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Abstract

Objectives To delineate the disease-causing mutations of the Stargardt disease-related genes in Chinese patients diagnosed
with Stargardt disease or retinitis pigmentosa (RP) by whole exome sequencing analysis.

Methods A total of 123 sporadic RP or Stargardt disease patients and 2 Stargardt disease families were recruited. All
sporadic patients and the probands of the families were subjected to whole exome sequencing analysis. The candidate
mutations were verified by direct sequencing based on the cosegregation pattern and in 200 control subjects and by the
bioinformatics analyses.

Results A total of three reported ABCA4 mutations were identified in the probands of the two Stargardt disease families. The
probands and the affected family members with either homozygous or compound heterozygous mutations showed typical
Stargardt disease features, which was absent in their unaffected family members. The cosegregation pattern confirmed the
mode of recessive inheritance. Moreover, two sporadic Stargardt disease patients were identified to carry two novel ABCA4
and one PROMI mutations. In addition, 13 novel variants were found in 119 sporadic RP patients in 7 Stargardt disease-
related genes, and 8 novel missense variants were conserved across different species and predicted to be damaging to the
protein. All 15 novel variants were absent in our 200 control subjects.

Conclusions This study revealed 22.4% study subjects carrying Stargardt disease-related gene mutations with total 15 novel
variants in seven Stargardt disease-related genes, assuring that targeted next-generation sequencing analysis is a high
throughput strategy to facilitate the clinical diagnosis from suspicious patients and recommended as a routine examination
for inherited retinal dystrophies.

Introduction

Stargardt’s macular dystrophy (Stargardt disease (STGD))
is the most common form of inherited juvenile macular
degeneration, with an estimated annual incidence of
0.110-0.128 per 100,000 individuals in the UK [1]. Clinical
hallmarks of STGD are the macular atrophy and the yellow-
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Multiple genes have been reported to be associated with
STGD. STGD 1 (STGD-1, Online Mendelian Inheritance in
Man (OMIM)#248200) is inherited in autosomal recessive
manner with the mutations in ATP-binding cassette sub-
family A member 4 (ABCA4) [6] or cyclic nucleotide gated
channel beta 3 (CNGB3) [7] gene, whereas STGD-3
(OMIM#600110) and STGD-4 (OMIM#603786) are inher-
ited in autosomal dominant manner with the mutations
in elongation of very long chain fatty acid elongase 4
(ELOVLA) [8] and prominin 1 (PROM1I) [9] genes, respec-
tively. Besides, mutations in peripherin 2 (PRPH2) [10],
crumbs 1 (CRBI) [11], phosphodiesterase 6H (PDE6H)
[12], and bestrophin 1 (BESTI) [13] have also been reported
to be related to STGD. In Chinese populations, STGD in
60% of patients are caused by ABCA4 mutations [14, 15].
PROM1 mutation was also reported in a Chinese family with
autosomal dominant STGD [16]. Yet, ELOVI4, PRPH?2,
and BESTI mutations were not found in Chinese patients
with STGD [14, 17, 18]. Critically, the STGD-related gene
variants not only attribute to the phenotypes of classical
STGD but also contribute to cone-rod dystrophy and retinitis
pigmentosa (RP)-like phenotypes [19], broadening the
genetic complexity of STGD. In this study, we aimed to
determine the STGD-related gene mutations in a cohort of
Chinese patients diagnosed with STGD and RP.

Materials and methods
Study subjects

The study protocol was approved by the Ethics Committee
on Human Medical Research at the Joint Shantou Interna-
tional Eye Center of Shantou University and The Chinese
University of Hong Kong, which is in accordance with the
tenets of the Declaration of Helsinki. Written informed
consents were obtained from all study subjects or their legal
representatives after explanation of the nature and possible
consequences of the study. A total of 119 sporadic RP and
4 sporadic STGD patients as well as 2 STGD families were
recruited at the Joint Shantou International Eye Center of
Shantou University and The Chinese University of Hong
Kong. Comprehensive ophthalmic examinations, including
best-corrected visual acuity, fundus photography, optical
coherence tomography (OCT), and electroretinogram
(ERG), were performed for all patients and some of the
unaffected family members. The sporadic RP patients
generally showed pubertal night blindness, restricted per-
ipheral vision, progressive vision loss, overall bone-spicule
pigmentation of the retina, attenuation of retinal vessels, and
the flattening of the rod and cone ERG responses.

For the validation analysis, 200 unrelated control sub-
jects, aged 60 years or above, were also enrolled. The
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control subjects did not have any family history or symptom
of inherited retinal diseases or any other major eye diseases
except mild senile cataracts or mild myopia.

Peripheral blood was collected from all study subjects,
and genomic DNA was extracted by TIANGEN DNA
blood Kit DP318 (TIANGEN, Beijing, China), and stored at
—80 °C freezer before sequencing analysis.

