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A B S T R A C T

The SLC25A20 gene encodes carnitine-acylcarnitine translocase (CACT), facilitating the transport of long-chain
acylcarnitine required for energy production via β-oxidation into the mitochondria. Loss-of-function mutations in
this gene lead to CACT deficiency, a rare autosomal recessive disorder of fatty acid metabolism characterized by
severe symptoms including cardiomyopathy, hepatic dysfunction, rhabdomyolysis, hypoketotic hypoglycemia,
and hyperammonemia, often resulting in neonatal mortality. Here, we utilized CRISPR/Cas9 gene editing to
isolate slc25a20 mutant zebrafish. Homozygous mutants displayed significant lethality, with the majority suc-
cumbing before reaching maturity. However, we identified a notably rare homozygous individual that survived
into adulthood, prompting a histological examination. Firstly, we observed adipose tissue accumulation at
various sites in the homozygous mutant. The mutant heart exhibited hypertrophy, along with degenerated
myocardial and muscle cells containing numerous eosinophilic nuclei. Additionally, we found no large oil droplet
vacuoles in the mutant liver; however, the hepatocytes displayed numerous small vacuoles resembling lipid
droplets. Iron deposition was evident in the spleen and parts of the liver. Overall, our slc25a20 zebrafish mutant
displayed tissue pathologies analogous to human CACT deficiency, suggesting its potential as a pathological
model contributing to the elucidation of pathogenesis and the improvement/development of therapies for CACT
deficiency.

1. Introduction

Carnitine-acylcarnitine translocase (CACT) deficiency is a rare
autosomal recessive disorder of fatty acid metabolism characterized by
severe symptoms [1–4]. CACT is a membrane antiporter protein con-
sisting of 301 amino acids, encoded by the solute carrier family 25
member 20 (SLC25A20) gene [5–7]. It plays a crucial role in the
carnitine cycle by facilitating the transport of L-carnitine out of the
mitochondrial inner membrane while simultaneously transporting long-
chain acylcarnitine into the inner membrane [8]. Long-chain acylcar-
nitine transported into the mitochondria is then converted to acyl CoA,
utilized for energy production via β-oxidation [9]. Deficiency of CACT
leads to reduced energy production from long-chain fatty acids,
endogenous toxicity due to accumulation of long-chain acylcarnitine,
and thus impaired organ function, particularly in the heart, skeletal
muscle, and liver, where β-oxidation is active.

CACT deficiency manifests in two phenotypes: a severe neonatal-
onset form, predominant among patients, and a late-onset form
[2,4,10,11]. Patients with the late-onset form typically exhibit milder
symptoms, while those with the neonatal-onset form experience severe
symptoms that often develop within 2 days of birth, including hyper-
ammonaemia, cardiomyopathy or arrhythmias, liver dysfunction with
hepatomegaly, and skeletal muscle damage or rhabdomyolysis [2,11],
leading to sudden death in the neonatal period in the majority of the
cases [2,10–13]. Cases have been reported of patients, including those
with the severe form of the disease, who survived for more than a year
with accurate diagnosis and treatment centered on dietary management
[11,14]. This suggests that a more detailed analysis of the disease and
the search for optimal treatment strategies could improve outcomes.
However, progress remains limited by the small number of reported
cases (89 neonatal-onset cases and 14 late-onset cases as of 2022) [4]
and the lack of an appropriate pathological model.
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Zebrafish, a vertebrate model organism, is useful for studying human
disease pathogenesis due to not only ethical considerations, but also ease
of genetic manipulation and high fecundity allowing large-scale exper-
iments [15–17]. In this study, we generated a slc25a20mutant zebrafish
to elucidate the function of the slc25a20 gene and the pathogenesis of
CACT deficiency. While the homozygous mutants exhibited high
lethality with few surviving to adulthood, we identified a rare adult
survivor and conducted histopathological analyses to examine tissue
phenotypes, revealing similarities to observed human phenotypes.

2. Materials and methods

2.1. Ethics approval

All animal experiments were performed in compliance with the
protocol reviewed by the Institutional Animal Care and Use Committee
and approved by the President of Niigata University (#SA01244).

2.2. Zebrafish husbandry

Zebrafish (AB strain) were raised and maintained under a 14-h light/
10-h dark cycle at 28 ◦C following standard protocols. Fish were fed
brine shrimp at 9:00 a.m. and powdered feed (Kyorin, Himeji, Japan) at
12:00 p.m. [18]

2.3. CRISPR/Cas9 genome editing

The setup for the microinjection was described previously [11]. To
generate slc25a20 -mutant zebrafish, a mixture of guide RNA (target
sequence: GGAGAAGTCGCGCAGTACGCCGG, 25 ng/μl), Cas9 protein
(0.6 μg/μl; New England Biolabs, Ipswich, MA) and phenol red (2 %)
was microinjected into one-cell-stage fish embryos as previously
described [19,20]. F1 and subsequent generations were genotyped as
follows. A small portion of the caudal fin was collected from each fish,
and genomic DNA was extracted using the KANEKA Easy DNA Extrac-
tion Kit version 2 (Kaneka Corp., Japan). The DNA was used as a tem-
plate for PCR amplification of the region surrounding the mutation site
(forward primer: TCTGTGTGTGCGTGACCTTT; reverse primer:
GGCCAGTGTTTTCTTGAAGC). Amplified DNA fragments were
sequenced by Eurofins Genomics (Tokyo, Japan) at the mutation site
using the forward primer to confirm genotypes.

