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A B S T R A C T

Lamin is an intermediate protein underlying the nuclear envelope and it plays a key role in maintaining the
integrity of the nucleus. A defect in the processing of its precursor by a metalloprotease, ZMPSTE24, results in
the accumulation of farnesylated prelamin in the nucleus and causes various diseases, including Hutchinson-
Gilford progeria syndrome (HGPS). However, the role of lamin processing is unclear in fish species. Here, we
generated zmpste24-deficient medaka and evaluated their phenotype. Unlike humans and mice, homozygous
mutants did not show growth defects or lifespan shortening, despite lamin precursor accumulation.
Gonadosomatic indices, blood glucose levels, and regenerative capacity of fins were similar in 1-year-old mu-
tants and their wild-type (WT) siblings. Histological examination showed that the muscles, subcutaneous fat
tissues, and gonads were normal in the mutants at the age of 1 year. However, the mutants showed hy-
persensitivity to X-ray irradiation, although p53target genes, p21 and mdm2, were induced 6 h after irradiation.
Immunostaining of primary cultured cells from caudal fins and visualization of nuclei using H2B-GFP fusion
proteins revealed an abnormal nuclear shape in the mutants both in vitro and in vivo. The telomere lengths were
significantly shorter in the mutants compared to WT. Taken together, these results suggest that zmpste24-defi-
cient medaka phenocopied HGPS only partially and that abnormal nuclear morphology and lifespan shortening
are two independent events in vertebrates.

1. Introduction

The function of various organs declines as animals age, leading to
dysfunction of the cardiovascular, musculoskeletal, and reproductive
systems (Flatt and Schmidt, 2009). The age-dependent reduction in
pancreatic β-cell mass or function causes diabetes and the accumulation

of mutations in somatic cells leads to carcinogenesis. These long-term
effects are usually hard to assess in experimental exposure schemes,
especially when using fish, since 1) the concentration of chemicals,
usually administered via the rearing water, is hard to monitor and keep
constant and 2) the chronic, long-term exposure of adult fish produces a
large amount of contaminated water. Although the Medaka Extended
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One Generation Test (MEOGRT; OECD test guideline 240) was recently
developed as a protocol to test for the transgenerational effects of
chemicals, most OECD test guidelines using fish are focused on acute or
relatively short-term effects of environmental insults (http://www.
oecd.org/chemicalsafety/testing/). The genetic approach may provide
a solution to overcome such difficulties experienced in long-term ob-
servations. For instance, genetically modified zebrafish deficient in
telomerase exhibit a premature aging phenotype, with a reduced life-
span and shortened telomeres under ordinary maintenance conditions
(Anchelin et al., 2013). This highlights the usefulness of genetic mu-
tants for understanding age-dependent phenomena.

Lamin is a filamentous protein that forms a meshwork, called the
nuclear lamina, underneath the inner membrane of the nucleus. Lamin
A and C are produced from a single gene by alternative splicing and
differ at the C-terminus. Importantly, the C-terminal part of the lamin A
precursor protein, prelamin A, goes through a series of post-transla-
tional modifications, including farnesylation of the cysteine residue,
removal of three amino acids from the C-terminal end, O-methylation of
the carboxyl group by isoprenylcysteine carboxymethyl transferase
(ICMT), and the proteolytic cleavage by ZMPSTE24 metalloprotease
(Kudlow, Kennedy, and Monnat, 2007). The farnesylation of prelamin A
occurs at cysteine residues in the C-terminal tetrapeptide, CAAX (C:
cysteine, A: aliphatic amino acid, X: hydrophobic amino acid), and is
important for localization of prelamin A to the nuclear envelope.

Cells lacking lamin A/C have severely reduced nuclear stiffness
(Lammerding et al., 2004, 2006) and are susceptible to nuclear rupture
(De Vos et al., 2011). Some mutations in lamin can reduce nuclear
stability and are associated with human diseases, including Emery-
Dreifuss muscular dystrophy (EDMD), dilated cardiomyopathy (DCM),
Dunnigan-type familial partial lipodystrophy (FPLD), and Hutchinson-
Gilford progeria syndrome (HGPS; Schreiber and Kennedy, 2013).
HGPS is a rare condition in which patients develop multiple signs of
premature aging within a few years after birth and die in their teens,
mainly due to myocardial infarction (Merideth et al., 2008). The mu-
tant prelamin A in HGPS patients (called progerin) is farnesylated and
carboxymethylated, but is not released from the nuclear envelope due
to the lack of a ZMPSTE24 cleavage site. Therefore, it accumulates at
the nuclear rim. The tight association of progerin with the nuclear
envelope causes nuclear shape abnormalities and genome instability,
the latter of which is a hallmark of both aging and cancer (López-Otín,
Blasco, Partridge, Serrano, and Kroemer, 2013). The mechanisms of
genome instability in HGPS are not fully understood, but are thought to
be complex processes that involve defects in DNA repair, telomere
dysfunction, increased oxidative stress, and changes in epigenetic reg-
ulation and gene expression (Gonzalo and Kreienkamp, 2015).

