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Purpose: To investigate the clinical characteristics of autosomal dominant oculocu-
taneous albinism (OCA) and functionally validate the heterozygous SLC45A2(W74R)
variant using a zebrafish model.

Methods: Three members of a Korean family with OCA underwent comprehensive
clinical examinations. Targeted panel and genome sequencing were performed on the
proband, and Sanger sequencing was performed on all affected family members. To
assess the pathogenicity of the genetic variant, a slc45a2 knockout (KO) zebrafishmodel
was generated using CRISPR technology.

Results: All three affected patients exhibited hair and iris hypopigmentation, with
variable foveal hypoplasia and nystagmus. A heterozygous c.220T>C:p.(W74R) variant
in SLC45A2 was identified and was absent in gnomAD v4.1. Multiple in silico predic-
tions supported its pathogenicity (AlphaMissense: 0.993, CADD: 29.6, REVEL: 0.951).
Genome sequencing revealed no additional pathogenic or common hypomorphic
variants in other knownOCA-related genes. The slc45a2 KO zebrafish exhibited a typical
albino phenotype, which was rescued by melanocyte-specific expression of normal
SLC45A2butnotby the SLC45A2(W74R) variant. Furthermore, the SLC45A2(W74R) variant
suppressed pigmentation in heterozygous KO, but not in wild-type zebrafish, indicating
a dominant-negative effect in a dosage-dependent manner.

Conclusions: This study demonstrated that a heterozygous c.220T>C:p.(W74R) variant
in SLC45A2 causes variable expressivity of OCA in a dominant inheritedmanner, and this
variant interferes with melanogenesis in zebrafish.

Translational Relevance: This study expands the mode of inheritance in OCA and
provides crucial functional validation that is important for genetic counseling.
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Introduction

Oculocutaneous albinism (OCA) is a genetically
heterogeneous disorder characterized by a reduc-
tion or complete absence of melanin pigments in
skin, hair, and eyes. This heterogeneity arises from
pathogenic variants not only in genes directly involved
in the melanin production and processing within
melanocytes but also in those critical for upstream and
supporting processes, including neural crest formation,
melanocyte development, melanosome biogenesis and
trafficking, and pigment-related signaling pathways.1
To date, mutations in eight genes have been associ-
ated with ocular albinism (OA) or OCA, while 15
genes have been identified in syndromic OCA.2 Among
the eight types of nonsyndromic OCA (OCA1–8),
seven causative genes have been identified, and OCA5
has been mapped to the 4q25 locus in a consan-
guineous Pakistani family.3 Ophthalmologic features
of OCA include infantile nystagmus, iris transillumi-
nation defects, varying degrees of foveal hypoplasia,
hypopigmented fundi, chiasmalmisrouting of the optic
nerve, poor stereopsis, and decreased visual acuity.4–6

The estimated prevalence of OCA is about 1 in
17,000 to 20,000 inWestern countries,5 while in Africa,
it ranges from 1 in 5,000 to 1 in 15,000.7 Among the
known causative genes, TYR is the most frequently
mutated gene, accounting for 42% of all OCA cases,
while SLC45A2 mutations are a common cause of
OCA, particularly OCA4 in East Asia.8,9 SLC45A2 is
composed of seven exons and encodes a membrane-
associated transporter protein of 530 amino acids
with 12 putative transmembrane domains.10 SLC45A2
protein plays a key role in neutralizing melanosome pH
and facilitating copper binding to tyrosinase.11

In this study, we identified a novel SLC45A2
variant, SLC45A2(W74R), responsible for autosomal
dominant OCA4 in three patients from a single family.
OCA4 is typically inherited in an autosomal recessive
pattern, requiring two copies of the mutated SLC45A2
(one from each parent) for disease manifestation. To
assess the pathogenicity of this SLC45A2 variant,
we generated a slc45a2 knockout (KO) zebrafish and
found an experimental clue suggesting a dominant-
negative effect with dosage-dependent activity of this
variant offering new insights into themolecular mecha-
nism underlying OCA4.

Materials and Methods

Ethical Approval and Consent
The study adhered to the tenets of the Decla-

ration of Helsinki, and institutional review board

(IRB) approval was obtained from Gangnam Sever-
ance Hospital IRB (No. 3-2021-0153). Patient consent
was obtained for the publication of clinical data and
photographs.

