradation of stored fats within adipocytes, resulting
in the release of free fatty acids into the bloodstream.
These fatty acids are subsequently transported to the
liver, where they accumulate as fat deposits, exacerbat-
ing hepatic steatosis [47, 48]. It is therefore plausible
that upregulated autophagy due to LARS dysfunction in
larsb-I451F zebrafish induces fatty acid release from adi-
pocytes, potentially contributing to hepatic lipid accu-
mulation mediated by DGAT1. The dysregulation of liver
autophagy might differ between cases with complete
deficiency and those with partially retained function of
LARS. Severe phenotypes in larsb-knockout zebrafish
emerge because of the absence of functionalities, such
as leucine binding, aminoacylation, and the C-terminal
region interacting with mTORC1 [7]. In larsb-1451F
zebrafish harboring the pathogenic variant p.lle451Phe,
which encodes an editing domain responsible for remov-
ing erroneously incorporated amino acids, the pre-
cise charging of leucine is impeded [49]. Consequently,
accurate sensing of the intracellular leucine concentra-
tion is compromised, likely leading to the promotion of
autophagy as a response to perceived amino acid defi-
ciency. Further analyses using knock-in zebrafish with
other genotypes will help elucidate the mechanism by
which LARS dysfunction activates autophagy.

Larsb-1451F zebrafish exhibited an atypical liver mor-
phology at 5 dpf. In zebrafish embryogenesis, critical
organ systems, such as the liver, rapidly develop at 5
dpf [50]. During this process, the complex mechanism
of autophagy plays a crucial role in regulating cellular
proliferation and differentiation. In zebrafish embryo
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development, autophagic activity sufficiently increased
from 3 to 5 dpf [51, 52]. In patients diagnosed with
ILES1, ALF is predominantly observed in the neo-
natal and infantile phases [3]. While ILFS1 patients
commonly present with hepatomegaly, the liver size
in larsb-1451F zebrafish was diminished at the larval
stage. It is estimated that the liver size can show either
enlargement or reduction depending on the degree of
damage and stage of liver disease [53]. The need for
efficient resource recycling during the zebrafish lar-
val stage may have also resulted in more accelerated
autophagy than that in humans, resulting in a smaller
liver size. Given the resemblance between clinical liver
pathology in ILFS1 patients and histopathological find-
ings in larsb-I451F zebrafish larvae, it is plausible that
liver damage is predominantly observed in neonates
and infants owing to defects in the LARSI gene caused
by increased autophagy. We further postulate that if
remarkable and specific stimuli activate autophagy in
cells, organ-specific damage can occur at any time dur-
ing their lifespan.

Our findings suggest that dysregulation of autophagy,
caused by biallelic pathogenic variants of LARSI leads
to liver steatosis. Since significant similarities were
observed between the liver tissues of human ILFS1 and
those of larsb-I1451F zebrafish, this knock-in zebrafish
more closely replicates ILFS1 than does the [larsb-
knockout zebrafish. While patients with ILFS1 have a
reduced risk of ALF after infancy, neurological and
hematopoietic complications may relapse or appear
in the long term. Unlike larsb-knockout larvae, larsb-
I451F larvae can survive for as long as adult zebrafish,
so a straightforward evaluation of neurodevelopment
and hematopoiesis can be achieved. Inborn errors of
metabolism, such as Niemann-Pick disease type C and
Gaucher disease, are known to present with distinct
hepatic abnormalities during infancy and neurological
symptoms in adolescence or adulthood. Similarly, cit-
rin deficiency, which causes transient cholestatic liver
disease in infancy, suddenly manifests as hyperam-
monemia in later adulthood, after a long asymptomatic
period. Consequently, long-term clinical trajectories
can only be elucidated using model organisms that are
capable of tolerating long-term observation. Previous
case reports of ILFS1 are limited in number, and the
long-term clinical characteristics of surviving cases
remain unclear. Zebrafish offer advantages as a suitable
model organism for such observations and screening
for potential drugs or chemical compounds. Larsb-
I451F zebrafish may serve as an optimal model for
long-term study of ILFS1 and may provide invaluable
findings for further basic and clinical research.
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Conclusion

Our study verified that biallelic LARSI variants cause
liver abnormalities at the developmental stage through
an examination of a Japanese ILFS1 patient and larsb-
I451F zebrafish. A histological examination of the
liver in larsb-I1451F zebrafish revealed that accelerated
hepatic autophagy can cause hepatic steatosis. In addi-
tion, larsb-I1451F zebrafish exhibited a long survival
in contrast to larsb-knockout zebrafish, suggesting its
potential utility in dissecting the pathology of ILFS1
impairments in adulthood.
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ALF Acute liver failure

WES Whole-exome sequencing

LARS Leucyl-tRNA synthetase

ILFS1 Infantile liver failure syndrome type 1
mTORC1  Mammalian target of rapamycin complex 1
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Dpf Days post-fertilization

DGAT1 Diacylglycerol acyltransferase 1

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513023-024-03226-6.