To date, several animal models have been generated including a
progerin knock-in mouse (Osorio et al., 2011) and a Zmpste24-deficient
mouse (Bergo et al., 2002; Pendás et al., 2002). Zmpste24-deficient mice
phenocopy most alterations in HGPS patients and die prematurely with
dilated cardiomyopathy, muscular dystrophy, lipodystrophy, scoliosis,
spontaneous bone fracture, hair loss, and other age-related features.
Farnesylated prelamin A is considered to be responsible for the ab-
normal nuclear morphology and lifespan shortening, since treatment of
the cells with protein farnesyl transferase inhibitor (FTI) improve nu-
clear morphology and premature aging in HGPS model mice (Toth
et al., 2005; Fong et al., 2006).

The nematode and fly are powerful model organisms, and have been
used to discover the genetic pathway involved in aging. While only
mice have been widely used to study the aging process in vertebrates,
teleost fish emerged recently as another attractive vertebrate animal
model for aging research, where the genetic approach is applicable
(Sasaki and Kishi, 2013). Medaka (Oryzias latipes) is a small freshwater
teleost fish that inhabits East Asia, including Japan, and is an excellent
model animal for understanding human diseases, since many gene sets
are conserved between humans and medaka. We previously developed
a mutant medaka library to create a series of “knockout medaka” by

means of the TILLING (targeting induced local lesions in genomes)
method, which is based on random mutagenesis by the alkylating re-
agent, ENU (N-ethyl-N-nitrosourea). Point mutations are identified by
PCR amplification of the gene of interest, followed by re-sequencing or
HRM (high resolution melting) analysis of amplicons (Taniguchi et al.,
2006; Ishikawa et al., 2010). Based on the conservation of many gene
functions between mammals and fish species, we hypothesize that
disruption of the genes that are responsible for the premature aging in
human and mice would lead to the similar phenotypic changes in fish,
and that the evolutionarily conserved as well as divergent pathways
regarding aging will be disclosed from a cross-species comparative
biology.

Herein, by means of the TILLING method, we generated medaka
lacking zmpste24, which is the causative gene for premature aging in
human and mice. Development, growth and lifespan were compared
between zmpste24 mutants and WT. Gonadosomatic indices, blood
glucose levels, regenerative capacity of fins, telomere lengths of gills,
and histology of several organs including muscles, subcutaneous adi-
pose tissues and gonads were also compared in old animals. The nuclear
shape characteristic of HGPS was examined both in vitro by im-
munostaining of cultured cells and in vivo by the use of fluorescent
transgenic fish. We also compared the survival rates and p53 target
gene induction after X-ray irradiation in mutants and the control WT
fish.

2. Materials and methods

2.1. Fish husbandry

OK-Cab (Strain ID: MT830) and Tg (CMV-H2B-GFP) fish were sup-
plied by the National BioResource Project Medaka. Medaka were
maintained in a recirculating aquatic system (Iwaki, Tokyo, Japan) at
25–26 °C, under a 14 h light and 10 h dark cycle, and fed with brine
shrimp twice a day. Experimental protocols were approved by the
Institutional Animal Care and Use Committees of Kyorin University
(No. 168).

2.2. Generation of mutants

The fish deficient in ZMPSTE24 was isolated from the TILLING
mutant medaka library, as described previously (Taniguchi et al.,
2006). Exon 2 and 3 of the medaka zmpste24 gene (EN-
SORLG00000014621), identified in Ensembl (http://asia.ensembl.org/
Oryzias_latipes/Info/Index), were amplified by PCR using the forward
primer (5′-AATTTTGCATTTCATTGACTTAAAA-3′) and the reverse
primer (5′-TCCCAAAGTCTGAAGGGAAG-3′). The 693-bp PCR products
were sequenced with the forward primer using a 3130xl Genetic Ana-
lyzer (Applied Biosystems, Foster City, CA, USA). The electropherogram
were searched for heterozygous mutations using PolyPhred (Nickerson
et al., 1997) and each mutation was confirmed by Sanger sequencing.
The zmpste24 (kt115) mutant was recovered by in vitro fertilization of
cryopreserved sperm. Fish were outcrossed at least six times to WT fish
and the resulting heterozygous fish were mated with each other to
generate the homozygous mutants and WT siblings.

2.3. Genotyping zmpste24 mutants

Fin-clips from each fish were lysed overnight at 55 °C in 10mM Tris-
HCl (pH 8.0) with 200 μg/mL Proteinase K, 100mM NaCl, 10mM
EDTA. and 0.4% SDS. After 10min of incubation at 95 °C, the lysate was
diluted 1/30, and 1 μL of the diluted solution was used as a template for
PCR with the forward primer (5′-AACGACACATGTACCTCAGGA-3′)
and the reverse primer (5′-ACCCAGCAGCAGGATCAG-3′). PCR products
were diluted 1/20 and 2 μL of the diluted solution was treated with
0.25 μL of Exo/SAP-IT PCR Product Cleanup Reagent (Affymetrix, Inc.,
Santa Clara, CA, USA) for 30min at 37 °C, followed by 15min
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incubation at 80 °C. Sequencing reactions were performed using the
BigDye Terminator v3.1 Cycle Sequencing Kit according to the manu-
facturer's instructions (Life Technologies, Carlsbad, CA, USA). The
forward PCR primer was used for sequencing.

