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Mutation of IPO13 causes recessive ocular
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Abstract

Ocular coloboma is a developmental structural defect of the eye that often occurs as complex ocular anomalies.
However, its genetic etiology remains largely unexplored. Here we report the identification of mutation (c.331C>T, p.
R111Q) in the IPO13 gene in a consanguineous family with ocular coloboma, microphthalmia, and cataract by a
combination of whole-exome sequencing and homozygosity mapping. /PO13 encodes an importin-B family protein
and has been proven to be associated with the pathogenesis of coloboma and microphthalmia. We found that Ipo73
was expressed in the cornea, sclera, lens, and retina in mice. Additionally, the mRNA expression level of |poi3
decreased significantly in the patient compared with its expression in a healthy individual. Morpholino-
oligonucleotide-induced knockdown of ipo13 in zebrafish caused dose-dependent microphthalmia and coloboma,
which is highly similar to the ocular phenotypes in the patient. Moreover, both visual motor response and optokinetic
response were impaired severely. Notably, these ocular phenotypes in ijpoi3-deficient zebrafish could be rescued
remarkably by full-length ipo73 mRNA, suggesting that the phenotypes observed in zebrafish were due to insufficient
ipo13 function. Altogether, our findings demonstrate, for the first time, a new role of IPO73 in eye morphogenesis and
that loss of function of /PO13 could lead to ocular coloboma, microphthalmia, and cataract in humans and zebrafish.

Introduction

Ocular coloboma (OC) is a developmental structural
defect of the eye characterized by abnormal or incomplete
fusion of the optic fissure during embryonic eye devel-
opment. The ocular defect can occur unilaterally or
bilaterally. The affected areas include iris, chorioretinal,
and optic nerve tissue” 2. Patients with OC present a wide
spectrum of clinical phenotypic characteristics that can
occur as isolated malformations (simplex coloboma).
However, in most cases, OC is associated with complex
ocular anomalies, including microphthalmia, anophthalmia,
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cataract, and retinal degeneration®. Additional systemic
anomalies, such as brain, cardiac, or skeletal defects, can
also accompany OC>*, OC represents an important cause
of visual impairment and pediatric blindness, accounting for
an estimated 10-15% of congenital blindness®. The pre-
valence of OC ranges from 4 to 19 per 10,000 births in
various populations’ ™, with higher rates observed in
families with high degrees of consanguinity "2,

Genetic studies have revealed a number of disease-
causing genes implicated in OC'. These genes are
involved in a variety of molecular pathways and include
transcription factors PAX6', OTX2'°, SOX2', and
SALL2;"" transporter ABCB6;'® Wnt signaling receptor
FZD5;'? retinoic acid synthesis-related factors RARB%,
STRA6*', and ALDHIA3;** and transforming growth
factor-beta (TGF-f)-related factors MAB21L2%** and
GDF3%. Notably, all these genes play important roles
during embryonic development, especially in the
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development of the eye. However, the genetic causes of
approximately 50% of OC cases are still unresolved'®.
Therefore, it is reasonable to speculate that some causa-
tive genes associated with OC have yet to be elucidated.

A combined approach of whole-exome sequencing
(WES) and homozygosity mapping has proven to be
highly efficient in the identification of novel disease-
causing genes in rare autosomal-recessive ocular diseases.
Here we employed a combination of WES and homo-
zygosity mapping and revealed a mutation in the /POI3
gene that encodes an importin-B family protein under-
lying autosomal-recessive coloboma, microphthalmia, and
cataract. In addition, we further investigate the role of
IPO13 in ocular development using a zebrafish model of
Morpholino oligonucleotide (MO)-induced knockdown
of ipol3.

Materials and methods
Participant recruitment

This study conformed to the tenets of the Declaration of
Helsinki and was approved by the ethics committee of the
Eye Hospital of Wenzhou Medical University. Informed
consent was obtained from the patient. Medical history,
results from specialized ophthalmologic clinical exam-
inations and imaging data were obtained from the patient
and then analyzed to support clinical diagnosis. Peripheral
blood samples were collected from the proband and his
unaffected parents and siblings. Genomic DNA was
extracted from all participants.