Additional file 1: Table S1. Segregated variants in the family.

Additional file 2: Figure S1. WES automated a simple Western blot assay

of Larsb protein expression in larsb-knockin zebrafish. (A) Larsb protein
capillary-based Western blot images of wild-type and larsb-knockin (larsb-
1451F) zebrafish at 5 dpf. Lanes 1: molecular marker, Lanes 2-3: assay with
anti-Larsb antibody, Lanes 4-5: assay with anti-B-actin antibody. 3-actin
served as the loading control. (B) Densitometric quantification of the rela-
tive ratio of Larsb to B-actin in three independent experiments. Number
(n)=3 zebrafish/group. Error bars indicate SEM. *P < 0.05. Dpf: days post
fertilization.

Additional file 3: Figure S2.The evaluation of p62 in the liver of larsb-
knockin larvae. (A) Immunostaining for p62 in the livers of wild-type
(larsb-WT) and larsb-knockin (larsb-1451F) larvae at 5 dpf. Scale bar: 20 um.
(B) Quantification of the number of p62 dots in the livers of larsb-WT (n=5
sections) and larsb-1451F (n=8 sections) larvae at 5 dpf. Error bars indicate
SEM. Dpf: days post fertilization.

Additional file 4: Figure S3. Inhibition of DGAT1 prevents the liver steatosis
in larsb-knockin larvae. (A) Lipid staining of the liver in wild-type (larsb-
WT) and larsb-knockin (larsb-1451F) larvae at 5 dpf treated with DMSO or
A922500. Scale bar: 20 um. (B) Quantification of the lipid area in the livers
of larsb-WT and larsb-1451F larvae at 5 dpf treated with DMSO (larsb-WT
n=9 sections, larsb-1451F n=8 sections) or A922500 (larsb-WTn=7 sec-
tions, larsb-1451F n=8 sections). Error bars indicate SEM. *P< 0.05. DGAT1,
diacylglycerol acyltransferase 1; dpf, days post fertilization.

Acknowledgements

We thank Sayaka Kai, Miki Nakamura-Ota, and Kaori Miura for technical assis-
tance. We would also like to thank Brian Quinn of Japan Medical Communica-
tion for assisting in editing this paper.

Authors’ contributions

MI'and MM collected clinical data. KY and TK performed genetic analyses. Ml
generated mutant zebrafish and performed phenotyping with the assistance
of NS and HS. MI, WS, SS, and HM performed the histological analysis. RH pro-
vided key reagents and technical assistance for the generation of the mutant
zebrafish. Ml drafted the manuscript. Kl and TH coordinated the project, and
reviewed and edited the manuscript. All authors read, revised, and approved
the final draft of the manuscript.

Page 13 of 14

Funding

Masanori Inoue was supported by the Japan Society for the Promotion of Sci-
ence (22K15947) and Kawano Masanori Memorial Public Interest Incorporated
Foundation for the Promotion of Pediatrics. Toshikatsu Hanada was supported
by the Japan Society for the Promotion of Science (20H03644), Takeda Science
Foundation, Kamizono Kids Clinic, and Mizoguchi Urology Clinic.

Availability of data and materials
Original data and materials were obtained upon reasonable request from the
corresponding author.

Declarations

Ethics approval and consent to participate

This study using human data was approved by the ethics committee of the
Institutional Review Board of the Oita University Hospital, Japan (approval no.
2565). Written informed consent was obtained from all the participants. The
animal study protocol was approved by the Institutional Review Board of Oita
University (approval no. 230501).

Consent for publication
All authors approved the publication of this paper.

Competing interests
The authors declare no conflict of interest.

Author details

'Department of Pediatrics, Oita University Faculty of Medicine, Oita, Japan.
’Department of Neuropathology, Institute for Medical Science of Aging, Aichi
Medical University, Aichi, Japan. *Department of Cell Biology, Oita University
Faculty of Medicine, Oita, Japan. *Department of Genome Medicine, National
Center for Child Health and Development, Tokyo, Japan. >Department of Neu-
rophysiology, Oita University Faculty of Medicine, Oita, Japan.