2.4. Western blotting

A caudal fin was individually amputated from each WT or zmpste24-
deficient medaka, washed twice with distilled water, and homogenized
with a plastic pestle in 50 μL of Laemmli's lysis buffer (Laemmli, 1970).
After samples were incubated for 5min at 95 °C, they were centrifuged
for 5min at 15,000 rpm at room temperature. The supernatant was
fractionated by SDS-PAGE and transferred to a PVDF membrane.
Membranes were incubated with antibodies against laminA/C (1:10;
R27, Progen Biotechnik, Heidelberg, Germany) or rabbit β-actin
(1:1000; AC-15, Bioss, Woburn, MA, USA) overnight at room tem-
perature. After membranes were washed twice with TBS containing
0.05% Tween 20 (TBST), they were incubated with HRP-conjugated
goat anti-mouse IgM (1:2000; Santa Cruz Biotechnology, Dallas, TX,
USA) for 1 h. Membranes were then washed twice with TBST and de-
veloped with SuperSignal West Femto Maximum Sensitivity Substrate
according to the manufacturer's protocols (Thermo Scientific, Waltham,
MA, USA). Data were acquired with the LAS 4000 Luminescent Image
Analyzer (Fujifilm, Tokyo, Japan).

2.5. Measurement of blood glucose

Anesthetized fish were cut at the base of anal fin with a surgical
knife (No. 23) to exude the blood. Blood glucose was measured with
Nipro Care Fast (Nipro, Tokyo, Japan) according to the manufacturer's
instructions.

2.6. Histological examination

The medaka were anesthetized and fixed in Davidson's fixative so-
lution (22% of a 37% solution of formaldehyde, 33% ethanol, 11.5%
glacial acetic acid, and 33.5% distilled H2O) at room temperature for
12 days. The fixed samples were dehydrated with ethanol, embedded in
paraffin (Parabett, Lot No. 160101 Muto Pure Chemicals Co., Ltd.,
Tokyo, Japan) and sectioned (5 μm using a sliding microtome
(Retoratome, REM-700 Yamato Koki Industrial Co., Ltd., Saitama,
Japan) or longitudinal-sectioned (5 μm) throughout the whole body.
The sections were stained with hematoxylin and eosin (HE) for light
microscopy observation.

2.7. X-ray irradiation

Medaka were irradiated with X-rays using an MBR-1520R-4 X-ray
generator (Hitachi Power Solutions, Tokyo, Japan) at a dose rate of
1.8 Gy/min in 10-cm plastic dishes containing 30mL of dechlorinated
water. The tube voltage was 150 kV. The irradiated fish were kept in
static water for observations of dead fish at 22–23 °C. After 45 days, the
fishes irradiated with 9 and 18 Gy, and non-irradiated controls were
transferred to a recirculating aquatic system for further observations.

2.8. Immunocytochemistry

Primary cultured cells were prepared by the method of Ju et al. (Ju
et al., 2003). Briefly, caudal fins were amputated from each group,
consisting of 5 adult medaka fish with WT or zmpste24-deficient gen-
otypes (mix of male and female, 6 months posthatch). Fins were then
minced and trypsinized. Subsequently, debris was removed from the
trypsinized suspension by filtration with a cell strainer (40 μm Nylon;
Becton Dickinson, Franklin Lakes, NJ, USA). Cells were collected by
centrifugation and resuspended in 10% FCS-L15. The resulting cell
suspensions were seeded onto gelatin-coated plastic dishes or coverslips

and cultivated at 28 °C, without carbon dioxide, for 3 days. Primary
cultured cells on coverslips were fixed with 10% formaldehyde and
permeabilized with 0.5% Triton X-100 in PBS for 10min on ice. After 3
washes with PBS, cells were treated with an anti-laminA/C monoclonal
antibody (1:1; Progen Biotechnik, Heidelberg, Germany), as the pri-
mary antibody, for 1 h on ice. Subsequently, cells were treated with an
anti-mouse-IgM polyclonal antibody (1:500; Molecular Probes, Eugene,
OR, USA) containing Hoechst 33,342 (1:500; Dojindo, Kumamoto,
Japan), as the secondary antibody, for 30min on ice in the dark. Spe-
cimens were mounted on glass slides and observed through fluorescent
microscopy. The frequency of abnormally shaped nuclei in WT and
zmpste24-deficient medaka was determined for 10 randomly selected
fields of view, which contained about 80 cells in total. Experiments
were repeated 3 times and a Student's t-test was performed for statis-
tical analysis.