WES and homozygosity mapping analyses

We performed WES on the proband and his unaffected
parents. Enrichment of the whole-exome region libraries
was performed using an Exome Enrichment V5 Kit
(Agilent Technologies, Palo Alto, CA, USA) following the
manufacturer’s protocol. Whole-exome-enriched DNA
libraries were sequenced using paired-end 100 bp reads
on a HiSeq 2000 sequencer (Illumina, San Diego, CA,
USA). WES sequence data were mapped to the hgl9
human genome. Single-nucleotide variants and
insertion—deletion variants were identified by GATK
(https://software.broadinstitute.org/gatk/). The variants
were annotated across the genome using ANNOVAR
(www.openbioinformatics.org/annovar/). We performed
genome-wide homozygosity mapping using Homo-
zygosityMapper  (http://www.homozygositymapper.org/)
based on the variant call format (VCF) file of the pro-
band’s WES results.

Variant analyses

Variant analyses were performed using an established
bioinformatics pipeline as previously described**~>%, Var-
iants with a minor allele frequency of >0.005 in any of the
variant databases, including Exome Aggregation
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Consortium  (ExAC,  http://exac.broadinstitute.org/),
NHLBI Exome Sequencing Project (ESP, http://evs.gs.
washington.edu/EVS/), 1000 Genomes
(www.1000genomes.org), and dbSNP137 (www.ncbi.nlm.
nih.gov/SNP/), were excluded. The pathogenicity of mis-
sense variants and splice-site effects were evaluated as
previously described. Subsequently, Sanger validation and
co-segregation analysis were carried out in the family
members. Our filtering strategy included the homozygous
state (autosomal-recessive inheritance), compound het-
erozygous state (autosomal-recessive inheritance), hemi-
zygous state (X-linked inheritance), and de novo variants
(autosomal-dominant inheritance) (Supplementary Mate-
rial, Fig. S1). A topological model of the IPO13 polypeptide
was predicted using SMART (http://smart.embl-
heidelberg.de/). The crystal structures of wild-type and
mutant proteins were predicted using Phyre2 (http://www.
sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) and
visualized with the PyMol software (Version 1.5)%,

Reverse transcription-PCR (RT-PCR)

Total RNA was extracted from murine (C57BL/6 strain)
tissues, including cornea, sclera, lens, retina, kidney, heart,
liver, skeletal muscle, lung, whole brain, spleen, and small
intestine. Reverse-transcribed cDNAs were used as tem-
plates for RT-PCR using Ipol3 and glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) primers. The products
were then subjected to electrophoresis on a 1.0% agarose gel.

Cell isolation and real-time quantitative PCR

Peripheral blood mononuclear cells (PBMCs) were
isolated from heparinized blood samples by Ficoll-
Hypaque density-gradient centrifugation. Total RNA
was extracted with TRIzol (Invitrogen, Carlsbad, CA)
from PBMCs according to the manufacturer’s instruc-
tions. RNA concentrations were determined using a Nano
instrument (NanoDrop Technologies, Thermo, US). Then
c¢DNA was synthesized with PrimeScript reverse tran-
scriptase (TaKaRa, Dalian, China) and oligo (dT) follow-
ing the manufacturer’s instructions. Real-time
quantitative PCR was performed using SYBR Green
Master (Roche). Specific primers for [POI3 (forward
primer, 5-GTATGAAAGCCTAAAGGCACAGC-3’; and
reverse primer, 5-GCCGAGTCAGTACAATCTITGG
AG-3) were used. The relative expression level of IPO13
messenger RNA (mRNA) was normalized to that of
internal control ACTIN using the 2~ AAC cycle thresh-
old method.