Received: 13 November 2023 Accepted: 19 May 2024
Published online: 28 May 2024

References

1. Casey JP, Slattery S, Cotter M, Monavari AA, Knerr |, Hughes J, et al. Clinical
and genetic characterisation of infantile liver failure syndrome type 1, due
to recessive mutations in LARS. J Inherit Metab Dis. 2015;38(6):1085-92.

2. Casey JP, McGettigan P, Lynam-Lennon N, McDermott M, Regan R, Conroy
J, et al. Identification of a mutation in LARS as a novel cause of infantile
hepatopathy. Mol Genet Metab. 2012;106(3):351-8.

3. Lenz D, Smith DEC, Crushell E, Husain RA, Salomons GS, Alhaddad B, et al.
Genotypic diversity and phenotypic spectrum of infantile liver failure syn-
drome type 1 due to variants in LARST. Genet Med. 2020;22(11):1863-73.

4. Peroutka C, Salas J, Britton J, Bishop J, Kratz L, Gilmore MM, et al. Severe
Neonatal Manifestations of Infantile Liver Failure Syndrome Type 1
Caused by Cytosolic Leucine-tRNA Synthetase Deficiency. JIMD Rep.
2019;45:71-6.

5. Kok G,Tseng L, Schene IF, Dijsselhof ME, Salomons G, Mendes M|, et al.
Treatment of ARS deficiencies with specific amino acids. Genet Med.
2021;23(11):2202-7.

6. Han JM, Jeong SJ, Park MC, Kim G, Kwon NH, Kim HK; et al. Leucyl-tRNA
synthetase is an intracellular leucine sensor for the mTORC1-signaling
pathway. Cell. 2012;149(2):410-24.

7. KimJH, Lee C, Lee M, Wang H, Kim K, Park SJ, et al. Control of leucine-
dependent mTORC1 pathway through chemical intervention of leucyl-
tRNA synthetase and RagD interaction. Nat Commun. 2017;8(1):732.

8. CusackS, Yaremchuk A, Tukalo M. The 2 A crystal structure of leucyl-tRNA
synthetase and its complex with a leucyl-adenylate analogue. EMBO J.
2000;19(10):2351-61.

9. Lee SW, Cho BH, Park SG, Kim S. Aminoacyl-tRNA synthetase complexes:
beyond translation. J Cell Sci. 2004;117(Pt 17):3725-34.

10. Park SG, Ewalt KL, Kim S. Functional expansion of aminoacyl-tRNA syn-
thetases and their interacting factors: new perspectives on housekeepers.
Trends Biochem Sci. 2005;30(10):569-74.


https://doi.org/10.1186/s13023-024-03226-6
https://doi.org/10.1186/s13023-024-03226-6

Inoue et al. Orphanet Journal of Rare Diseases (2024) 19:219

20.

21

22.

23.

24.

25.

26.

27.

28

29.

30

31

32.

33.

34.

35.

. Park SG, Schimmel P, Kim S. Aminoacy! tRNA synthetases and their con-

nections to disease. Proc Natl Acad Sci U S A. 2008;105(32):11043-9.
Bonfils G, Jaquenoud M, Bontron S, Ostrowicz C, Ungermann C, De
Virgilio C. Leucyl-tRNA synthetase controls TORCT via the EGO complex.
Mol Cell. 2012;46(1):105-10.

He C, Klionsky DJ. Regulation mechanisms and signaling pathways of
autophagy. Annu Rev Genet. 2009;43:67-93.

Bar-Peled L, Sabatini DM. Regulation of mTORC1 by amino acids. Trends
Cell Biol. 2014;24(7):400-6.

Gonzalez A, Hall MN. Nutrient sensing and TOR signaling in yeast and
mammals. EMBO J. 2017;36(4):397-408.