2.9. Live cell imaging

Mutant fish and their siblings were crossed with Tg(CMV-H2B-GFP)
fish (Iwai, Inoue, Kotani, and Yamashita, 2009). Juvenile fish were
anesthetized with eugenol and placed on a glass slide. A cover slip was
placed on the caudal fin and cells were observed using a DeltaVision
Microscopy Imaging System (GE Healthcare Life Sciences, Little Chal-
font, England). Acquired images were deconvoluted with SoftWorx
software equipped with DeltaVision.

2.10. Measurement of telomere length

Telomere lengths were measured as described previously (Yip et al.,
2017). Briefly, 3 μg of genomic DNA from the gills of each fish were
digested with HinfI and RsaI (New England BioLabs, USA), and run
overnight on 1% agarose gel. DNA was then blotted onto a positively
charged nylon membrane (Hybond XL, Amersham) in 10× saline‑so-
dium citrate (SSC) buffer, and hybridized with DIG-labeled TTAGGG5

oligonucleotide probes in ExpressHyb solution (Clontech, Mountain
View, CA, USA) for 18 h. After the wash, the membrane was incubated
with anti-DIG-AP conjugate (Roche, Penzberg, Germany) for 24 h, and
reacted with 10ml of CDPstar (Roche, Penzberg, Germany). The
membrane was exposed to Hyperfilm ECL (Amersham, Little Chalfont,
UK) for 5min. The images were acquired using a Duoscan HiD scanner
(AGFA, Mortsel, Belgium) and analyzed with ImageJ.

2.11. Quantitative PCR (qPCR)

18-Month-old female medaka of each genotype were X-ray irra-
diated with 20 Gy. Total RNA was extracted from the liver using RNeasy
kit (Qiagen, Hilden, Germany), and was reverse transcribed with
SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer's instructions.
Quantitative PCR (qPCR) was performed using TB Green Premix Ex Taq
II (Takara Bio Inc., Shiga, Japan) with QuantStudio 5 (Thermo Fisher
Scientific, Waltham, MA, USA). The primer sets used for qPCR are listed
in Table S2. Elongation factor 1α (ef1α) was used as an internal control,
and experiments were repeated 3 times.

2.12. Statistics

Data are expressed as means ± s.d. Statistical analyses were con-
ducted using GraphPad Prism 7 (GraphPad Software, La Jolla, CA,
USA). Comparisons between two experimental groups were made using
a two-tailed Student's t-test for unpaired data. Survival curves for each
irradiated group were estimated using the Kaplan-Meier method.
Survival rates were compared using a log-rank test. Significant differ-
ences in gene expression were tested with two-way ANOVA analysis
followed by post hoc Holm-Šídák test. A p value<0.05 was considered
statistically significant.
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3. Results

3.1. Overall appearance of the mutants

Blast searches through the Ensembl medaka genome database
(http://www.ensembl.org/Oryzias_latipes/Info/Index) and NBRP
Medaka transcript database (https://shigen.nig.ac.jp/medaka/), which
included expression sequence tags (ESTs) from different tissues at dif-
ferent stages of life, returned only one molecular species of the zmpste24
gene. The predicted amino acid had 88% similarity to human
ZMPSTE24 with a characteristic HEXXH (H; histidine, E: glutamic acid,
X; any amino acid) zinc metalloprotease motif. To create zmpste24
mutants, we screened the TILLING mutant medaka library in search of
point mutations by amplifying a region spanning exon 2 to 3 of the
zmpste24 gene, followed by re-sequencing of the PCR fragments
(Figs. 1A, S1). Among the 19 mutations identified, we found 7 missense,
3 silent, 7 intronic, and 1 nonsense mutation (Table S1). It was pre-
dicted that the nonsense mutation would result in premature termina-
tion at tyrosine 79 of the medaka ZMPSTE24 protein and that the re-
sulting protein would lack 389 out of 467 amino acids. Because a
critical HELGH sequence that constitutes the active site of the me-
talloprotease would not be translated, we retrieved the nonsense mu-
tant by in vitro fertilization for further analysis.

The homozygous zmpste24 mutant did not show any obvious phe-
notype during development or at the juvenile and adult stages. It has
been reported that Zmpste24-null mice die prematurely at around
20 weeks of age, with dilated cardiomyopathy, muscular dystrophy,

lipodystrophy, and bone fractures (Bergo et al., 2002; Pendás et al.,
2002). However, the zmpste24mutants looked normal for> 1 year after
birth (Fig. 1B) and their survival rate was comparable to that of their
siblings (66/85 for zmpste24 mutants versus 68/85 for WTs at 1 year,
and 24/85 for zmpste24 mutants versus 21/85 for WT at 1.5 year; not
significant [n.s.]). Western blot analysis of proteins extracted from
caudal fins revealed the accumulation of a slightly slowly migrating
band in the homozygous mutants, indicating that prelamin processing is
completely abolished (Fig. 1C). The body weights of zmpste24 mutants
and control medaka at 1 year were 233.0 ± 34.6 mg and
235.8 ± 33.8 mg, while their standard lengths were 26.2 ± 1.1mm
and 26.7 ± 1.1mm, respectively (n=12 per group; n.s.; Fig. 1D, E).
Although not measured, there were no noticeable differences in pos-
ture, motor activity, or fecundity between the mutants and their WT
siblings.