Genetic Analysis

Targeted panel next-generation sequencing, consist-
ing of 429 genes (listed in Supplementary Table
S1) associated with inherited eye diseases, was
performed using NextSeq 550 (Illumina, San Diego,
CA, USA). Target enrichment was carried out with
custom-designed RNA oligonucleotide probes and
a target enrichment kit (Celemics, Seoul, South
Korea). Genome sequencing of the proband was
performed using PCR-free TruSeq on a NovaSeq 6000
(Illumina). Demultiplexed BAM files were aligned
to the hg38 reference genome using Dragen mapper.
Single-nucleotide variants and small insertions or
deletions were identified using the Genome Analysis
ToolKit (GATK) version 4.4.4.0 with Haplotype-
Caller. Each variant suspected to be pathogenic, likely
pathogenic, or a variant of uncertain significance
was confirmed by visual inspection of the BAM file
using Integrative Genomics Viewer 2.16 software.
Structural variants were called with the GATK-SV
cohort mode pipeline with cn.Mops, GATK gCNV,
Manta,Wham, and SCRAMble.12 The mobile element
insertion was analyzed using the MELT algorithm.13
Causative genes for nonsyndromic or syndromic
albinism were selected for the analysis. Variants with
combined annotation dependent depletion (CADD)
<20 and a minor allele frequency (MAF) >0.5% in
the Genome Aggregation Database (gnomAD v4.1)
were excluded during the initial filtering pipeline.
To identify known common hypomorphic variants
affecting skin pigmentation, we specifically searched
those variants without MAF filtering in TYR.14 The
potential pathogenicity of each variant was deter-
mined according to the guidelines of the American
College of Medical Genetics and the Association for
Molecular Pathology,15 and three in silico predic-
tion algorithms, including Alphamissense, CADD,
PolyPhen-2, REVEL, Sorting Intolerant From Toler-
ant (SIFT), and VEST4 (Variant Effect Scoring Tool),
were used for pathogenicity prediction.16 Protein
modeling was performed using Alphafold 3 Server
and UCSF ChimeraX.17 To perform a haplotype
analysis of SLC45A2 in the proband, the phase of
each variant was determined directly from paired-end
sequence read pairs or imputed using the SEAD refer-
ence panel, which includes 22,134 haplotypes from
Asian populations (https://imputationserver.westlake.
edu.cn).18
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Ophthalmologic Examination

Patients underwent comprehensive ophthalmologic
examinations, including measurement of visual acuity,
slit-lamp examination, manifest refraction, dilated
fundus examination, fundus photograph (VX-20;
KOWA, Tokyo, Japan), wide-field fundus photography
(Optos, Marlborough, MA, USA), and Spectralis
optical coherence tomography (OCT, Heidelberg
Engineering GmbH, Heidelberg, Germany). Multi-
channel visual evoked potential (VEP) was used to
assess the misrouting of retinal ganglion cell axons at
the optic chiasm with pattern onset/offset stimulus.
Video nystagmography (SLMED, Seoul, South Korea)
was performed to record eye movements. Funduscopic
evaluation of macula status and foveal hypoplasia was
conducted based on the Foveal Hypoplasia Grading
Scale.19

In vivo Characterization in Zebrafish

Zebrafish Husbandry
Zebrafish were reared under standard conditions

with a 14-hour/10-hour light/dark cycle. Zebrafish
embryos were obtained by natural mating and reared
in egg water at 28.5°C. Developmental stages of
the organogenesis period are represented as hours
postfertilization (hpf). Wild-type and KO zebrafish
were obtained from the Zebrafish Center for Disease
Modeling. Animal experiments involving zebrafish
were approved by the Institutional Animal Care and
Use Committees of Chungnam National University
(202404A-CNU-077) and adhered to the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision
Research.

Plasmid Construction
The wild-type SLC45A2 was obtained from

GenScript (clone ID: OHu107237) and subcloned into
the pCS2+ expression vector. The SLC45A2(Y70H)
and SLC45A2(W74R) variants were introduced by
site-directed mutagenesis using the pCS2+SLC45A2
expression vector as a template. To achieve tissue-
specific expression of SLC45A2, we constructed a
vector containing the melanocyte-specific fTyrp1
promoter, ZsGreen1 reporter gene, P2A peptide, and
SLC45A2 using the NEBuilder HiFi DNA Assembly
Cloning Kit (#E5520; New England Biolabs, Ipswich,
MA). We employed a bicistronic linker, P2A, which
enables to coexpress ZsGreen1 and SLC45A2 in same
transgene-positive cells. Briefly, the fTyrp1 promoter,
ZsGreen1-P2A, andSLC45A2 cDNAwere polymerase
chain reaction (PCR)–amplified with overlapping ends.
The PCR products were then assembled into a NcoI
digested pCS2+ vector using the HiFi DNA Assembly

kit according to the manufacturer’s instructions. The
resulting plasmids were verified by Sanger sequencing.
The detailed primer sequences used in the construction
are provided in Supplementary Table S2.