Powis K, De Virgilio C. Conserved regulators of Rag GTPases orchestrate
amino acid-dependent TORC1 signaling. Cell Discov. 2016;2:15049.
Passarelli MC, Pinzaru AM, Asgharian H, Liberti MV, Heissel S, Molina H, et al.
LeucyHRNA synthetase is a tumour suppressor in breast cancer and regulates
codon-dependent translation dynamics. Nat Cell Biol. 2022,24(3):307-15.
Guillon J, Coquelet H, Leman G, Toutain B, Petit C, Henry C, et al. tRNA bio-
genesis and specific aminoacyl-tRNA synthetases regulate senescence
stability under the control of mTOR. PLoS Genet. 2021;17(12):e1009953.
Inoue M, Miyahara H, Shiraishi H, Shimizu N, Tsumori M, Kiyota K, et al.
Leucyl-tRNA synthetase deficiency systemically induces excessive
autophagy in zebrafish. Sci Rep. 2021;11(1):8392.

lidaT, Igarashi A, Fukunaga K, Aoki T, Hidai T, Yanagi K, et al. Functional
analysis of RRAS2 pathogenic variants with a Noonan-like phenotype.
Front Genet. 2024;15:1383176.

Her GM, Chiang CC, Chen WY, Wu JL. In vivo studies of liver-type fatty acid
binding protein (L-FABP) gene expression in liver of transgenic zebrafish
(Danio rerio). FEBS Lett. 2003;538(1-3):125-33.

Her GM, Yeh YH, Wu JL. 435-bp liver regulatory sequence in the liver fatty
acid binding protein (L-FABP) gene is sufficient to modulate liver regional
expression in transgenic zebrafish. Dev Dyn. 2003;227(3):347-56.
Hruscha A, Krawitz P, Rechenberg A, Heinrich V, Hecht J, Haass C, et al.
Efficient CRISPR/Cas9 genome editing with low off-target effects in
zebrafish. Development. 2013;140(24):4982-7.

Hwang WY, Fu'Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, et al. Efficient
genome editing in zebrafish using a CRISPR-Cas system. Nat Biotechnol.
2013;31(3):227-9.

Kwan KM, Fujimoto E, Grabher C, Mangum BD, Hardy ME, Campbell DS,
et al. The Tol2kit: a multisite gateway-based construction kit for Tol2
transposon transgenesis constructs. Dev Dyn. 2007,236(11):3088-99.
Hartley JL, Temple GF, Brasch MA. DNA cloning using in vitro site-specific
recombination. Genome Res. 2000;10(11):1788-95.

Howarth DL, Lindtner C, Vacaru AM, Sachidanandam R, Tsedensod-

nom O, Vasilkova T, et al. Activating transcription factor 6 is necessary
and sufficient for alcoholic fatty liver disease in zebrafish. PLoS Genet.
2014;10(5):e1004335.

Kotiyal S, Fulbright A, O'Brien LK, Evason KJ. Quantifying Liver Size in
Larval Zebrafish Using Brightfield Microscopy. J Vis Exp. 2020;156:260744.
Hirata K, Okamoto N, Ichikawa C, Inoue S, Nozaki M, Banno K, et al. Severe
course with lethal hepatocellular injury and skeletal muscular dysgenesis
in a neonate with infantile liver failure syndrome type 1 caused by novel
LARST mutations. Am J Med Genet A. 2021;185(3):866-70.

La Fay C, Hoebeke C, Juzaud M, Spraul A, Heux P, Dubus JC, et al. Deep
phenotyping of MARST (interstitial lung and liver disease) and LARS1
(infantile liver failure syndrome 1) recessive multisystemic disease using
Human Phenotype Ontology annotation: Overlap and differences. Case
report and review of literature. Eur J Med Genet. 2021,64(11):104334.
Singh A, Mandal K, Verma MK, Naranje KM, Roy A. Familial Infantile

Liver Failure Syndrome 1: Novel LARST Gene Mutation. Indian J Pediatr.
2022;89(9):922.

Wilkins BJ, Pack M. Zebrafish models of human liver development and
disease. Compr Physiol. 2013;3(3):1213-30.

Gordillo M, Evans T, Gouon-Evans V. Orchestrating liver development.
Development. 2015;142(12):2094-108.

Wolf JC, Wheeler JR. A critical review of histopathological findings associ-
ated with endocrine and non-endocrine hepatic toxicity in fish models.
Aquat Toxicol. 2018;197:60-78.

Nakashima KI, Okamura M, Matsumoto |, Kameda N, Tsuboi T, Yamaguchi
E, et al. Regulation of adipogenesis through retinoid X receptor and/or
peroxisome proliferator-activated receptor by designed lignans based on
natural products in 3T3-L1 cells. J Nat Med. 2023;77(2):315-26.

Page 14 of 14

36. BaiH, Inoue J, Kawano T, Inazawa J. A transcriptional variant of the LC3A
gene is involved in autophagy and frequently inactivated in human
cancers. Oncogene. 2012;31(40):4397-408.