Zebrafish husbandry and embryo preparation

Wild-type adult zebrafish of the AB strain (Damnio rerio)
were raised and maintained in 14-h light/10-h dark cycle
at 28.5 °C in an automatic control facility with continuous
water flow (Tecniplast, China). Fertilized eggs were
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collected after natural spawning by removing the divider
and turning on the lights. Then the eggs were kept at 28.5
°C in E3 medium before and after microinjection. Staging
of zebrafish embryos was performed according to the time
and morphological standard.

Morpholino and mRNA rescue experiments

Antisense MOs targeted the translational start site of
the zebrafish ipoi3 transcript (5-TGTGTCCGAATC-
CATCTCCGTGTTT-3’) and the human (-globin mor-
pholino sequence (5-CCTCTTACCTCAGTTACAA
TTTATA-3’, used as a standard control); the MOs were
both designed and synthesized by Gene Tools, LLC
(Philomath, OR, USA). They were dissolved in ddH,O
and diluted to the required concentration before being
injected into the yolk of one- to two-cell-stage embryos.
The optic and body developments of the embryos were
examined at 3 days post fertilization (dpf) To rescue the

Page 3 of 11

knockdown phenotype of MO zebrafish, we generated
zebrafish retinal cDNA from total RNA using RT-PCR on
a full-length ipol3 fragment. The amplification primers
containing the T3 promotor sequence included the fol-
lowing: 5-AATTAACCCTCACTAAAGGGATGGATT
CGGACACAGCCGCAGACTTCACCGTGGAAA-3 and
5-TTAGTAATCCGCTGCATATTCAGT-3. To gen-
erate the ipol3 rescue mRNA, PCR template DNA was
purified using a QIAquick PCR Purification Kit (Qiagen,
Germany). Capped full-length mRNA was synthesized
using an mMESSAGE mMACHINE T3 Kit (Invitrogen,
Carlsbad, CA) and then purified using an RNeasy Mini kit
(Qiagen, Germany) following the manufacturer’s
instructions. To rescue the morphant phenotype, full-
length ipo13 rescue mRNAs (final concentration of 300
ng/pL) were co-injected with MO into the fertilized
eggs®® 2,

Iris Lens

F  1Po13c.331C>T p.R111C

Sister11-4

Fig. 1 Identification of /PO13 mutation in a patient with coloboma, microphthalmia, and cataract. a-d Clinical manifestations of patient. a, b
Slit-lamp photographs of the patient with congenital cataract and microcornea. OD right eye, OS: left eye. ¢ Iris coloboma. d Pictures of lens from the
proband show opacities in the right eye. e Three-generation pedigree. Affected individual is represented as a filled square. Normal individuals are
shown as empty symbols. f Sequence chromatograms of /PO73 in the patient and a sibling. g Homozygosity mapping analysis (using
HomozygosityMapper) shows a 44.4 Mb locus of homozygosity on chromosome 1, which contains the IPO13 gene
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Measurement of eye size

Phenotypic abnormalities of all embryos were assessed
on 3 dpf. Eye size (measurements of axial length and eye
area) was measured using stereo microscopy (SZX116,
OLYMPUS, Japan). For data collection, 7-14 larvae were
included in each experiment, and experiments were per-
formed in triplicate. Pictures of the vertical and lateral view
of each larva were recorded by a microscopic camera. Axial
length and eye area were calculated by built-in software.

Zebrafish behavior experiments

Both visual motor response (VMR) and optokinetic
response (OKR) were analyzed in this study. VMR was
performed in a zebrabox (VMR machine ViewPoint 2.0,
France) in order to assess the larvae’s response to light at
5 dpf. Twelve larvae were used for each group in a 96-well
plate for each experiment. Larvae were subjected to dark
adaption for 3 h prior to the behavior test. Zebrabox was
set to apply the ON light three times and the OFF light
three times (30 min/round) to the larvae in each experi-
ment. A burst duration at every second was used to assess
larvae activities in response to the ON or OFF light.
Larvae activities during the 150 s around light switching
were plotted in the figures. Peak activities were observed
during the seconds after light switching®**, OKR was
analyzed following the previous protocols®>™’. We ran-
domly selected several injected larvae on 5 dpf and rou-
tinely conducted experiments between 14:00 and 17:00.
OKR software (ViewPoint OKR 2.0, ViewPoint, France)
was used to record and analyze the larvae’s eye move-
ments over 1 min.