3.2. Functional aspects of the mutants

To explore the function of reproductive organs, the gonadosomatic
indices (GSI; calculated as [Ovary Weight / Body Weight]× 100) of
female medaka were determined. GSI of the mutant and WT fish were
4.13 ± 0.61 and 4.30 ± 0.68 (n=6; n.s.) at 4 months and
3.24 ± 0.50 and 3.75 ± 0.61 (n=6; n.s.) at 1 year, respectively.
Glucose tolerance was then tested by the intraperitoneal administration
of glucose at a dose of 0.2 μg per mg of total body weight. Fasting blood
glucose levels were similar in mutant and WT fish (52.2 ± 8.1 versus
49.5 ± 6.4mg/dL; n=6; n.s.), and blood glucose levels 3 h after

Fig. 1. Overall appearance and growth of zmpste24
mutants.
(A) Genomic organization of the Japanese medaka
(Oryzias latipes) zmpste24 gene. The black arrowhead
indicates the position of the nonsense mutation
(Y79X) found in exon 2. The white arrowhead in-
dicates exon 7 encoding the metalloprotease motif
(HEXXH). Black boxes, exons (exon 1 is to the left);
thin lines, introns; horizontal arrow, the amplicon.
(B) Representative pictures of 1-year-old wild-type
(WT) and mutant (KO) fish are shown. Scale
bar= 5mm. (C) Western blotting was performed
using an anti-lamin A/C antibody. The major bands
detected in the WT and mutant fish are shown by a
black and white arrowhead, respectively. β-Actin
was used as a sample loading control. The signal
intensities were quantified by ImageJ and the values
of lamin/prelamin normalized by β-actin are pre-
sented below each lane. (D, E) The body weight (D)
and the standard length (E) of WT (white boxes,
n=12) and mutant (black boxes, n= 12) fish at
each time point are shown. Error bar,± s.d.;
**p < 0.01 (Student's t-test).
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glucose administration also showed no significant difference between
the mutant and WT fish (57.0 ± 16.3 versus 57.5 ± 11.9mg/dL;
n=6; n.s.). Finally, the regenerative capacity of fins was examined by
amputating the caudal fins of 4-month-old zmpste24 mutant and WT
fish. The regenerated area was determined 3 and 7 days after amputa-
tion. As shown in Fig. 2, there was no significant difference in fin re-
generative capacity between the mutant and WT fish.

3.3. Histological examination

Mutations in lamin A/C or loss of Zmpste24 cause several diseases,
including muscular dystrophy, lipodystrophy, and HGPS. We, therefore,
performed histological examinations of serial sections of 1-year-old
zmpste24 mutant and WT medaka. Hematoxylin and eosin staining of
tissues showed that the skeletal muscles in the trunk to the tail, heart
muscle, brain, spinal cord, liver, gastrointestinal tract, kidney, and
other major organs were indistinguishable between the mutant and WT
fish (Fig. 3A, B). In females, the ovaries in fish of each genotype con-
tained various stages of developing oocytes (Fig. 3C, D). In males, testis
size was similar between the mutant and WT fish and mature sperma-
tozoa were present together with spermatogonia, spermatocytes, and
spermatids (Fig. 3E, F; Fig. S2). The maximum thickness of sub-
cutaneous fat was determined at the midline section of the caudal half
of the abdomen. There was some variability in the amount of sub-
cutaneous fat tissue between individuals, but specific loss of adipose
tissue in the mutants was not evident (Fig. 3E to H).

3.4. Radiation sensitivity

HGPS patient-derived cells and Zmpste24-deficient mice show an
increased basal level of DNA damage and radiation sensitivity (Liu
et al., 2005; Liu, Rusinol, Sinensky, Wang, and Zou, 2006;
Constantinescu, Csoka, Navara, and Schatten, 2010; Noda et al., 2015).
To investigate the radiosensitivity of zmpste24-deficient medaka, we
irradiated 10-month-old mutant and WT fish with increasing X-ray
doses (Table S3). A few individuals, irrespective of genotype, died
during the observation period after a dose of 8 Gy. Two phases of ra-
diation effect were recognized according to the death rates of WT fish.
The earlier phase started as early as 7 dpi (days post-irradiation) and
peaked at 10 dpi, while the later phase occurred after 3months post-
irradiation with the dose of 16 Gy (Fig. 4). The zmpste24 mutant fish
were more susceptible to X-ray than WT over 16 Gy. Even when both
WT and mutant fish died at 63 Gy of irradiation, the mutants died

earlier, with a statistically significant difference (median survival of the
mutant and WT fish were 9.0 ± 0.070 and 10.0 ± 0.098 days, re-
spectively (n=10); p < 0.001, log-rank test), suggesting that zmpste24
mutants are more sensitive to increasing doses of X-ray irradiation from
16 to 63 Gy.