37. Harris CA, Haas JT, Streeper RS, Stone SJ, Kumari M, Yang K, et al. DGAT
enzymes are required for triacylglycerol synthesis and lipid droplets in
adipocytes. J Lipid Res. 2011;52(4):657-67.

38. Walther TC, Farese RV Jr. Lipid droplets and cellular lipid metabolism.
Annu Rev Biochem. 2012;81:687-714.

39. NguyenTB, Louie SM, Daniele JR, Tran Q, Dillin A, Zoncu R, et al. DGAT1-
Dependent Lipid Droplet Biogenesis Protects Mitochondrial Function
during Starvation-Induced Autophagy. Dev Cell. 2017;42(1):9-21.e5.

40. Palencia A, Crepin T, Vu MT, Lincecum TL Jr, Martinis SA, Cusack S.
Structural dynamics of the aminoacylation and proofreading func-
tional cycle of bacterial leucyl-tRNA synthetase. Nat Struct Mol Biol.
2012;19(7):677-84.

41. Huang Q, Zhou XL, Hu QH, Lei HY, Fang ZP, Yao P, et al. A bridge between
the aminoacylation and editing domains of leucyl-tRNA synthetase is
crucial for its synthetic activity. RNA. 2014;20(9):1440-50.

42. Kim S,Yoon |, Son J, Park J, Kim K, Lee JH, et al. Leucine-sensing mecha-
nism of leucyl-tRNA synthetase 1 for mTORC1 activation. Cell Rep.
2021;35(4):109031.

43. Komatsu M, Waguri S, Ueno T, Iwata J, Murata S, Tanida |, et al. Impairment
of starvation-induced and constitutive autophagy in Atg7-deficient mice.
J Cell Biol. 2005;169(3):425-34.

44. Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy fights disease
through cellular self-digestion. Nature. 2008;451(7182):1069-75.

45. Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and self-killing:
crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol.
2007;8(9):741-52.

46. Unger RH, Clark GO, Scherer PE, Orci L. Lipid homeostasis, lipotoxicity and
the metabolic syndrome. Biochim Biophys Acta. 2010;1801(3):209-14.

47. Geisler CE, Renquist BJ. Hepatic lipid accumulation: cause and con-
sequence of dysregulated glucoregulatory hormones. J Endocrinol.
2017,234(1):R1-21.

48. Yamamuro T, Nakamura S, Yanagawa K, Tokumura A, Kawabata T,
Fukuhara A, et al. Loss of RUBCN/rubicon in adipocytes mediates the
upregulation of autophagy to promote the fasting response. Autophagy.
2022;18(11):2686-96.

49. Lincecum TL Jr, Tukalo M, Yaremchuk A, Mursinna RS, Williams AM, Sproat
BS, et al. Structural and mechanistic basis of pre- and posttransfer editing
by leucyl-tRNA synthetase. Mol Cell. 2003;11(4):951-63.

50. Chu J, Sadler KC. New school in liver development: lessons from
zebrafish. Hepatology. 2009;50(5):1656-63.

51. CecconiF, Levine B.The role of autophagy in mammalian development:
cell makeover rather than cell death. Dev Cell. 2008;15(3):344-57.

52. Cuil, Sim TH, Gong Z, Shen HM. Generation of transgenic zebrafish
with liver-specific expression of EGFP-Lc3: a new in vivo model for
investigation of liver autophagy. Biochem Biophys Res Commun.
2012;422(2):268-73.

53. Goessling W, Sadler KC. Zebrafish: an important tool for liver disease
research. Gastroenterology. 2015;149(6):1361-77.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Biallelic variants in LARS1 induce steatosis in developing zebrafish liver via enhanced autophagy
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	WES (whole-exome sequencing) and filtering analyses
	Zebrafish maintenance
	Generation of the larsb I451F zebrafish line
	Generation of transgenic zebrafish
	WES automated simple Western blot assay
	Morphological analyses
	Histopathological staining and fluorescent immunostaining
	Fluorescent staining of accumulated lipids
	Bafilomycin A1 and A922500 treatments
	Statistical analyses

	Results
	An ILFS1 patient with liver dysfunction
	LARS1 as a single candidate gene by WES
	Liver defects in larsb-I451F zebrafish during liver development
	Hepatic adiposity in larsb-I451F zebrafish
	The larsb-I451F mutation augments autophagy in liver

	Discussion
	Conclusion
	Acknowledgements
	References