Generation of Zebrafish slc45a2 KOMutants
To generate zebrafish slc45a2 KO mutants, we

designed single guide RNAs (sgRNAs) targeting exon
1 of the zebrafish slc45a2 gene using CRISPRScan
(https://www.crisprscan.org/). In vitro transcription
of sgRNA was performed using the MAXIscript
T7 Transcription Kit (AM1314; Invitrogen, Carls-
bad, CA, USA). Cas9 expression vector (pT3TS-
nCas9n) was linearized with XbaI (R0145; NEB),
and Cas9 messenger RNA (mRNA) was transcribed
using the mMESSAGE mMACHINE T3 Transcrip-
tion Kit (AM1348; Invitrogen), poly(A) tailed with
the Poly(A) Tailing Kit (AM1350; Invitrogen). To
assess the efficiency of Cas9 mRNA and sgRNA,
genomic DNA was amplified by PCR and analyzed
with T7 endonuclease I (M0302L; NEB). The sgRNAs
were coinjected with Cas9 mRNA into one-cell-stage
zebrafish embryos. Identified founder F0 zebrafishwere
crossed with wild-type zebrafish, and germline trans-
mission resulted in the propagation of a stable KO line.
To obtain slc45a2 heterozygous KO zebrafish for the
study, we crossed the albino KO fish with wild-type
zebrafish. Detailed sgRNA sequences used for gener-
ating the slc45a2 KO mutants are provided in Supple-
mentary Table S3.

Microinjection of mRNA and Plasmid DNAs in
Zebrafish

The rescue experiments were performed using
synthesized mRNA or plasmid DNA microinjec-
tion. SLC45A2 or SLC45A2(W74R) mRNA was
transcribed using the mMESSAGE mMACHINE
SP6 Transcription Kit (AM1340; Thermo Fisher,
Waltham,MA) and purified by lithium chloride precip-
itation following the manufacturer’s protocol. For
mRNA overexpression, we microinjected SLC45A2 or
SLC45A2(W74R) mRNA at a concentration of 500 pg
into one-cell-stage embryos obtained from an in-cross
of slc45a2KOmutant zebrafish. For quality control for
microinjection, we coinjected mRNA with phenol red
to see that embryos had been successfully injected. We
selected out uninjected, unfertilized, and dead embryos
before evaluation. The pigmentation phenotype was
evaluated at 52 hpf in injected embryos. Although
melanophores first appear at 24 hpf, we selected 52
hpf because it corresponds to the developmental stage
at which most of the melanophores have completed
their migration, specification, and differentiation in
zebrafish embryos, allowing more reliable assessment
of pigmentation phenotypes.20 To achieve transient
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somatic expression of SLC45A2 in zebrafish, 50 ng/μL
of plasmid DNAs (cmv:SLC45A2, ftyrp1:SLC45A2,
ftyrp1:ZsGreen1-P2A-SLC45A2, or ftyrp1:ZsGreen1-
P2A-SLC45A2(W74R)) was microinjected into one-
cell-stage zebrafish embryos. After injection, embryos
were maintained in egg water at 28.5°C until further
analysis.

Results

Clinical Description

A 3-year-old male child visited the clinic with infan-
tile nystagmus, esotropia, skin hypopigmentation, and
brown hair, initially seeking evaluation for nystag-
mus. He was born via normal spontaneous vaginal
delivery with no perinatal complications. Notably, his
mother had nystagmus, photophobia, and reduced
visual acuity, while his brother also had brown hair but
no visual symptoms or nystagmus (Fig. 1a). There was
no known consanguinity in the family. The proband
had no history of bleeding tendencies or frequent infec-
tions. Dilated fundus examination showed hypopig-
mented fundi with no foveal reflex, and nystagmus was
noted (Fig. 1b). At age 12, his best-corrected visual
acuity was 20/40 in both eyes. Cycloplegic refraction
showed severe with-the-rule astigmatism: -sph4.25 -
cyl4.50 Axis180 in the right eye and -sph3.50 -cyl5.00
Axis180 in the left eye. Slit-lamp examination revealed
iris hypopigmentation (Fig. 1c). Wide-field fundus

photography showed a concentric macular ring sign
in both eyes, and fundus photographs showed grade
1 macular transparency with visible choroidal vessels.
OCT exhibited bilateral grade 2 foveal hypoplasia with
intrusion of plexiform layers and an absence of foveal
pit, with a minor degree of outer segment lengthen-
ing.19 Multichannel VEP confirmed chiasmal misrout-
ing of the optic nerve (Fig. 2). Both spontaneous
and gaze-evoked nystagmus were noted, showing a
symmetric 3-Hz bidirectional jerk-type nystagmus.