3.5. Nuclear morphology

Because HGPS cells show nuclear shape abnormalities, we examined
the nuclear morphology of primary culture cells from zmpste24 mutants
and WT caudal fins. Immunostaining with anti-lamin A/C antibody
showed that abnormal nuclear shape was observed in 30% of cells from
zmpste24 mutants, whereas only 6% of cells from WT siblings showed
abnormal morphology (Fig. 5A–I).

Next, we sought to determine the nuclear morphology of zmpste24
mutants in vivo. To visualize the nuclei of living fish, we crossed
zmpste24 mutants with transgenic medaka expressing the histone H2B-
GFP fusion protein. Cells in the caudal fins of anesthetized fish were
observed under a fluorescent microscope. In addition to pigment cells,
at least two other types of cells were distinguished in the caudal fin –
one type having a large dark nucleus with an irregular shape and the
other type having a small nucleus with a strong fluorescent signal. The
nuclei of the latter cell type had a round and smooth periphery in WT
fish (Fig. 5J, Video 1), whereas dysmorphic nuclei with folds, blebs, and
protrusions were frequently observed in zmpste24 mutants (Fig. 5K-M,
Video 2–4). These results suggest that the nuclei of zmpste24 mutants
show abnormal shape both in vitro and in vivo.

3.6. DNA damage response and telomere

It has been demonstrated that proliferative defects associated with
processing-defective lamin A mutants are suppressed by human telo-
merase reverse transcriptase (hTERT) or inactivation of p53 (Kudlow,
Stanfel, Burtner, Johnston, and Kennedy, 2008). We thus compared the
telomere length of zmpste24 mutants with that of WT. It is known that
medaka undergo progressive shortening of the telomere in most organs
as they age (Hatakeyama et al., 2008). Genomic DNA from the gills of
14–15-month-old males was subjected to Southern blot analysis of the
telomere sequence (TTAGGG repeats). The median of telomere length
for zmpste24 mutants was 8.97 kb, which was significantly shorter than
9.57 kb of WT fish (Fig. 6A).

We next performed qPCR to quantitate p53 mRNA as well as p53
target gene induction in X-ray irradiated animals to investigate the p53

Fig. 2. Fin regeneration in zmpste24 mutants.
The caudal fins of wild-type (WT) and zmpste24 mutant (KO) fish (4-month old, n=3 per genotype) were amputated and regenerating tissues were observed under a
stereomicroscope at 3 and 7 days post-amputation (dpa). (A) Representative pictures of regenerating fins are shown. Dotted line, the amputated plane; Scale
bar= 2mm. (B) The regenerated areas of WT (white bar) and mutant (black bar) fish at each time point were quantified and shown in the graph. Error bar,± s.d.
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functions. There were no significant differences in the basal expression
levels of these genes between zmpste24 mutants and WT fish (Fig. 6B).
However, p21 and mdm2, both of which have been shown to be induced
by X-ray irradiation in a p53-dependent manner in medaka (Taniguchi
et al., 2006), were upregulated in the liver of zmpste24 mutants and in
WT fish 6 h after X-ray irradiation (Fig. 6B). These results suggest that
p53 is activated in response to DNA damage irrespective of genotype.

4. Discussion

Animals are constantly exposed to extrinsic and intrinsic insults.
These include chemicals, UV radiation, oxidative stress, and tempera-
ture shifts. As an animal ages, damage accumulates in cells. This in-
cludes unrepaired DNA damage, telomere shortening, denatured and/or
aggregated proteins, and mitochondrial dysfunction. Some of these
burdens cause the cells to enter senescence, where they do not replicate.
For a better understanding of aging, it is critical to have model animals
with accelerated aging to facilitate research.

In this study, we generated and analyzed medaka deficient in
ZMPSTE24, a proteolytic enzyme that plays a role in the maturation of
lamin. Unlike most adult mammalian somatic cells that produce Lamin
A and C from a single gene by alternative splicing, the anti-Lamin A/C

antibody detected only one molecular species with a size of ∼50 kDa in
WT medaka. Western blot analysis further showed that the slowly mi-
grating species of lamin, most likely unprocessed prelamin, is the major
molecular species in homozygous mutant fish.

In a series of post-translational modifications, lamin becomes far-
nesylated and anchored to the inner membrane of the nucleus. Without
ZMPSTE24 enzymatic activity, lamin is not cleaved from the nuclear
membrane, but retained in the nuclear periphery. This makes the nuclei
stiff, deformed, and susceptible to mechanical stimuli (Verstraeten, Ji,
Cummings, Lee, and Lammerding, 2008). The primary cultured cells
showed that there were an increased number of cells with deformed
nuclei in zmpste24-deficient medaka, consistent with the previous
findings in mammals (Liu et al., 2005). Importantly, the abnormality of
nuclear shape was also observed in vivo in histone H2B transgenic
medaka, indicating that the nuclei were not deformed during the dis-
sociation process of the in vitro cell culture experiments. Taken to-
gether, these results indicate that lamin is specifically processed by
ZMPSTE24 in medaka, and that the allele used in this study,
zmpste24(kt115), is a loss-of-function mutation.