Immunohistochemistry

Morphants and control larvae on 6 dpf were fixed in 4%
paraformaldehyde and were gradually dehydrated with
15% and 30% sucrose. Then 12-mm frozen sections were
cut and stained with zpr-1 zebrafish-specific antibodies
(1:600) in 4 °C overnight. Alexa Fluor 594 (1:200) anti-
goat secondary antibodies were used for incubation for 2
h at room temperature. DAPI (4,6-diamidino-2-pheny-
lindole) was used for nuclear staining. Coverslips were
mounted, and a confocal microscope (TCS SP8, Leica,
Germany) was used to analyze gene expression and retinal
architecture.

Data deposition
The sequencing data have been deposited in the figshare
database at https://figshare.com/s/9733fee989fe7a96fb74
(DOI: 10.6084/m9.figshare.5537080).

Results
Clinical observations

The proband was a 28-year-old male from a Han Chi-
nese consanguineous family (first cousins). His parents
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and two sisters were unaffected. A narrowed opening
(narrowed palpebral fissure) limited to his left eye was
identified at birth. At his first visit to our hospital, his right
eye exhibited Snellen visual acuity of 20/400 and showed
signs of nystagmus. His left eye, however, showed no
perception of light. Slit-lamp microscopy revealed that the
patient suffered from microphthalmia and iris coloboma
along with congenital cataract in the right eye, whereas his
cornea was extremely small in the left eye (Fig. la—d).
Owing to signs of nystagmus, further examinations, such
as keratometry, specular microscopy, and ultrasonic A/B
scan, were not applicable. However, ophthalmologic and
general examination allowed the elimination of other
possible syndromes. Furthermore, his mother denied any
teratogen exposure during pregnancy. The patient did not
suffer from any learning difficulties and graduated with a
college degree. The patient also denied any systemic
abnormalities.

WES and homozygosity mapping analysis identified a
putative mutation in /IPO13

To reveal underlying genetic defects, WES was per-
formed on the proband (II-3) and the parents (I-3 and I-4)
(Fig. 1e). The mean depths of the WES targeted regions
were 64.51x, 73.91x, and 79.05x, respectively, for II-3, I-2,
and I-4 (Supplementary Material, Table S1). Targeted
regions with depths greater than 20x reads showed cov-
erage of >83.20% (Supplementary Material, Table S1).
Owing to consanguinity between the parents, an
autosomal-recessive inheritance pattern was considered.
Homozygosity mapping analysis was performed based on
the proband’s VCF file using HomozygosityMapper. The
results showed that a total of 15 loci of homozygosity were
>3 Mb. After employing a step-by-step filtering strategy
(Supplementary Material, Fig. S1), only two homozygous
variants remained: ¢.331C>T (p.R111C) in I[PO13 (Fig. 1f)
and ¢.668G>A, p.R223H in DYNCIH]I. Mutations in the
DYNCIHI gene can lead to autosomal-dominant spinal
muscular atrophy, mental retardation, and
Charcot—Marie—-Tooth disease (http://omim.org/entry/
600112). Considering that the phenotype and inheri-
tance pattern of pathological DYNCIHI1 mutations were
different from those observed in our patient (II-3), we
thereby excluded DYNCIHI as a possible causative gene
in this pedigree.

Notably, IPO13 encodes importin 13, which is a mem-
ber of the importin-beta family of nuclear transport pro-
teins. To date, no associations between IPOI13 variants
and human disorders have been identified. Of note,
R111C was absent in dbSNP137, 1000G, ESP6500, and an
in-house database consisting of 500 Chinese exomes.
Only two heterozygous (2/121386, 1.648e-05) alleles were
observed in the ExAC database. In addition, homozygosity
mapping analysis demonstrated that the IPOI3 gene is
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Fig. 2 Mutation location, expression profile of IPO13, and crystal structure model of IPO13. a Schematic representation of the mutation in
IPO13 (ENST00000372343, NM_014652) and functional domains. b Conservation analyses of the mutated residues 111 in IPO13 across different
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located in a large homozygous region on chromosome 1
that encompasses 44.4 Mb (Fig. 1g). The variant ¢.331C>T
resulted in a switch from an alkaline (arginine) to an
acidic amino acid (cysteine) in the helix domain of the
IPO13 protein (Fig. 2a). Taken together, the homozygous
variant ¢.331C>T (p.R111C) in the IPOI3 gene could
potentially be a putative causative mutation for OC.