2.4. Transcript expression analysis

The relative expression levels across each organ were compared
based on transcripts per million (TPM) as follows. RNA sequencing data
for multiple adult zebrafish tissues are publicly available at the National
Center for Biotechnology Information (NCBI) Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE171906).
Data for nine organs (brain, heart, intestine, liver, muscle, skin, spleen,
tail, and testis) were obtained, with three biological replicates per organ
(27 samples total, from GSM5237120 to GSM5237146). The TPM values
were consolidated, and the mean and standard error of the mean were
calculated.
In situ hybridization was done as follows. Partial slc25a20 cDNA

sequence of zebrafish was synthesized by Eurofins Genomics (Tokyo,
Japan) and was subcloned into T-Vector pMD20 (TakaraBio, Kusatsu,
Japan). Digoxigenin (DIG)-labeled riboprobes were synthesized using
the DIG RNA labeling kit (Roche Diagnostics, Basel, Switzerland)
following the manufacturer’s instructions. Subsequent mRNA in situ
hybridization was performed as previously described [21]. In addition
to the slc25a20 gene, we conducted in situ hybridization experiments
simultaneously on two other unrelated genes. Each of the three antisense
probes produced distinct and characteristic signal patterns, confirming
that the results were unlikely to be due to non-specific signals.

2.5. Histological experiments

Mutant and WT zebrafish were euthanized by immersion in water
from the breeding system containing 0.1 % Tricaine. Entire bodies with
a small incision in the abdomen were fixed in 4 % paraformaldehyde at
4 ◦C overnight, followed by decalcification in ethylenediaminetetra-
acetic acid (EDTA) solution. After a series of ethanol and xylene washes,
the specimens were embedded in paraffin and sectioned into 3-μm sec-
tions. Hematoxylin-eosin (HE) staining, azan staining, and Prussian blue
staining were performed using standard protocols.

3. Results

3.1. Generation of slc25a20 mutant zebrafish

To gain deeper insights into the pathogenesis of CACT deficiency and
the role of SLC25A20, we generated zebrafish with a mutation in the
slc25a20 gene. Injection of guide RNA along with Cas9 protein into one-
cell stage fish embryos led to the production of F0 mosaic mutants.
Subsequently, F0 mosaic mutants were bred with wildtype AB zebrafish
to produce a heterozygous mutant F1 generation. Upon genotyping this
cohort, we identified a mutant harboring a 2-bp insertion at the target
site within exon 2 of the slc25a20 gene (Fig. 1A, NM_200859.1:
c.152_153insCA p.(Ala52Thrfs*31) in HGVS c. and p. nomenclature).
The resultant frameshift caused by this insertion is predicted to yield a
protein in which the 51st tyrosine residue of the Slc25a20 protein is
followed by an unrelated 30-amino acid sequence (Fig. 1B&C). This
mutation removes 83.0 % of the Slc25a20 protein, which exhibits high
conservation across various vertebrates throughout its entire length (of
the 300 amino acid zebrafish protein, 241 amino acids are identical to
mice (80.3 %) and 243 amino acids to humans (81.0 %)). Moreover, this
mutation leads to the loss of many amino acid residues critical for
transport activity, as reported in previous studies [7,22]. These findings
strongly suggest that the function of the slc25a20 gene is disrupted in the
zebrafish mutant.

3.2. Expression of slc25a20 gene

We examined the spatial and temporal expression patterns of the
slc25a20 gene. RNA sequencing analysis profiling transcript expression
levels across adult zebrafish tissues (data obtained from the public
database, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GS
E171906) revealed its widespread expression, with notably elevated
levels observed in the brain, heart, intestine, liver, and skin (Fig. 2A).
Furthermore, we corroborated this ubiquitous expression pattern
through in situ hybridization of slc25a20 mRNA in juvenile fish as well
(Fig. 2B). The slc25a20 gene, involved in mitochondrial energy meta-
bolism, exhibited ubiquitous expression across various organs in juve-
nile and adult zebrafish, as expected from its biological role.

3.3. Histological analysis of the slc25a20 mutant

To analyze the phenotype of the slc25a20 mutant, F1 heterozygous
animals were bred through in-crossing to generate homozygous fish. At
approximately 1.5–3.5 months of age, 48 F2 progeny were genotyped,
revealing only one homozygous mutant (homozygous (n = 1, 2 %);
heterozygous (n = 34, 71 %); WT (n = 13, 27 %)), indicating strong
lethality in homozygous fish. However, despite its lethality, the
appearance of the surviving case of the homozygous mutant was not
particularly strikingly abnormal (Fig. 3A). Upon close observation, the
mutant exhibited slightly awkward swimming behavior and a slightly
larger body size compared to the wild type. Specifically, the standard
length (SL) [23] of the mutant was 24.5 mm, and the height at the
anterior of the anal fin (HAA) [23] was 4.9 mm. In contrast, the average
wild-type fish from the F2 progeny, as shown in Fig. 3A, had an SL of
19.2 mm and an HAA of 3.6 mm. We conducted a thorough search for
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similar individuals with awkward movements, not only among the 48
genotyped F2 offspring but also among over 100 additional F2 offspring.
However, no other such individuals were identified.
To investigate the morphological phenotype of the slc25a20mutant,

we euthanized both the homozygous mutant and a simultaneously ob-
tained wild type fish (both male) and conducted hematoxylin and eosin
(HE) staining on 3-μm sections (Fig. 3B). Initially, we examined the
coelomic cavity in general and observed a significantly higher presence
of mature adipose tissue in the mutant compared to the wild type
(Fig. 3C). Substantial amounts of adipose tissue were noted in various

locations within the mutant, including between internal organs such as
the liver and intestine (Fig. 3C4), adjacent to the testes (Fig. 3C5), and
external to the coelomic cavity (Fig. 3C6). These observations indicated
an abnormal accumulation of mature adipose tissue in the homozygous
mutant.
Given the prevalence of severe heart failure in many patients with