The mother also had light brown hair and iris
hypopigmentation (Fig. 1a). Her best-corrected visual
acuity was 20/32 in the right eye and 20/25 in the
left eye. Fundus examination revealed a weak foveal
reflex, and OCT showed grade 1b foveal hypoplasia
(Figs. 2e, 2f). She had undergone four large recti reces-
sion surgeries in her early teens to reduce nystagmus.
Video nystagmography showed that her nystagmus
was minimal in the primary position, but gaze-evoked
nystagmus was noted. The brother of the proband also
had light brown hair, with a best-corrected visual acuity
of 20/20 in both eyes. He did not have nystagmus.
OCT revealed grade 1a foveal hypoplasia in both eyes
(Figs. 2g, 2h).

Sequencing Analysis and Pathogenicity
Prediction

Targeted panel sequencing identified a novel
heterozygous c.220T>C:p.(Trp74Arg) variant in the
SLC45A2 gene (NM_016180.5). The c.220T>C:

Figure 1. Identification of a novel SLC45A2(W74R) variant in a family with autosomal dominant inherited OCA. (a) Hair of an age- and
sex-matched control of the proband and affected members of the OCA family. Brownish hair was observed in all affected family members,
with the proband being the most severely affected. (b) Anterior segment photographs of the proband. Iris hypopigmentation was noted
in both eyes. (c) Video-nystagmography (VNG) result of the proband. The horizontal axis represents time in seconds, and the vertical axis
represents eyeposition indegrees (upward indicates rightwardmovement, anddownward indicates leftwardmovement). TheVNG recording
represents horizontal position changes during spontaneous fixation. A 2- to 3-Hz bilateral symmetric pendular nystagmuswas observed (red
line: right eye; blue line: left eye). (d) The pedigree revealed a dominant inheritance pattern. Targeted panel sequencing identified a novel
heterozygous c.220C>T:p.(Trp74Arg) variant in SLC45A2. Sanger sequencing confirmed the variant was segregated in the affected family
members. Althoughwe could not examine the affected grandmother, the proband’smother indicated that the grandmother had nystagmus
and reduced visual acuity since childhood.
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Figure 2. Fundus photographs and OCT images of an age- and sex-matched control of the proband and affected members of the OCA
family. (a, b) Foveal pigmentation and foveal reflex were observed, and OCT showed a normal foveal pit (arrowhead) in an unrelated healthy
control subject. These images serve as a reference for comparison with affected family members. (c, d) Fundus photography of the proband
revealed no foveal reflex, but OCT showed grade 2 foveal hypoplasia. No foveal pit was observed. (e, f) Fundus photography of the affected
mother showed aweak foveal reflex, andOCT revealed grade 1b fovea hypoplasia. A shallow foveal pitwas noted. (g, h) Fundus photography
of the affected brother showed a weak foveal reflex, and OCT revealed grade 1a foveal hypoplasia. A shallow foveal pit and retention of the
inner retinal layer at the fovea center were observed. (i, j) Multichannel pattern visual evoked potential (VEP) analysis of the proband. The
graphs showwaveforms recorded from the right occipital (RO, red dashed lines) and left occipital (LO, blue dashed lines) electrodes, together
with their difference wave (solid black line), following pattern stimulation of the right eye (RE) and left eye (LE). The LO–RO difference wave
shows a prominent positive peak in the P100 latency region during RE stimulation and a negative peak during LE stimulation, indicating
chiasmal misrouting with crossed asymmetry (highlighted in gray).

p.(Trp74Arg) variant is absent in gnomAD v4.1,
TOGOVAR, and KRGDB and is predicted to be
deleterious by multiple in silico tools (Supplemen-
tary Table S4; AlphaMissense: 0.993, CADD: 29.6,
REVEL: 0.951, and VEST4: 0.965). The REVEL
and VEST4 scores are considered PP3 strong.21 It
was also identified in the affected mother and brother
(Fig. 1d, Supplementary Fig. S1). The c.220 nucleotide
position is highly conserved (PhastCons 1.00 and
PhyloP 5.05), and the tryptophan at residue 74 is
highly conserved across species from fruit fly to human
(Fig. 3a). Structural analysis using AlphaFold3 Server
and UCSF ChimeraX v1.8 revealed that the wild-
type structure containing Trp74 exhibits a relatively
stable local conformation with minimal steric conflicts.
In contrast, the W74R substitution compromises
local structural integrity due to a significant steric
overlap between Arg74 and Tyr70, resulting in a
threefold increase in steric clashes (Fig. 3b, Supple-