Comparative and structural analyses of /PO13 mutation
To further assess the potential pathogenic impact of
R111C at the protein level, we carried out comparative
and structural analyses. Multiple orthologous sequence
alignment revealed that R111C has been identified in a
highly conserved region across different species (Fig. 2b).
We then performed molecular modeling with the
Phyre2 server in automated mode. The variant R111C was
found to be located in the helix domain, which could
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serve to increase the number of hydrogen bonds within
the surrounding space (Fig. 2c). These findings suggest
that the missense mutation influenced the protein struc-
ture of IPO13.

IPO13/Ipo13 expression pattern

To gain further insights into the expression character-
istics of the IPO13 gene, we investigated the expression
profile of Ipol3 in mouse tissues using RT-PCR. Our
results showed a high expression of Ipol3 in the eye
(including cornea, sclera, lens, and retina), heart, lung, and
brain (Fig. 2d). Furthermore, according to our in-house
mouse retina RNA-Seq database, Ipol3 is expressed as
early as stage E13.5, and its expression increases during
postnatal development of the mouse retina (Supplemen-
tary Material, Fig. S2). The expression pattern is similar to
those of previously identified genes Abca3 and Mab2112.
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Fig. 3 Morphology of ipo13-deficient zebrafish morphants. a Lateral view of zebrafish larvae. Larvae injected with the highest does of ipo!3
targeting MO at 5.0 ng/uL exhibit apparent spinal curvature and reduced eye size. Abnormalities were not observed in the low concentration groups.
b Magnified lateral pictures of zebrafish eyeballs show significant decrease in eye size. ¢ Vertical view of larval eyeballs displays shorter axial length in
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These findings indicate that Ipol3 is associated with
ocular development.

To investigate whether the missense variant affects the
expression level of IPO13 mRNA, real-time quantitative
PCR was performed on PBMCs collected from the patient
and a healthy control. Our results showed that /PO13
mRNA level (normalized to GAPDH) was approximately
43% lower in the patient than in normal control (***P <
0.0001; Fig. 2e). This result suggests that impaired
expression of [POI3 may play a role in ocular
development.

Knocking down ipo13 results in microphthalmia,
coloboma, and cataract in zebrafish

Based on the above findings, we further examined the
biological function of IPO13 in an animal model by
knocking down ipol3 in zebrafish using MOs>*~*°. First,
we conducted a dose-dependent micro-injection of ipo13
targeting MO into one- to two-cell stage embryos. Then
diluted 1 nL liquid of MO at 1.0 ng/pL, 2.5 ng/pL, and 5.0
ng/pL or control human B-globin targeting MO at 5.0 ng/
uL was injected into the yolk of fertilized eggs.
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Interestingly, we observed that the 5.0 ng knockdown
embryos exhibited apparent changes in optical develop-
ment, including microphthalmia (shorter axial length and
smaller eye area), coloboma, and cataract at 3 dpf
(Fig. 3a—c, Supplementary Material, Fig. S3). Strikingly,
this phenotype is very similar to that of the patient. No
obvious alteration was observed in the embryos injected
with low concentrations of MO at 1.0 ng and 2.5 ng or in
embryos of the non-injected and control-MO-injected
groups, suggesting that 5.0 ng is the proper concentration
for the knockdown experiment. Specifically, a ~23%
reduction in axial length (Fig. 3d) and ~28% reduction in
eye area (Fig. 3e) were observed in the 5.0ng group.
Moreover, the incidence of microphthalmia was extre-
mely common (56/59, 94.9%) (Supplementary Material,
Fig. S4A). Meanwhile, 46 of the 59 (78.0%) injected larvae
showed coloboma (Supplementary Material, Fig. S4A).
However, the rate of cataract occurrence was relatively
low (8/59, 13.6%, Supplementary Material, Fig. S3) com-
pared to the rates of microphthalmia and coloboma.
Along with these ocular phenotypes, 44.1% (26/59) of the
embryos injected with the highest does of MO also
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Fig. 4 Retinal architecture of ipo13-deficient morphants. Left panel shows the control MO 5.0 ng, ipo13-MO 1.0 ng, and ipo13-MO 2.5 ng injected
larvae expressing zpr-1 in relative normal levels at 3 dpf. Less zpr-1 signal is detected in the peripheral area of larval retinas. The three nuclear layers
are even in these three groups. Right panel shows that ipo73-MO 5.0 ng injection disturbs the lamination of retinal nuclear layers. Both plexiform
layers are not observed in this group, and almost no zpr-1 expression is detected