CACT deficiency [2,11,12], we examined the heart of the mutant for
morphological abnormalities (Fig. 4). In terms of the overall organ
shape, the heart of the mutant was noticeably hypertrophied compared
to that of wild type fish (Fig. 4A1, A4). Upon examination of the internal

Zebrafish -MSKQQPISPMKNFFAGGFGGVCLVFAGHPLDTIKVRLQTQPKPRPGEVAQYAGTFDCFK 59
Mouse   MADEPKPISPFKNLLAGGFGGMCLVFVGHPLDTVKVRLQTQPPSLSGQPPMYSGTLDCFR 60
Human   MADQPKPISPLKNLLAGGFGGVCLVFVGHPLDTVKVRLQTQPPSLPGQPPMYSGTFDCFR 60

Zebrafish KTLAKEGVRGLYKGMAAPIIGVTPMFAVCFFGFGLGKKLQQKTPDDILTYPQLFAAGMLS 119
Mouse   KTLMREGITGLYRGMAAPIIGVTPMFAVCFFGFGLGKKLQQKSPEDELSYPQLFTAGMLS 120
Human   KTLFREGITGLYRGMAAPIIGVTPMFAVCFFGFGLGKKLQQKHPEDVLSYPQLFAAGMLS 120

Zebrafish GVFTTAIMAPGERIKCLLQIQAASGQVKYAGPMDCVKQLYRESGIRGIYKGTALTLMRDV 179
Mouse   GVFTTGIMTPGERIKCLLQIQASSGENKYSGTLDCAKKLYQEFGIRGFYKGTVLTLMRDV 180
Human   GVFTTGIMTPGERIKCLLQIQASSGESKYTGTLDCAKKLYQEFGIRGIYKGTVLTLMRDV 180

Zebrafish PASGMYFMTYEWLKHALTPEGKSPSELSVPSILFAGGMAGIFNWAVAIPPDVLKSRFQTA 239
Mouse   PASGMYFMTYEWLKNLFTPEGKSVSDLSVPRILVAGGFAGIFNWAVAIPPDVLKSRFQTA 240
Human   PASGMYFMTYEWLKNIFTPEGKRVSELSAPRILVAGGIAGIFNWAVAIPPDVLKSRFQTA 240

Zebrafish PEGKYPNGFRDVLRELVREEGVRSLYKGFNAVMLRAFPANAACFLGFEVAMKFLNWIAPN 299
Mouse   PPGKYPNGFRDVLRELIREEGVTSLYKGFNAVMIRAFPANAACFLGFEIAMKFLNWIAPN 300
Human   PPGKYPNGFRDVLRELIRDEGVTSLYKGFNAVMIRAFPANAACFLGFEVAMKFLNWATPN 300

Zebrafish L 300
Mouse   L 301
Human   L 301

Zebrafish(MTA) -MSKQQPISPMKNFFAGGFGGVCLVFAGHPLDTIKVRLQTQPKPRPGEVAQYTPEHSTAS 59
Zebrafish(WT) -MSKQQPISPMKNFFAGGFGGVCLVFAGHPLDTIKVRLQTQPKPRPGEVAQYAGTFDCFK 59
Mouse   MADEPKPISPFKNLLAGGFGGMCLVFVGHPLDTVKVRLQTQPPSLSGQPPMYSGTLDCFR 60
Human MADQPKPISPLKNLLAGGFGGVCLVFVGHPLDTVKVRLQTQPPSLPGQPPMYSGTFDCFR 60

Zebrafish(MTA) RKHWPKRACGVSIRVWRPPSLV-------------------------------------- 81
Zebrafish(WT) KTLAKEGVRGLYKGMAAPIIGVTPMFAVCFFGFGLGKKLQQKTPDDILTYPQLFAAGMLS 119  
Mouse   KTLMREGITGLYRGMAAPIIGVTPMFAVCFFGFGLGKKLQQKSPEDELSYPQLFTAGMLS 120  
Human KTLFREGITGLYRGMAAPIIGVTPMFAVCFFGFGLGKKLQQKHPEDVLSYPQLFAAGMLS 120

Fig. 1. Generation of slc25a20 mutant zebrafish. (A) Sequences of wild-type (WT) and slc25a20 mutant fish are shown. The red square indicates the insertion with a
2-base pair addition. The N (G or A) after the insertion site represents a genetic polymorphism. (B) Protein sequence of zebrafish Slc25a20. Comparison of the amino
acid sequence of SLC25A20 among D. rerio, M. musculus, and humans. Sequence alignment was conducted using Clustal Omega (https://www.ebi.ac.uk/jdispatcher/
msa/clustalo) [58]. Shaded residues indicate conserved amino acids. The red arrowhead indicates the position of the insertion mutation in D. rerio, isolated in this
study. The orange dotted line indicates the site encoded by exon 2 in zebrafish. Blue bars indicate the positions of the 6 presumed transmembrane domains [5]. Red
asterisks and sharps indicate the amino acid residues involved in binding substrate molecules and in cell redox sensing and control, respectively [7,22]. The red arrow
indicates the position of the frameshift mutation (p.Lys61fs) found in a severely ill patient [27,35]. (C) Protein sequence of zebrafish Slc25a20 (MTA) and its
comparison of the amino acid sequence. The red bold characters indicate the unrelated 30-amino acid sequence after the frameshift.
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structure, the ventricle of wild-type fish exhibited myocardial cells ar-
ranged in a typical trabecular meshwork with blood filling the intersti-
tial spaces [24]. Conversely, the ventricle of the mutant was densely
packed with cardiomyocytes and displayed a reduced proportion of
blood-containing space. This characteristic of myocardial packing was
consistent across various sections of the heart and was identified as an
abnormality in the mutant heart (Fig. 4B). Azan-stained sections
revealed the absence of adipose tissue both inside and outside the
coelomic membrane in wild type fish (Fig. 4 A2). In contrast, a sub-
stantial amount of adipose tissue was observed on either side of the
membrane in the mutant, with fat cells infiltrating through the organ
boundaries and adhering to the heart surface (Fig. 4A5). Examination of
myocardial fibers at high magnification revealed some eosin-negative
vacuoles that seemed to be oil droplets and numerous particles within
cardiomyocytes throughout the ventricle of the mutant, a feature not
seen in wild type fish (Fig. 4A3, A6). Stained images of some of these