mentary Table S5). Although the pedigree suggested
autosomal dominant inheritance, we searched for all
other possible regulatory, deep intronic, or structural
variants in all OCA, OA, syndromic OCA genes.
However, genome sequencing did not reveal such
variants in other OCA-related genes (Supplemen-
tary Table S6). Based on imputed haplotype analysis,
the c.1122G>C:p.(Leu374Phe) (rs16891982) variant
in SLC45A2, which is associated with lighter skin,
hair, and eye pigmentation, was not detected.22 All
other variants were common polymorphisms or had
low CADD scores (all Phred scales <12). Only one
deep intronic variant, c.563-5580G>C, had a spliceAI
score of 0.12, and the proband was homozygous
for this variant. However, this variant has a minor
allele frequency of 0.1093 in the gnomAD East Asian
population, with a total of 238 homozygous allele
counts, making it unlikely to be causative. Other
reported polymorphisms in SLC45A2 (rs181832,
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Figure 3. Comparison of SLC45A2 proteins from different species andmolecular modeling of the SLC45A2(W74R) variant. (a) Evolutionary
conservation of tryptophan (W) at position 74, from fruit fly to human. The W74R mutation changes hydrophobic tryptophan to positively
charged, hydrophilic arginine. (b) Molecular modeling using the AlphaFold 3 Server and the protein structure visualization tool UCSF
ChimeraX. The W74R mutation introduces a physically impossible overlap with Tyr70, indicating severe structural destabilization.

rs26722, rs2287949, rs35394, rs40132, and rs250417)
were also investigated.23 Notably, alleles associated
with blond hair and blue eyes, including rs181832 (T
allele), rs2287949 (G allele), and rs250417 (G allele),
were not observed (Supplementary Table S7). The
common hypomorphic c.575C>A:p.(Ser192Tyr) and
c.1205G>A:p.(Arg402Gln) variants inTYR, which are
associated with fair skin color, were not detected in the
proband.14 The regulatory c.-301C>T variant was also
not observed.24 Additionally, the known pathogenic
regulatory c.-492_-489del or c.-1078_-1077del variants
in SLC45A2 were not detected.25,26 Although this
variant has been submitted to LOVD (#0000794070)
and previously reported by our group,27 a detailed
description of the phenotypes and functional valida-
tion has not yet been conducted.

Generation of slc45a2 KO Zebrafish and
Rescue Experiments

To assess the pathogenicity of the human
SLC45A2(W74R) variant, we generated slc45a2 KO
zebrafish. Genomic DNA sequencing identified a 14-
bp deletion and an 18-bp deletion in exon 1 of the
slc45a2 gene in KO zebrafish, resulting in a frameshift
mutation (Supplementary Table S8). The frameshift
mutation is predicted to cause the loss of trans-
membrane domains of the Slc45a2 protein (Fig. 4a).
slc45a2 KO zebrafish showed a typical albino pheno-
type without any other global developmental defects
(Figs. 4b, 4c), consistent with previous reports.28,29 We

initially performed a rescue experiment using mRNA
overexpression. This approach is widely used for the
functional validation of human variants in zebrafish
and useful for studying the effects of dominant
variants by potentially allowing the assessment of
the mutant protein’s function in the presence of the
endogenous wild-type protein.30–32 We performed
microinjection of SLC45A2 or SLC45A2(W74R)
mRNA at a concentration of 500 pg per embryo
at the one-cell stage and evaluated the pigmenta-
tion phenotype at 52 hpf (Supplementary Table S2).
However, no significant change was observed in
SLC45A2 mRNA-injected KO zebrafish compared
to uninjected KO zebrafish (Fig. 4d). Phenotypic
change was not observed in SLC45A2(W74R) mRNA-
injected KO zebrafish (data not shown). Similar results
were obtained in wild-type zebrafish injected with
SLC45A2 or SLC45A2(W74R) mRNA (Figs. 4e–
g). There was no significant difference in normal
development and pigmentation between uninjected
and injected wild-type or KO zebrafish, consistent
with previous reports.28,29 These results suggest
that mRNA overexpression is not a reliable method
for functional validation of SLC45A2 variants in
zebrafish, possibly due to mRNA or protein instability.
In the previous study, however, the rescue experiment,
which involved the injection of a Bacterial Artifi-
cial Chromosome (BAC) clone, showed an obvious
pigmentation phenotype in slc45a2 KO zebrafish.
The BAC clone (CR749169, ∼169 kb) contains the
complete coding sequence of the zebrafish slc45a2
gene along with the necessary regulatory elements
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Figure 4. Establishment of slc45a2 KO zebrafish and effects of overexpression of SLC45A2 or SLC45A2(W74R) mRNA in KO zebrafish. (a)
Schematic view of the zebrafish slc45a2 gene structure and CRISPR target site in exon 1 (arrow). Predicted protein structure resulted from
the frameshift mutation in slc45a2 KO zebrafish. Multiple transmembrane domains in thewild-type (WT) Slc45a2 protein aremarked in gray.
(b, e) Wild-type zebrafish at 52 hpf (n = 20). (c) Uninjected control KO zebrafish (n = 20). (d) SLC45A2mRNA-injected KO zebrafish (n = 20).
(f) SLC45A2mRNA-injected WT zebrafish (n = 20). (g) SLC45A2(W74R) mRNA-injected WT zebrafish (n = 20). (h) Schematic view of SLC45A2
expression vectors under control of the cmv promoter ormelanocyte-specific ftyrp1 promoter. (i) Detection of rescuedmelanocytes (arrows)
in representative individual KO zebrafish (KO 1–3, n = 15; KO control, n = 4) at 72 hpf after injection with ftyrp1:SLC45A2 plasmid DNA. Five
to seven positive melanocytes were detected in an individual KO zebrafish. Scale bar: 400 μm.