ipo13MO 5.0

showed symptoms of spinal curvature (Supplementary
Material, Fig. S4A), indicating that the role of ipol3 in
early-stage development might not be limited to the eyes.
Taken together, knocking down ipo13 resulted in micro-
phthalmia, coloboma, and cataract in zebrafish.

Knocking down ipo13 disrupts retinal lamination

We then examined the retinal architecture of the larvae
by histology. After measurements of eye size, we fixed the
whole larvae and performed cryosections and immunos-
taining. Both control MO and 1.0 ng injected groups
showed normal lamination with three intact nuclear layers
(Fig. 4). Consistently, zpr-1 was expressed normally and
globally in cone photoreceptor cells, indicating that the
retinal cells of control MO and 1.0 ng injected groups
developed normally at this stage. The group injected with
2.5ng MO also did not show obvious alterations. Intri-
guingly, lamination was severely disrupted in ipol3-defi-
cient morphants (injected with 5.0ng MO) (Fig. 4).
Specifically, all three nuclear layers (outer nuclear layer,
inner nuclear layer, and ganglion cell layers) disappeared,
and zpr-1 expression was barely detectable (Fig. 4). These
results suggest that knocking down ipo13 disrupted early-
stage retinal development in zebrafish.

Abnormal VMR and OKR

Subsequently, we carried out VMR testing to analyze
the visual condition at the behavioral level. According to a
previous standard protocol, we applied three ON and
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three OFF light stimuli to the 5 dpf larvae injected with
different concentrations of MOs in 96-well plates®>*',
The non-injected control, control MO, and 1.0 ng MO
larvae displayed relatively normal activity peaks ranging
between 0.15 and 0.23 for ON responses and 0.10-0.18
for OFF responses (Fig. 5). Interestingly, both ON (0.075)
and OFF (0.006) activity peaks significantly decreased in
5.0 ng MO-injected morphants (Fig. 5), which was con-
sistent with the observations regarding the ocular mor-
phology of ipol3-deficient morphants. Similarly, OKR
testing also showed visual malfunction (Supplementary
Material, Fig. S4B). Compared with the non-injected and
control MO-injected larvae, OKR was almost completely
extinguished in 5.0ng MO morphants (Supplementary
Material, Fig. S4B). Thus these results further demon-
strate that knocking down ipol3 led to severe visual
impairment.