particles exhibited eosin-negative membranes surrounding eosin-
positive nuclei. These findings indicate that the mutant heart
mimicked the cardiac disease of patients with human CACT deficiency.
Next, we conducted a histological examination of the skeletal muscle

of the mutant to identify morphological abnormalities (Fig. 5). Partic-
ularly in the muscles adjacent to the skin and around the myoseptum of
the mutant, we found a significant amount of adipose tissue and the
muscle cells in the vicinity had sarcomere structure disrupted and
degenerated (Fig. 5A). Additionally, we observed numerous particles

Fig. 2. Transcript expression profile of the slc25a20 gene. (A) RNA sequence analysis reveals the ubiquitous expression of the gene in adult fish (data obtained from
the public database, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE171906). The relative expression levels of each organ are compared on TPM
(transcripts per million) basis. (B) In situ hybridization of slc25a20 mRNA demonstrates its ubiquitous expression in 14-day-old fry.

Fig. 3. Adipose tissue accumulation inside and outside the coelomic cavity of
the slc25a20 mutant. (A) Appearance of zebrafish used for tissue analysis. (B)
Representative hematoxylin and eosin (HE) staining of 3-μm paraffin sections
from the individuals showing a cross-section of the whole body. Squares
correspond to the magnified regions shown in the following images. (C) Marked
accumulation of adipose tissue in the mutant (C4–6) compared to the wild-type
fish (C1–3). The images between the liver and the intestine (C1, C4), near the
testes (C2, C4), and just outside of the coelomic cavity (C3, C6) are shown.
Image C5 was taken from a different section than the one in B. The back arrows
indicate abnormal accumulation of adipose tissue. Scale bar, 100 μm.

Fig. 4. Hypertrophy and abnormal histology observed in the heart of the
slc25a20mutant. (A) Representative cardiac images of the wild-type fish (A1–3)
and the mutant (A4–6). (A1, A4) Low-magnification images of the hearts from
hematoxylin and eosin (HE)-stained paraffin sections. Scale bars, 0.5 mm. (A2,
A5) Images of azan-stained paraffin sections adjacent to those in A1 and A4.
Arrowhead and arrow indicate the connective tissue layer just inside the ventral
skin and the coelomic membrane, respectively. Scale bars, 100 μm. (A3, A6)
High-magnification images of the ventricles from HE-stained paraffin sections.
The back arrowheads indicate eosin-negative membranes surrounding eosin-
positive nuclei. Scale bars, 10 μm. (B) Cardiac images of serial HE-stained
sections of the wild-type fish (B1–5) and the mutant (B6–15). The positions
of the A1 and A4 sections are between the B2 and B3 sections and between the
B12 and B13 sections, respectively. The distance between the sections is
approximately 30 μm. Scale bar, 0.5 mm.
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resembling those found in cardiomyocytes, along with some eosin-
negative vacuoles, within the muscle cells (Fig. 5 A6). Observation of
the tail region near the trunk revealed that the majority of the mutant’s
muscle tissue exhibited normal sarcomere structure, but there was a
marked increase in cell disruption toward the body surface (Fig. 5B).
These findings show the skeletal muscle of the mutant exhibited lipid
storage myopathy and cell degeneration.
One of the known symptoms of CACT deficiency is the accumulation

of fat in hepatocytes, resulting in fatty liver, hepatomegaly, and liver
fibrosis [2,3,11,25–28]. Therefore, we examined morphological abnor-
malities in the liver of the mutant (Fig. 6). There did not appear to be any
particularly marked differences in organ size or shape between the wild-
type fish and the mutant (Fig. 6A). The histological structure of the liver
in the wild-type fish showed a typical picture of hepatocytes in zebra-
fish, with vacuolation that may be related to glycogen accumulation
(Fig. 6B1, B2) [29]. On the other hand, the hepatocytes of the mutant
not only showed no high vacuolation but also exhibited a bulky cellular
morphology, widened intercellular spaces, homogeneous large nuclei
and prominent nucleoli (Fig. 6B4, B5). We investigated fatty liver pa-
thology in the liver of the mutant, and found no large oil droplet vac-
uoles, but a lot of small eosin-negative vacuoles in the hepatocytes that
might be small lipid droplets (Fig. 6B5), and no significant fibrosis in the
azan-stained tissue (Fig. 6B6). There is a report of iron deposition in the
liver of a patient with CACT deficiency [19], so Prussian blue-stained
sections were observed (Fig. 6C). No noticeable iron deposition was
found in the liver and spleen of the wild-type fish (Fig. 6 C1–C3), but
focal trace iron deposition was observed in the liver and large amounts
were observed in the spleen of the mutant fish (Fig. 6C4–C6). These
results indicate that, to varying degrees, the mutant liver showed similar

abnormalities as the livers of patients with human CACT deficiency.
Histological examination of the mutant’s kidneys and brain was

performed, as cases of lipid accumulation in the renal tubules
[14,25,27,28,30] and a case of moderate cortical volume loss in the
brain [31] have been reported. However, no significant differences were
observed compared to those of the wild-type fish. Based on these ob-
servations, despite some differences, the zebrafish slc25a20 mutant
produced in this study appears to have a homologous histopathology to
human CACT deficiency.