It is not clear how these primary changes in the nuclei lead to a
range of rare diseases like Hutchinson-Gilford progeria syndrome
(HGPS), but there are two important molecular aspects of HGPS – 1) the

Fig. 3. Hematoxylin and eosin staining of whole body sections.
Paraffin-embedded 1-year-old medaka of each genotype (3 males and 3 females) were sectioned at a thickness of 5 μm and stained with hematoxylin and eosin. (A, B)
Representative pictures of sagittal sections of the whole body are shown for wild-type (WT, A) and zmpste24 mutant (B) fish. Scale bar= 2.5mm. (C, D)
Magnification of ovaries shown in rectangles in (A) and (B), respectively. Scale bar= 500 μm. (E–H) Sagittal sections at the midline are shown for a WT male (E),
mutant male (F), WT female (G), and mutant female (H). Subcutaneous fat is indicated by an asterisk. a, anus; af, anal fin; i, intestine; ov, ovary; t, testis; v, visceral fat
with pancreas. Scale bar= 500 μm.

Fig. 4. Kaplan-Meier survival curves after X-ray irradiation.
Wild-type (WT, black line) and zmpte24 mutant (KO, red
line) fish were irradiated with indicated doses of X-ray
(n=20 per group for 0, 8, 16, 63 Gy; n=10 per group for
other doses), and the survival was monitored. WT fish irra-
diated at a maximum dose of 63 Gy are indicated with a
dashed black line and the mutants with a dashed red line.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this ar-
ticle.)
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farnesylation of lamin, and 2) DNA damage in the nucleus. Several
researchers have shown that protein farnesyltransferase inhibitor (FTI)
ameliorates accelerated aging. Knock-in experiments in mice have been
shown that the presence of farnesylated lamin, and not the absence of
mature lamin, is the cause of the accelerated aging phenotype (Yang
et al., 2011). It seems that this effect is accompanied by the reversal of
misshapen nuclei to their normal shape (Toth et al., 2005). This notion
is important when one considers the therapeutic implications of FTI,
since researchers target the reversal of nuclear shape as an indicator of

the drug's effectiveness. There are, however, two reports so far im-
plicating that the nuclear shape can be separated from the accumula-
tion of DNA damages or lifespan shortening. Inhibiting farnesylation of
lamin by L-744832, one of the FTIs, corrected the abnormal shape of
nuclei in HGPS cells, but did not reduce DNA double-strand breaks and
checkpoint activation (Liu et al., 2006). The inhibition of ICMT, another
enzyme involved in lamin maturation, is even more interesting. The
ICMT hypomorphic allele improved the disease-associated phenotypes
including lifespan shortening observed in Zmpste24-deficient mice via

Fig. 5. Abnormal nuclear shape in primary cultured
cells from zmpste24 mutants.
Primary cultured cells prepared from caudal fins of
wild-type (WT) or zmpste24-deficient medaka were
immunostained with anti-lamin A/C mAb. (A) Cells
prepared from WT medaka. (B) Cells prepared from
zmpste24-deficient medaka. (C) Cells stained with
Hoechst 33,342, corresponding to (A). (D) Cells
stained with Hoechst 33,342, corresponding to (B).
Scale bar= 10 μm. (E) Normally shaped nuclei ob-
served in a cell from a WT fish at high magnification.
Envelope vs. surface ratio (ESR) was 1.01, where
nuclei with a ratio of 1.05 or larger are defined as
dysmorphic (Noda et al., 2015). (FeH) Abnormally
shaped nuclei observed in cells from zmpste24-defi-
cient medaka at high magnification. ESR for each
nucleus was 1.24, 1.06 and 1.16, respectively. Scale
bar= 1 μm. (I) Graph showing the frequency of ab-
normally shaped nuclei in WT and zmpste24-defi-
cient medaka. In zmpste24-deficient medaka, sig-
nificantly more abnormally shaped nuclei were
observed compared to WT medaka (p=0.006).
Error bars indicate standard deviation. **p < 0.01.
(Student's t-test). (J-M) The caudal fins of Tg(CMV-
H2B-GFP) fish in the presence (J) and absence (K-M)
of zmpste24 were observed using a DeltaVision Live
Imaging System. Scale bar= 5 μm.

Fig. 6. Telomere length and DNA damage response.
(A) Telomere lengths from the gills of 14-month-old males were determined by Southern blot analysis. Bars are represented as mean ± SD (n=4). Asterisks indicate
significant differences between different groups (p < 0.01). (B) p53 target gene induction was determined in 18-month-old female WT (white bar) and mutant (black
bar) irradiated with 20 Gy of X-ray (n=3 in each group). The expression levels of p53 (left), p21 (middle) and mdm2 (right) were determined by qPCR and presented
as the relative expression to non-irradiated WT. a, b and c indicate significant differences between groups (p < 0.05) according to the results of two-way ANOVA
followed by Holm-Šídák test. Experiments were repeated 3 times, and the representative results are shown. Error bar,± s.d.
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increased AKT-mTOR signaling, but did not normalize the nuclear
shape (Ibrahim et al., 2013). Thus, Zmpste24−/−Icmthm/hm mice are
similar to zmpste24 mutant medaka in that the premature aging phe-
notype is suppressed while the nuclear shape is abnormal. Because
there is an ICMT ortholog in medaka (ENSORLG00000019374), the
different mechanisms other than carboxyl methylation of farnesylated
lamin might be responsible for resistance against premature aging in
medaka.