Rescue of ipo13-deficient morphant phenotypes

To verify that the phenotypes observed in the mor-
phants were ipol3 specific, we co-injected full-length
ipo13 mRNA with 5.0ng of ipol3 targeting MO and
examined the phenotype on 5 dpf*>*?, Interestingly,
apparent rescue was obtained in the ipol3 mRNA and
MO co-injected group but not in the MO only group
(Fig. 6a). The overall appearance of ipol13 mRNA and MO
co-injected larvae was similar to that of larvae injected
with ipo13 mRNA only or control MO. Around 60% of
rescued larvae displayed normal axial length and eye area
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Fig. 5 VMR testing in ipo13-deficient morphants. Larvae injected
with ipo13-MO 5.0 ng show significantly weaker VMR ON and OFF
response on 5 dpf. The responses of the other four groups, including
non-injected, control-MO and low concentration ipo13-MOs, are
normal or slightly changed. The y axis represents the burst duration at
every second, which indicates larvae activity in response to light ON or
OFF. Activities at 30 s before light switch and at 120 s after light switch
are represented in the figures

(Fig. 6b, c). In contrast, <10% of larvae injected with ipol3
targeting MO showed normal axial length and eye area. In
addition, only 12% of morphants showed signs of colo-
boma in the rescued group, which was significantly lower
than the percentage in the MO only group. Therefore, it is
reasonable to conclude that the ocular phenotypes
observed in the morphants were specifically caused by
knockdown of ipoi3.

Discussion

In this study, we identified a novel causative mutation in
IPO13 that led to autosomal-recessive coloboma, micro-
phthalmia, and cataract. The difficulty in identifying
recessive disease genes can be attributed to the fact that
linkage studies are not applicable to small pedigrees,
especially the pedigrees in simplex cases™. Fortunately,
we came across a third-degree consanguineous (first
cousin) pedigree in this study. Furthermore, a large
number of studies have demonstrated the robustness and
effectiveness of a combined WES and homozygosity
mapping approach for the molecular diagnosis of genetic

Official journal of the Korean Society for Biochemistry and Molecular Biology

Page 8 of 11

ocular disease. Owing to these advantages, we were able to
uncover a disease-causing mutation in /PO13.

Multiple lines of evidence support the conclusion that
IPO13 is a disease-causing gene. After rigorous investi-
gation using a combination of WES, homozygosity map-
ping, and comprehensive variant analysis, only one
homozygous mutation (p.R111C) in IPOI13 survived our
strict filtering process. This mutation was fully segregated
in the family and was found in a highly conserved func-
tional domain (Fig. 2a, b). The crystal structure model
indicated that R111C affects protein structure (Fig. 2c).
Additionally, RT-PCR results demonstrated high expres-
sion of Ipol3 in mouse cornea, sclera, lens, and retina
(Fig. 2d). Our in-house mouse retina RNA-Seq database
also verified the potential role of Ipol3 in ocular devel-
opment by showing that Ipol3 was expressed as early as
stage E13.5, and its expression increased during postnatal
development of the mouse retina (Supplementary Mate-
rial, Fig. S2). The results from real-time quantitative PCR
revealed that the mRNA expression level of Ipol3
decreased significantly in the patient compared with the
level in a normal control (Fig. 2e). Gene damage index
(GDI; http://lab.rockefeller.edu/casanova/GDI) analysis
showed that the patient’s IPO13 gene exhibited a probable
damaging score higher than most of the previously
identified disease-causing genes of microphthalmia.
Taken together, our results suggested that IPOI3 is a
causative gene of autosomal-recessive coloboma, micro-
phthalmia, and cataract. As the algorithms used by each in
silico predictive tool may differ, their results could be
different. Based on the standards and guidelines for the
interpretation of sequence variants by the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology*>*®, we manually
analyzed this variant using an InterVar model, and the
results also suggested that this variant was pathogenic.

On the basis of these results, we generated an ipol3-
deficient animal model to dissect the roles of ipol3 in
ocular development. Owing to the high similarity of
human and D. rerio genes, we used Morpholino to target
an ortholog of ipol3 in zebrafish. Strikingly, our results
showed that ipol3 knockdown zebrafish displayed very
similar phenotypes to human patients: microphthalmia,
coloboma, and cataract (Fig. 3, Supplementary Material,
Fig. S3 and S4A) and disrupted retinal architectures
(Fig. 4). The defective morphants exactly corresponded
with the ocular malformations resulting from the IPO13
mutation in humans (Fig. 1a). These findings prompted us
to perform behavior testing on ipol3 knockdown zebra-
fish. Interestingly, we found that morphants injected with
5.0 ng of ipol3 targeting MO exhibited severe malfunc-
tions in all responses, including VMR ON, VMR OFF, and
OKR (Fig. 5 and Supplementary Material, Fig. S4B).
Therefore, we concluded that the dysfunction of the visual
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system was caused by abnormalities in ocular develop-
ment. Along with eye size and morphology, we also
examined retinal architecture and found that retinal
lamination was disrupted severely in morphants injected
with 5.0 ng of ipo13 targeting MO.