4. Discussion

In this study, we generated amutant zebrafish of the slc25a20 gene to
analyze its function in vivo. The SLC25A20 gene encodes CACT [5–7],
one of the factors in the carnitine cycle [8], and is an essential protein for
energy production via β-oxidation in mitochondria [9]. Therefore, the
loss of its function leads to severe consequences, and it is known that
mutations in this gene in humans result in CACT deficiency, which
manifests with severe symptoms shortly after birth [1–4]. The mutant
zebrafish of the slc25a20 generated in our study appears to be a useful
disease model for this rare genetic disorder. The homozygous mutants
exhibited significant lethality, with the majority dying before reaching
maturity. Due to the analysis relying on a single, exceptionally rare

Fig. 5. Adipose accumulation and degeneration observed in the skeletal muscle
of the slc25a20 mutant. (A) Representative images of the skeletal muscle from
hematoxylin and eosin (HE)-stained paraffin sections of the wild-type fish
(A1–3) and the mutant (A4–6). (A1, A4) Low-magnification images of the
skeletal muscles in the dorsal trunk. Squares correspond to the magnified re-
gions shown in the following images. Scale bars, 100 μm. (A2, A5) Magnified
images. Scale bars, 50 μm. (A3, A6) High-magnification images. The back ar-
rowheads indicate eosin-negative membranes surrounding eosin-positive
nuclei. Scale bars, 10 μm. (B) Representative images of the skeletal muscle in
the tail region near the trunk from the HE-stained paraffin section of the mutant
(the same section as in Fig. 3B). The body surface of the tail was sloped, so in
the cut surface of this section, the tissue is closer to the skin from the left side to
the right side. (B1) Low-magnification image. Squares correspond to the
magnified regions shown in the following images. Scale bars, 100 μm. (B2–6)
High-magnification images. Arrows indicate the faint traces of sarcomere
structure. Scale bars, 10 μm.

Fig. 6. Abnormal appearance of hepatocytes and iron depositions in the liver
and spleen of the slc25a20 mutant. (A) Representative images of the whole liver
from hematoxylin and eosin (HE)-stained paraffin sections of the individuals.
Scale bar, 0.5 mm. (B) Representative images of liver tissues from the wild-type
fish (B1–3) and the mutant (B4–6). (B1, B4) Low-magnification images of the
livers from HE-stained paraffin sections. Scale bars, 50 μm. (B2, B5) High-
magnification images of hepatocytes. The back arrowheads indicate promi-
nent nucleoli. Scale bars, 5 μm. (B3, B6) Images of azan-stained paraffin sec-
tions adjacent to those in B1 and B4. (C) Representative images of the liver and
spleen from Prussian blue-stained paraffin sections of the wild-type fish (C1–3)
and the mutant (C4–6). (C1, C4) Low-magnification images. Squares correspond
to the magnified regions shown in the following images. Scale bars, 100 μm.
(C2, C5) High-magnification images of the livers. Scale bars, 10 μm. (C3, C6)
High-magnification images of the spleens. The back arrowheads indicate focal
trace iron depositions. Scale bars, 10 μm.
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survivor, quantitative experiments such as qPCR or Western blotting to
measure the amount of slc25a20 RNA or protein levels are not feasible.
Therefore, the conclusions that can be drawn remain limited. Off-target
effects can occur in mutants generated with CRISPR/Cas9 [32],
although the frequency may be low [33,34]. To address this, it would be
beneficial to compare phenotypes across independently generated mu-
tants to confirm consistency. While we did not analyze multiple mutant
lines in zebrafish in this study, we did compare phenotypes between
species - zebrafish and humans. The slc25a20 mutant closely mimicked
characteristic histopathology of the human disease, including fat accu-
mulation in various tissues, cardiac hypertrophy, and degeneration of
cardiomyocytes and skeletal muscle cells. Given the similarity in these
phenotypes, we believe that any off-target effects are likely minimal.
This study highlights the potential utility of the zebrafish model in
future research on the pathogenesis and treatment of this rare disease.
The insertion mutation in exon 2 we introduced into the zebrafish

slc25a20 gene resulted in a frameshift, leading to the loss of approxi-
mately 250 amino acid residues at the C-terminal end of CACT, which
accounts for 83 % of its total length. Assuming that the mRNA is spliced
normally, the protein is presumed to lose most of its function due to the
loss of multiple amino acid residues essential for transport activity
[7,22], along with the deletion of 5 out of 6 transmembrane regions [5].
This speculation is supported by the fact that no CACT activity was
detected in a fibroblast cell line derived from a skin biopsy of a patient
with a frameshift mutation c.179del (p.Lys61fs) in the same exon 2
[27,35]. On the other hand, in patients with a frameshift mutation
c.270delC (p.Phe91fs, alternative published notation: 306delC [1]), a
small number of transcripts lacking the exon 3 containing the mutation
existed [36]. However, even if splicing that skips exon 2 occurs in the
zebrafish mutants, considering (1) the significant distortion of protein
conformation due to the loss of 31 amino acid residues, (2) the expected
rarity of abnormal transcripts [36], and (3) the similarity in phenotype
between patients with the mutations p.Lys61fs or p.Phe91fs exhibiting
severe neonatal-onset form [1,35,37] and the zebrafish mutants
showing strong lethality before maturation, it is likely that the zebrafish
mutant in this study may also significantly lose the activity of CACT.
To elucidate similarities and differences with the histopathology