required to drive its tissue-specific expression in the
melanocytes.26

Melanocyte-Specific Expression of
Transgene Using the ftyrp1 Promoter

To achieve a more stable and consistent expres-
sion of SLC45A2, we injected plasmid DNA of the
expression vector. We used the CS2+ vector, a general
multipurpose expression vector in which transgene
expression is regulated by the cytomegalovirus (cmv)

promoter (Fig. 4h). However, no rescued melanocytes
were observed in KO zebrafish injected with this vector
(data not shown, n = 15). We hypothesized that the
cmv promoter, although widely considered constitu-
tive, might not be effectively expressed in differen-
tiated melanocytes. Notably, slc45a2 transcription is
specifically expressed in migrating neural crest cells and
differentiating melanocytes (Supplementary Fig. S2).
To overcome this limitation, we used a tissue-specific
promoter, tyrosinase-related protein 1 (ftyrp1) gene
promoter, which is known to have melanocyte-specific
expression in fish.33 This approach led to the success-
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Figure 5. Dominant-negative and dosage effects of SLC45A2(W74R) expression inmelanocyte-specific transgenic zebrafish. (a) Schematic
view of SLC45A2 or SLC45A2(W74R) expression vector under control of the melanocyte-specific ftyrp1 gene promoter. ZsGreen1 is used as a
fluorescent reporter for the transgene-positive cells (arrowheads). (b, f) Rescue effects of human SLC45A2 in slc45a2 KO zebrafish at 48 hpf.
ZsGreen1-positive melanocytes are detected in homozygous slc45a2 KO (KO homo,−/−, n= 6). (c, g) No rescue effect of SLC45A2(W74R) in
ZsGreen1-positive cells in KO homo (n= 6). (d, h, d′, h′) No effect of SLC45A2(W74R) in wild-type zebrafish (WT,+/+). ZsGreen1 is expressed
in normal melanocytes in WT (n= 4). (e, i, e′, i′) Dominant-negative effects of SLC45A2(W74R) in heterozygous slc45a2 KO (KO hetero,+/−).
ZsGreen1-positive melanocytes are not detected in KO hetero (n= 6). (b–e, d′, e′) Fluorescent images. (f–i, h′, i′) Bright-field images. (d′, e′,
h′, i′) Magnifications of arrow-marked cells in d, e, h, and i, respectively. Scale bar: 100 μm.
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ful rescue of melanocytes in slc45a2 KO zebrafish
injected with the ftyrp1:SLC45A2 expression vector
(Fig. 4i). These results highlight that tight control of
gene expression in proper time and space in a specific
tissue is necessary for the functional validation of
human SLC45A2 variants in slc45a2 KO zebrafish.

Dominant-Negative Activity of
SLC45A2(W74R) in Heterozygous KO
Zebrafish

After the successful rescue experiment using
melanocyte-specific promoter-drivenSLC45A2 expres-
sion in KO zebrafish, we next sought to validate the
functional impact of the SLC45A2(W74R) variant
using the same approach. To monitor gene expression
and rescue activity at the single-cell level in a mosaic
pattern in transiently transgenic zebrafish, we intro-
duced a fluorescent reporter system using ZsGreen1.
We constructed a ZsGreen1-P2A-SLC45A2 double
expression vector under the control of the ftyrp1
promoter (Fig. 5a). To refine expression control, we
introduced the 2A peptide system, which can induce
ribosomal skipping during translation and produce
two independent proteins, rather than a fusion protein.
This vector construct enabled the simultaneous expres-
sion of the ZsGreen1 reporter and target gene specifi-
cally in melanocytes, allowing us to evaluate the effects
of SLC45A2 or SLC45A2 variants at the cellular level.

To examine the rescue ability of SLC45A2,
we microinjected ftyrp1:ZsGreen1-P2A-SLC45A2
plasmid into slc45a2 KO zebrafish and observed the
pigmentation phenotype at 48 hpf. ZsGreen1-positive
melanocyte expressing SLC45A2 rescued the albino
phenotype (Figs. 5b, 5f), indicating the effective-
ness of the mosaic expression method using the ftyrp1
promoter for the functional validation of the SLC45A2
variant. Next, we injected the ftyrp1:ZsGreen1-P2A-
SLC45A2(W74R) plasmid into slc45a2 KO zebrafish
but observed no pigmentation phenotype, suggesting
that the SLC45A2(W74R) variant disrupts normal
SLC45A2 function (Figs. 5c, 5g).