The second important molecular aspect of HGPS is DNA damage in
the nucleus. Based on a plethora of evidence, it is proposed that DNA
damage is involved in the process of aging (reviewed by Freitas and de
Magalhães, 2011). Zmpste24-deficient mice are sensitive to DNA-da-
maging reagents and exhibit genome instability (Liu et al., 2005). They
accumulate DNA damage spontaneously, as evidenced by an increased
number of 53BP1 foci and the persistent activation of checkpoint sig-
naling. Accordingly, the phenotype of accelerated aging in Zmpste24-
deficient mice is partially reversed by the elimination of p53 (Varela,
et al., 2005), thus supporting the hypothesis that DNA damage causes
accelerated aging through the p53 signaling pathway. The current
study unexpectedly revealed that zmpste24-deficient medaka do not
show any evidence of accelerated aging despite the fact that they ex-
hibited an increased number of deformed nuclei and are sensitized to X-
ray irradiation. This is in sharp contrast to the observations in humans
and mice. These discrepancies may be due to differences in the effi-
ciency of DNA damage repair in mammals and teleosts. The fact that
medaka (Oryzias latipes) are relatively resistant to ionizing radiation
may support this hypothesis. The other factor that needs to be taken
into account is the living environment of these species. Humans and
mice are terrestrial animals and are exposed to atmospheric oxygen
concentrations, while medaka are aquatic animals, living in an en-
vironment where the oxygen concentration is low compared to atmo-
spheric air. Further studies, including the examination of spontaneous
DNA damage using DNA damage markers, will clarify this point.

Although the molecular links between X-ray sensitivity and ab-
normal nuclear shape are not clearly understood, a number of defects in
DNA damage response (DDR) such as telomere shortening and the de-
layed recruitment of Rad51 and 53BP1 have been reported in the cells
that express progerin or farnesylated prelamin A (Kudlow et al., 2008;
Gonzalo and Kreienkamp, 2015). In the present study, we demonstrated
that the telomeres of gills from 14-year-old mutant medaka were sig-
nificantly shorter than that of WT medaka, but not to a critical level
that would cause senescence. It is estimated that a theoretical “critical”
telomere length of the medaka liver that would lead to zero survival
probability was 3.8 kb (Gopalakrishnan, Cheung, Yip, and Au, 2013),
while the telomere lengths of medaka at 14months of age analyzed in
this study were around 9 kb in both genotypes. Based on the relation-
ship between the gill terminal restriction fragment (TRF) and fish age,
the observed difference between the zmpste24 mutant and WT fish
corresponds to< 1month in medaka age (Gopalakrishnan et al., 2013),
consistent with the absence of accelerated aging phenotype in zmpste24
mutants.

The expression of two p53 target genes, p21 and mdm2, were up-
regulated after X-ray irradiation both in zmpste24 mutants and WT as
determined by quantitative PCR, suggesting that p53 is functional in a
sense that it is capable of transactivating the downstream target genes.
We speculate that, by analogy to the mammalian scenario, DNA double
strand breaks activate ATM and CHK2, which in turn phosphorylate and
stabilize p53. Interestingly, the increase in p21 and mdm2 induction was
greater in zmpste24 mutants than in WT. We suspect that this hy-
perresponsiveness reflects ineffective and delayed DNA repair rather
than potentiation of DDR activities in the mutants, considering that the
mutants are X-ray sensitive, and recruitment of Rad51 and 53BP1 to γ-
H2AX foci are delayed in Zmpste−/− mice (Liu et al., 2005). It is of note
that p21 and mdm2 expression levels are comparable between non-ir-
radiated zmpste24 mutants and WT. This observation implies that the
naturally-occurring DNA damages in zmpste24 mutants are repaired to

the levels comparable to WT. These results indicate that DDR is rela-
tively normal in zmpste24 mutants, but there are small but significant
defects in maintaining the genome stability. We speculate that zmpste24
mutants can survive over a year without the clear manifestation of
accelerated aging owing to the grossly normal DDR, but due to the
partial defects in genome maintenance, they exhibit X-ray sensitivity,
and telomere shorteningas they age. Further studies are necessary to
elucidate the molecular basis of phenotypic discrepancies between
mammals and teleost.

5. Conclusions

We generated and characterized medaka that are deficient in pro-
cessing lamin into maturation and found that the mutant fish have a
normal lifespan, but display abnormal nuclear morphology and are
hypersensitive to ionizing irradiation. This model provides a mechan-
istic insight in aging and deepens our understanding of human health
and longevity.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbpc.2018.03.006.
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