observed in human CACT deficiency, we analysed the tissues of the
zebrafish mutant. While some patients with CACT deficiency develop
hypertrophic cardiomyopathy [11,14,26,31], the ventricles of the
zebrafish mutant also exhibited significant hypertrophy. Its car-
diomyocytes were also clearly degenerated, and in addition to vacuoles,
which appeared to be fatty accumulations as reported in the patient’s
cardiomyocytes [3,25–28,30,38], we found the particles with eosin
cores, that may be related to small dark-brown granules observed in a
patient [26]. These particles, also observed in the skeletal muscles, may
represent lipid-filled vesicles with a nucleus composed of the long-chain
acylcarnitine that is an amphiphilic chemical, accumulated excessively
in cells due to defective CACT activity and causes toxicity for the heart
and skeletal muscle [39–41]. In skeletal muscles of the zebrafish mutant,
similar to observations in human patients with CACT deficiency, we
observed lipid accumulation and degeneration of muscle cells, resem-
bling findings of lipid storage myopathies or rhabdomyolysis
[3,11,14,38]. We obtained observations of lipid accumulation and
muscle cell degeneration, particularly in regions close to the body sur-
face. This could be attributed to either (1) the inference from the fish’s
movement suggesting that muscles closer to the body surface experience
greater rates of length expansion and contraction, thus consuming more
energy, or (2) the anatomical feature that slow muscles, which have
more mitochondria and undergo more β-oxidation than fast muscles, are
distributed near the body surface in the centre of the torso in zebrafish
[42]. In the zebrafish mutant, substantial accumulation of adipose tissue
was observed in the subcutaneous and coelomic cavity regions. How-
ever, descriptions of similar pathological findings, such as the accumu-
lation of subcutaneous or visceral fat, are not commonly reported in the
diagnosis or autopsy of patients with CACT deficiency. Several reasons

could explain this discrepancy. Firstly, many patients may not accu-
mulate fat in the subcutaneous or body cavity regions due to their short
lifespan [11]. Secondly, in patients with long-term survival, nutritional
intake was strictly controlled, preventing excessive fat accumulation
[11]. Alternatively, species differences may exist regarding the priority
of sites where fat is stored. The third reason may be related to the ob-
servations that whereas no large oil droplet vacuoles were observed in
the liver of the zebrafishmutant. Thus, the zebrafish slc25a20mutant we
generated in this study is thought to have, albeit with some differences, a
histopathology homologous to human CACT deficiency.
The zebrafish slc25a20 mutant generated in this study might

contribute to the improvement and development of treatments for CACT
deficiency, a rare disorder. Patients with CACT deficiency typically rely
on postnatal dietary interventions [2,26,43,44], including a high car-
bohydrate diet with restricted long-chain fat intake, as well as supple-
mentation with triheptanoin [45] or medium-chain triglycerides (MCT)
[46]. Beyond the optimization and enhancement of these dietary ther-
apies, data regarding the debated cardiotoxicity of L-carnitine supple-
mentation may also be obtained [1,11,47]. Furthermore, drug screening
on the zebrafish mutant embryos prior to hatching may lead to the
identification of compounds effective in ameliorating the pathology
[48,49], potentially opening avenues for prenatal therapeutic in-
terventions for CACT deficiency patients. The zebrafish slc25a20mutant
exhibited strong lethality, with most individuals not surviving to
maturity. While the specific timing of death – whether during the em-
bryonic, juvenile or adult stage – remain unclear, this could be clarified
by conducting genotyping at multiple time points. Additionally, exam-
ining histopathology at stages shortly before death may reveal the
progression of tissue pathology in this zebrafish model of disease,
potentially offering insights into the pathology progression of human
CACT disease.
The slc25a20 mutants used in this study exhibited a severe pheno-

type with high lethality, making detailed analysis challenging. In human
CACT disease, in addition to the neonatal-onset type, which often results
in death during the neonatal period, there is a later-onset type with
milder symptoms, and several mutation sites are already known (e.g., p.
Gly28Cys) [2,4,10,11]. Although somewhat challenging, it is possible to
introduce site-specific mutations in zebrafish [50,51]. Therefore, our
report that the zebrafish model closely mimics human CACT disease
encourages the creation of zebrafish mutants with expected milder
phenotypes. If mutants with milder phenotypes can be generated, it is
anticipated that more detailed analyses will be more easily conducted.
Recent studies have revealed the involvement of the slc25a20 gene in

aging and cancer. Decreased expression of the slc25a20 gene has been
strongly correlated with muscle aging [52], suggesting its involvement
in muscle aging as a master regulator of mitochondrial β-oxidation.
Additionally, reduced expression of the slc25a20 gene has been reported
to promote the growth and metastasis of hepatocellular carcinoma [53]
and the gene was identified as one of the hub genes in the progression of
esophageal cancer [54], implying its tumor-suppressive role. In the he-
patocytes of the zebrafish slc25a20 mutant, we observed some features
which may be related to the oncogenic process: large nuclei [55],
prominent nucleoli [56] and iron deposition [57]. Such biological
functions of SLC25A20, often overshadowed by the severe phenotype of
CACT deficiency, could be elucidated through detailed analysis of
seemingly healthy slc25a20 heterozygous mutants, the utilization of
homozygous mutants with reduced lethality through appropriate
feeding and drugs supplementation, and generation and analysis of fish
with the aforementioned mutations exhibiting milder phenotypes.
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[37] B.B. Gürbüz, D.Y. Yılmaz, R.K. Özgül, et al., Clinical and molecular characteristics
of carnitineacylcarnitine translocase deficiency with c.270delC and a novel
c.408C>a variant, Turk. J. Pediatr. 63 (4) (2021) 691–696, https://doi.org/
10.24953/turkjped.2021.04.017.