To further investigate the effect of the
SLC45A2(W74R) variant, we introduced the ftyrp1:Zs
Green1-P2A-SLC45A2(W74R) plasmid into slc45a2
heterozygous KO zebrafish. Interestingly, melanin
synthesis was completely inhibited in ZsGreen1-
positive melanocytes expressing SLC45A2(W74R),
while ZsGreen1-negative melanocytes exhibited
normal melanin synthesis (Figs. 5d, 5e, 5h, 5i). We
also tested the known SLC45A2(Y70H) variant
using the same assay system and observed similar
results (Supplementary Fig. S3), indicating that both

Y70H and W74R variants can act in an autoso-
mal dominant manner. Taken together, our results
suggest that melanocyte-specific expression of the
SLC45A2(Y70H) orSLC45A2(W74R) variant recapit-
ulates the patient’s phenotype in zebrafish, support-
ing the pathogenicity of these autosomal dominant
variants in SLC45A2.

Discussion

In this study, we report a novel dominant
variant in SLC45A2, causing autosomal dominant
OCA4 in three patients from a single family. The
SLC45A2(W74R) variant was absent in gnomADv4.1,
and no other candidate genetic causes were identified.
Genome sequencing revealed no rare single-nucleotide
variants, indels, structural variants, or mobile element
insertions in known OCA genes. Melanocyte-specific
expression of the SLC45A2(W74R) variant in
heterozygous KO zebrafish recapitulated the patient’s
phenotype, showing impaired melanogenesis. There-
fore, SLC45A2 can be inherited in either an autosomal
dominant or recessive manner, depending on the
mutation.8,9

A recent study identified a de novo
c.628C>T:p.(Arg210Cys) variant in TPCN2 as a
cause of skin hypopigmentation without eye abnor-
malities.34 The affected proband had normal visual
acuity, foveal structure, and retinal pigmentation
with no signs of nystagmus. Therefore, this individ-
ual does not meet the diagnostic criteria for OCA.
Similarly, a gain-of-function of chloride channel 7
(CLCN7) Tyr715Cys variant has been reported to
induce cutaneous hypopigmentation, developmen-
tal delay, organomegaly, and lysosomal storage.35
However, in patients with dominant CLCN7 variants,
no hypopigmentation was observed in either the iris
or retina, which is inconsistent with typical OCA.
Since melanosomal pH is a key regulator in melanin
synthesis, a dominant variant in TPCN2 or CLCN7
may disrupt the ability to neutralize pH inmelanosome
in patient melanocytes.

Another autosomal dominant form of OCA4,
the c.208T>C:p.(Tyr70His) SLC45A2 variant,
SLC45A2(Y70H), was suggested in a family without
genome sequencing and functional study.4 Both
SLC45A2(Y70H) and SLC45A2(W74R) mutations
are located in the second transmembrane domain,
which is highly conserved and positioned near a
crucial motif found in major facilitator superfamily
(MFS) transporters.36 This motif, termed motif-A, is
located between the second and third transmembrane
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helices on the cytoplasmic side and plays a crucial role
in cytoplasmic gating. Several studies on motif-A in
differentMFS transporters have shown that changes in
this region often hinder the transporter’s function.37–39
Since the transmembrane domains are embedded in
the lipid bilayer, the amino acid residues in this domain
are typically hydrophobic. These two dominant
variants replace hydrophobic residues with hydrophilic
amino acids, which is thought to disrupt SLC45A2
function. In contrast, c.217G>T:p.(Val73Leu) and
c.217G>A:p.(Val73Met) variants have been reported
to follow an autosomal recessive pattern.40,41 These
mutations likely have a less pathogenic effect, as both
valine and leucine are hydrophobic, and methionine is
amphipathic. Further studies are needed to explore the
detailed molecular mechanism of SLC45A2(Y70H)
and SLC45A2(W74R) variants.

In the slc45a2 KO zebrafish model, melanocyte-
specific expression of SLC45A2(W74R) failed to
rescue pigmentation phenotype in a homozygous (–/–)
KO zebrafish model, whereas wild-type SLC45A2
successfully rescued the phenotype. Conversely,
SLC45A2(W74R) showed an inhibitory effect on
pigmentation in heterozygous (+/−) KO zebrafish,
suggesting a dominant-negative mode of action.
Furthermore, SLC45A2(W74R) did not significantly
affect pigmentation in wild-type (+/+) zebrafish,
suggesting a dosage effect due to competition with the
theoretically double amount of endogenous Slc45a2
proteins in the wild-type zebrafish.