Although our zebrafish model showed a highly similar
phenotype to the patient, we investigated whether the
defects were ipol3 specific. It is commonly known that
knocking down of many disease-related genes can lead to
microphthalmia. Therefore, we performed rescue experi-
ments to confirm our knockdown results. Interestingly,
dramatic rescue was achieved in the ipol3 mRNA and
MO co-injected groups but not in the MO only group
(Fig. 6). Our results showed that the ipol13 mRNA and
MO co-injected group exhibited similar manifestations as
the groups injected with ipol3 mRNA only or control
MO. More broadly, coloboma and cataract are very spe-
cific ocular phenotypes observed in zebrafish subjected to
MO treatment. Taken together, results from our rescue
experiment and the observation of coloboma and cataract
demonstrated phenotypic specificity in ipol3-deficient
zebrafish. Interestingly, in addition to the zebrafish model,
a previous study also demonstrated that mutations in
importin 13 could lead to defective synaptic transmission
in the visual system of Drosophila®’.

Several studies supported our results and provided
possible hypotheses for the molecular mechanisms of
IPO13 in ocular development. IPO13 (importin 13), a
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member of the importin-B family, was found to be the
only bi-directional transporter for mammalian importin.
It has been reported that Ipol3 mediates the nuclear
import of Pax family proteins (Pax6, Pax3, and Crx) in
mice*®, Interestingly, PAX6 is an important transcription
factor; it is considered to be a master switch for ocular
morphogenesis*® and has been shown to be expressed in
various ocular tissues®’. Molecular genetic analysis has
also detected a number of PAX6 mutations in patients
with eye anomalies®"*?, including a spectrum of human
congenital eye malformations, such as coloboma®***, In
addition, Pax3 is a regulator of neurogenic and myogenic
embryogenesis®®, whereas Crx plays an important role in
the differentiation and development of photoreceptors®.
Furthermore, IPO13 serves as a potential marker for
corneal epithelial progenitor cells, which further links
IPO13 to corneal cell proliferation and pterygium®”>,
Marlene et al. demonstrated that importin 13 was able to
bind Ubc9 and suppressed sumoylation activity®®. Nota-
bly, several studies showed that Ubc9 is associated with
microphthalmia®~%?, indicating that the molecular
mechanism of importin 13 might relate to Ubc9 and
sumoylation. Therefore, it is possible that mutations in
IPO13 affect eye development and the function of Pax6,
Pax3, Crx, Ubc9, and sumoylation, ultimately triggering
ocular anomalies.

In conclusion, a combined approach of WES and
homozygosity mapping led to the identification of a
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IPOI13 mutation in a consanguineous family affected by
autosomal-recessive coloboma, microphthalmia, and cat-
aract. We have shown that Ipol3 is expressed in the
cornea, sclera, lens, and retina, and its expression
increases during postnatal development of the mouse
retina. Furthermore, the mRNA expression level of Ipoi3
decreased significantly in the patient compared with the
expression level in a healthy individual. Given that
loss of ipol13 in zebrafish resulted in similar disease phe-
notypes, including microphthalmia, coloboma, and cat-
aract, this study highlights that importin 13 is required for
eye morphogenesis. Furthermore, these ocular pheno-
types in ipol3-deficient zebrafish could be remarkably
rescued by full-length ipol3 mRNA. This is the first
report on the critical role of IPO13 in ocular development
in both human and zebrafish. Our findings suggest that
genetic screening of IPOI13 mutations should be con-
sidered for  patients with coloboma and/or
microphthalmia.
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