[38] B.-Z. Yang, J.M. Mallory, D.S. Roe, et al., Carnitine/Acylcarnitine translocase
deficiency (neonatal phenotype): successful prenatal and postmortem diagnosis

R. Hishida et al. Molecular Genetics and Metabolism Reports 41 (2024) 101165 

7 

https://doi.org/10.1016/j.mam.2004.06.007
https://doi.org/10.1007/8904_2014_382
https://doi.org/10.1016/j.legalmed.2021.101990
http://refhub.elsevier.com/S2214-4269(24)00118-6/rf0015
http://refhub.elsevier.com/S2214-4269(24)00118-6/rf0015
http://refhub.elsevier.com/S2214-4269(24)00118-6/rf0015
https://doi.org/10.1042/bj3210713
https://doi.org/10.1042/bj3210713
https://doi.org/10.1016/j.tibs.2019.11.001
https://doi.org/10.1016/j.tibs.2019.11.001
https://doi.org/10.3390/biom11040521
https://doi.org/10.3390/biom11040521
https://doi.org/10.1002/ajmg.c.30087
https://doi.org/10.12997/jla.2020.9.3.313
https://doi.org/10.12997/jla.2020.9.3.313
https://doi.org/10.1007/s004310000644
https://doi.org/10.1002/jimd.12371
https://doi.org/10.3389/fped.2020.585646
https://doi.org/10.3389/fped.2020.585646
https://doi.org/10.3389/fped.2022.1029004
https://doi.org/10.1016/j.braindev.2014.10.005
https://doi.org/10.1016/j.braindev.2014.10.005
https://doi.org/10.3390/ijms24087079
https://doi.org/10.3390/ijms24087079
https://doi.org/10.1186/s40635-024-00595-x
https://doi.org/10.3390/biomedicines12030693
https://doi.org/10.3390/biomedicines12030693
https://doi.org/10.1371/journal.pone.0184363
https://doi.org/10.1371/journal.pone.0184363
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/nbt.2501
https://doi.org/10.1038/nbt.2501
https://doi.org/10.1016/j.celrep.2019.01.015
https://doi.org/10.1016/j.celrep.2019.01.015
https://doi.org/10.3390/ijms24043946
https://doi.org/10.1002/dvdy.22113
https://doi.org/10.1002/dvdy.22113
https://doi.org/10.1371/journal.pone.0125654
http://refhub.elsevier.com/S2214-4269(24)00118-6/rf0120
http://refhub.elsevier.com/S2214-4269(24)00118-6/rf0120
https://doi.org/10.1038/s41439-020-0098-y
https://doi.org/10.1016/j.ymgme.2006.06.009
https://doi.org/10.1016/j.ymgme.2006.06.009
https://doi.org/10.1007/s10024001-0101-7
https://doi.org/10.1007/s10024001-0101-7
https://doi.org/10.1186/s12864-015-1941-2
https://doi.org/10.1016/j.carpath.2024.107630
https://doi.org/10.1002/humu.20085
https://doi.org/10.1038/s41467-022-28244-5
https://doi.org/10.1038/s41467-022-28244-5
https://doi.org/10.1242/dev.099085
https://doi.org/10.3389/fgene.2019.00949
https://doi.org/10.1016/S1096-7192(02)00205-6
https://doi.org/10.1006/mgme.2001.3235
https://doi.org/10.1006/mgme.2001.3235
https://doi.org/10.24953/turkjped.2021.04.017
https://doi.org/10.24953/turkjped.2021.04.017


associated with a novel mutation in a single family, Mol. Genet. Metab. 73 (1)
(2001) 64–70, https://doi.org/10.1006/mgme.2001.3162.

[39] D. Bonnet, D. Martin, Pascale de Lonlay, et al., Arrhythmias and conduction defects
as presenting symptoms of fatty acid oxidation disorders in children, Circulation
100 (22) (1999) 2248–2253, https://doi.org/10.1161/01.CIR.100.22.2248.

[40] P.B. Corr, M.H. Creer, K.A. Yamada, et al., Prophylaxis of early ventricular
fibrillation by inhibition of acylcarnitine accumulation, J. Clin. Invest. 83 (3)
(1989) 927–936, https://doi.org/10.1172/JCI113978.

[41] K.A. Yamada, E.M. Kanter, A. Newatia, Long-chain Acylcarnitine induces Ca2+
efflux from the sarcoplasmic reticulum, J. Cardiovasc. Pharmacol. 36 (1) (2000)
14–21, https://doi.org/10.1097/00005344-200007000-00002.

[42] S.H. Devoto, E. Melançon, J.S. Eisen, et al., Identification of separate slow and fast
muscle precursor cells in vivo, prior to somite formation, Development 122 (11)
(1996) 3371–3380, https://doi.org/10.1242/dev.122.11.3371.

[43] R.S.Y. Lee, C.W. Lam, C.K. Lai, et al., Carnitine-acylcarnitine translocase deficiency
in three neonates presenting with rapid deterioration and cardiac arrest, Hong
Kong Med J Xianggang Yi Xue Za Zhi 13 (1) (2007) 66–68.

[44] G. Pierre, A. Macdonald, G. Gray, et al., Prospective treatment in
carnitine–acylcarnitine translocase deficiency, J. Inherit. Metab. Dis. 30 (5) (2007)
815, https://doi.org/10.1007/s10545-007-0518-x.

[45] S. Mahapatra, A. Ananth, N. Baugh, et al., Triheptanoin: a rescue therapy for
cardiogenic shock in carnitine-acylcarnitine translocase deficiency, JIMD Rep. 39
(2017) 19–23, https://doi.org/10.1007/8904_2017_36.

[46] M.B. Gillingham, B. Scott, D. Elliott, et al., Metabolic control during exercise with
and without medium-chain triglycerides (MCT) in children with long-chain 3-hy-
droxy acyl-CoA dehydrogenase (LCHAD) or trifunctional protein (TFP) deficiency,
Mol. Genet. Metab. 89 (1) (2006) 58–63, https://doi.org/10.1016/j.
ymgme.2006.06.004.