We speculate that this finding can be explained
by a dosage-sensitive, dominant-negative mechanism
with a buffering effect exerted by the excess wild-
type SLC45A2 protein. In wild-type zebrafish, the
high concentration of endogenous SLC45A2 may
outcompete or sequester the mutant protein, thereby
preventing its inhibitory influence. However, when
the relative dosage of the mutant allele surpasses
this buffering threshold, dominant-negative interfer-
ence emerges, resulting in pigment loss. This threshold-
dependent behavior is consistent with the gene dosage
balance model described by Veitia and Birchler,42
in which nonlinear genotype–phenotype relationships
allow partial functional compensation above a critical
protein concentration.

However, the degree of a dominant-negative effect
in the KO zebrafish model differs slightly from that
observed in human SLC45A2(W74R) patients. In
patients, the pigmentation phenotype is milder and
more variable than in the KO zebrafish model. We
hypothesize that the melanocyte-specific promoter,
ftyrp1, used in this study may be stronger than the
SLC45A2 gene promoter in humans. This hypothe-
sis also supports the idea that variable expressivity

in human patients could be due to different genomic
backgrounds and a complex interplay of multiple
genetic factors.

It is interesting to note the variable clinical features
within this family with OCA4. Both the proband and
themother exhibited light brown hair, iris hypopigmen-
tation, and infantile nystagmus, but the mother exhib-
ited a milder phenotype as she did not have fair skin
and had better visual acuity, less photophobia, and a
lower grade of foveal hypoplasia. The affected brother
had brown hair but nearly normal skin pigmentation.
He had minimal foveal hypoplasia (grade 1a), demon-
strated 20/20 vision in both eyes, and showed no signs
of nystagmus.

Variable expression is typically more common in
dominant conditions than in recessive ones, with the
degree of hypopigmentation varying from mild to
severe. Hair color can range from white to yellow,
blond, and brown, while iris pigmentation may range
from gray to blue-gray to brown. The variable expres-
sivity of the autosomal dominant SLC45A2 was
also described in the case of SLC45A2(Y70H).4
Although it depends on genomic background, the
precise mechanism underlying this variability remains
unclear. However, recent systematic genetic interac-
tion mapping of the solute carrier (SLC) superfamily
has demonstrated that SLC genes can interact with
other SLCs and non-SLC genes, resulting in altered
cellular phenotypes, including metabolic reprogram-
ming and signaling changes.43 This suggests that
unidentified modifier genes may further influence
the phenotypic outcome associated with SLC45A2
variants. Additionally, transcriptional and posttran-
scriptional regulation, such as microRNA binding
site polymorphisms, can also modulate SLC gene
expression and contribute to phenotypic variabil-
ity.44 It has been reported that variations in TYR
can influence the expressivity in patients with OCA
by serving as a modifier gene.14 However, the identi-
fied polymorphisms c.575C>A:p.(Ser192Tyr) and
c.1205G>A:p.(Arg402Gln) in TYR were not detected
in this family. Nonetheless, this case underscores the
diverse phenotypes of OCA, highlighting the impor-
tance of genetic testing, a vital diagnostic tool for
OCA classification.45

This study has several limitations. First, the
functional assays were performed using zebrafish as
a heterologous model, which, despite its conserved
melanogenesis pathway, may not fully recapitu-
late the complexity of human melanocyte biology.
Second, the quantitative evaluation of melanin rescue
and dominant-negative effects relied primarily on
visual and semiquantitative analyses. Therefore, more
comprehensive single-cell–level quantification or
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biochemical measurement of melanin content could
strengthen these findings. Third, although mosaic
expression of SLC45A2(W74R) in heterozygous KO
zebrafish effectively models the coexistence of mutant
and wild-type alleles at the cellular level, we could
not establish an exactly similar SLC45A2(W74R)
mutant zebrafish line. Generating such a line and
evaluating its pigmentation phenotype could further
strengthen the translational relevance of our findings
by providing a more direct comparison with the clini-
cal phenotypes observed in human carriers of the
SLC45A2(W74R) variant. Further studies integrating
functional genomics and cell-based assays in human
melanocytes are warranted.

In summary, we first functionally validated that both
theSLC45A2(Y70H) andSLC45A2(W74R)mutations
can cause OCA in an autosomal dominant manner.
As genetic counseling regarding family planning and
prenatal testing becomes more prevalent, it is impor-
tant to understand the inheritance pattern of genetic
disorders. Heterozygosity for a dominant-negative
variant in SLC45A2 is not asymptomatic and carries
a risk of developing the disorder. Clinicians should
be aware that OCA can be inherited in an autoso-
mal dominant manner, particularly in OCA4. Thus,
our ftyrp1 promoter-based rescue experiment will be
a valuable tool for the functional validation of new
variants in OCA-related genes. Further experimen-
tal studies are needed to confirm the pathogenetic
mechanism of the dominant-negative effect on these
variants.
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