[47] C.R. Roe, H. Brunengraber, Anaplerotic treatment of long-chain fat oxidation
disorders with triheptanoin: review of 15 years experience, Mol. Genet. Metab. 116
(4) (2015) 260–268, https://doi.org/10.1016/j.ymgme.2015.10.005.

[48] C.A. MacRae, R.T. Peterson, Zebrafish as tools for drug discovery, Nat. Rev. Drug
Discov. 14 (2015) 721, https://doi.org/10.1038/nrd4627.

[49] E.E. Patton, L.I. Zon, D.M. Langenau, Zebrafish disease models in drug discovery:
from preclinical modelling to clinical trials, Nat. Rev. Drug Discov. 20 (8) (2021)
611–628, https://doi.org/10.1038/s41573-021-00210-8.

[50] K. Petri, W. Zhang, J. Ma, et al., CRISPR prime editing with ribonucleoprotein
complexes in zebrafish and primary human cells, Nat. Biotechnol. 40 (2) (2022)
189–193, https://doi.org/10.1038/s41587-021-00901-y.

[51] K. Hoshijima, M.J. Jurynec, D.J. Grunwald, Precise editing of the zebrafish genome
made simple and efficient, Dev. Cell 36 (6) (2016) 654–667, https://doi.org/
10.1016/j.devcel.2016.02.015.

[52] R. Fernando, A.V. Shindyapina, M. Ost, et al., Downregulation of mitochondrial
metabolism is a driver for fast skeletal muscle loss during mouse aging, Commun.
Biol. 6 (1) (2023) 1–11, https://doi.org/10.1038/s42003-023-05595-3.

[53] P. Yuan, J. Mu, Z. Wang, et al., Down-regulation of SLC25A20 promotes
hepatocellular carcinoma growth and metastasis through suppression of fatty-acid
oxidation, Cell Death Dis. 12 (4) (2021) 1–12, https://doi.org/10.1038/s41419-
021-03648-1.

[54] F. Wang, L. Zhang, Y. Xu, et al., Comprehensive analysis and identification of key
driver genes for distinguishing between esophageal adenocarcinoma and squamous
cell carcinoma, Front. Cell. Dev. Biol. (2021) 9, https://doi.org/10.3389/
fcell.2021.676156.

[55] E.G. Fischer, Nuclear morphology and the biology of cancer cells, Acta Cytol. 64
(6) (2020) 511–519, https://doi.org/10.1159/000508780.

[56] S. Kofuji, A. Hirayama, A.O. Eberhardt, et al., IMP dehydrogenase-2 drives aberrant
nucleolar activity and promotes tumorigenesis in glioblastoma, Nat. Cell Biol. 21
(8) (2019) 1003–1014, https://doi.org/10.1038/s41556-019-0363-9.

[57] S. Toyokuni, I. Yanatori, Y. Kong, et al., Ferroptosis at the crossroads of infection,
aging and cancer, Cancer Sci. 111 (8) (2020) 2665–2671, https://doi.org/
10.1111/cas.14496.

[58] W. Li, A. Cowley, M. Uludag, et al., The EMBL-EBI bioinformatics web and
programmatic tools framework, Nucleic Acids Res. 43 (W1) (2015) W580–W584,
https://doi.org/10.1093/nar/gkv279.

R. Hishida et al. Molecular Genetics and Metabolism Reports 41 (2024) 101165 

8 

https://doi.org/10.1006/mgme.2001.3162
https://doi.org/10.1161/01.CIR.100.22.2248
https://doi.org/10.1172/JCI113978
https://doi.org/10.1097/00005344-200007000-00002
https://doi.org/10.1242/dev.122.11.3371
http://refhub.elsevier.com/S2214-4269(24)00118-6/rf0210
http://refhub.elsevier.com/S2214-4269(24)00118-6/rf0210
http://refhub.elsevier.com/S2214-4269(24)00118-6/rf0210
https://doi.org/10.1007/s10545-007-0518-x
https://doi.org/10.1007/8904_2017_36
https://doi.org/10.1016/j.ymgme.2006.06.004
https://doi.org/10.1016/j.ymgme.2006.06.004
https://doi.org/10.1016/j.ymgme.2015.10.005
https://doi.org/10.1038/nrd4627
https://doi.org/10.1038/s41573-021-00210-8
https://doi.org/10.1038/s41587-021-00901-y
https://doi.org/10.1016/j.devcel.2016.02.015
https://doi.org/10.1016/j.devcel.2016.02.015
https://doi.org/10.1038/s42003-023-05595-3
https://doi.org/10.1038/s41419-021-03648-1
https://doi.org/10.1038/s41419-021-03648-1
https://doi.org/10.3389/fcell.2021.676156
https://doi.org/10.3389/fcell.2021.676156
https://doi.org/10.1159/000508780
https://doi.org/10.1038/s41556-019-0363-9
https://doi.org/10.1111/cas.14496
https://doi.org/10.1111/cas.14496
https://doi.org/10.1093/nar/gkv279

	Homozygous slc25a20 zebrafish mutant reveals insights into carnitine-acylcarnitine translocase deficiency pathogenesis
	1 Introduction
	2 Materials and methods
	2.1 Ethics approval
	2.2 Zebrafish husbandry
	2.3 CRISPR/Cas9 genome editing
	2.4 Transcript expression analysis
	2.5 Histological experiments

	3 Results
	3.1 Generation of slc25a20 mutant zebrafish
	3.2 Expression of slc25a20 gene
	3.3 Histological analysis of the slc25a20 mutant

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