Whole exome sequencing analysis

Whole exome sequencing analysis was conducted for the
probands of the two recruited families and 123 sporadic
patients according to our previous established protocols [20].
Briefly, genomic DNA was fragmented into 150-200 bp
DNA libraries by S2/E210 Focused-ultrasonicator (Covaris,
Woburn, MA). All coding exons were captured by and
hybridized to a customized array (Agilent Technologies,
Santa Clara, CA). The purified and enriched DNA libraries
were sequenced using the HiSeq2500 platform (Illumina,
San Diego, CA) to generate paired-end reads for 90 cycles
per reads. The results were aligned to human genome
reference (UCSC hgl9) in the National Center for Bio-
technology Information database using Burrows Wheeler
Aligner Multi-Vision software package (BWA) for unique
mapped reads. The single-nucleotide polymorphisms (SNPs)
and insertion/deletion variants (indels) were identified using
the SAMtools and BCFtools. The detected variants were
annotated with ANNOVAR with reference to the following
databases for further variant filtering, including 1000 Gen-
ome Project (http://www.internationalgenome.org/), gno-
mAD (http://gnomad-old.broadinstitute.org/), EXAC (http://
exac.broadinstitute.org/), and dbSNP (http://www3.ncbi.
nlm.nih.gov/SNP/).

To ensure the accuracy and efficacy of the candidate
mutations, the synonymous, intergenic, and intronic var-
iants were first filtered out. Those variants with minor allele
frequency (MAF) lower than 1% or absent in East Asian
population from gnomAD and EXAC were reserved. The
candidate variants were compared to the 13 recommended
testing panel genes for STGD (ABCA4, BESTI, CIQTNFS5,
CDH3, CNGB3, CRB1, ELOVLA4, PROMI, PRPH2, RIMS1,
RPILI, RPGR, and TIMP3; https://bredagenetics.com/sta
rgardt-disease/) [6—13]. The potential influence of the var-
iants on protein structure/function was predicted by SIFT
(http://sift.jevi.org/), PolyPhen2 (http://genetics.bwh.harva
rd.edu/pph2/), MutationTaster (http://www.mutationtaster.
org/), and CADD (http://cadd.gs.washington.edu/). ExXPASy
(https://web.expasy.org/translate/) was applied to predict the
influence of the indel variants on the amino acid translation.
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/)
was used to conduct multiple sequence alignment to eval-
uate the conservation of the amino acid residues of the
variants across different species.
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Fig. 1 Pedigrees and clinical characteristics of the two recruited
Chinese Stargardt disease families. The pedigrees of the two
recruited families diagnosed with Stargardt disease following the
pattern of autosomal recessive inheritance: A family 1 and B family 2.
Squares and circles represent men and women, respectively. Black: the
affected members; white: the unaffected members. C The clinical

Sanger sequencing validation

The putative gene variants identified by whole exome
sequencing analysis were verified in family members and
200 control subjects by Sanger sequencing with specific
primers (ALJT Biotechnology Company, Guangdong, China)
using the ABI 3730XL Genetic Analyzer (Applied Biosys-
tems, Foster City, CA) to confirm the cosegregation pattern.
The sequencing results were analyzed by NOVOSNP
(http://www.molgen.vib-ua.be/bioinfo/novosnp/) with the
alignment to the reference DNA sequence.

Results

Whole exome sequencing analysis identified ABCA4
mutations in STGD families

The two recruited Chinese families were diagnosed with
STGD, and all followed the mode of recessive inheritance.
In STGD family 1 (Fig. 1A), the parents (I:1 and 1:2) were
unaffected and did not show any clinical manifestations of
STGD. In contrast, the proband (II:4) and her elder sister
(I: 1) first visited the outpatient clinic at the age of 8 and 9
years, respectively. Fundus examination identified yellow-
ish flecks with reduced reflection in the macula, and OCT
examination showed decreased macular thickness (Fig. 1C).
Besides, the ERG responses were also flattened, collectively
indicating the diagnosis of STGD. The remaining unaf-
fected subjects (II:2, 1I:3, II:5, and II:6) did not show any
symptoms or abnormalities in the ophthalmic examinations.

Color fundus

OCT

ERG

Family 1 11:4

Family 2 11:1 Normal

photos

characteristics of the probands of the two recruited Stargardt disease
families, including color fundus photographs showing yellowish flecks
and reduced reflection, reduced macular thickness in the OCT exam-
ination, and the flattened or delayed ERG signals as compared to the
normal subject.

STGD family 2 is a consanguineous marriage (Fig. 1B).
The parents (I:1 and I:2) did not show any symptoms or
abnormalities in the ophthalmic examinations. However, the
two affected children (the proband II:1, and II:2) first visited
the outpatient clinic at the age of 15 and 11 years, respec-
tively. Yellowish flecks and reduced reflection were
observed in the macula in the fundus examination (Fig. 1C).
The macular thickness was found to be reduced in the OCT
examination. Besides, the ERG signals were also delayed.
Collectively, the diagnosis of STGD was revealed.

The probands of the two recruited STGD families
(family 1: II:4; family 2: II:1) were subjected to whole
exome sequencing analysis. Each whole exome sequencing
analysis resulted in a total of 70 GB of sequence data, and
95.5% of sequence reads were originated from exons, with a
mean coverage of 100-fold. The total numbers of variants
(SNPs and indels) of exons and splice sites identified were
23,501 for the proband of STGD family 1 and 23,338 for
the proband of family 2 (Supplementary Fig. 1). After fil-
tering the synonymous, intergenic, intronic, and common
variants, the candidate deleterious variants in STGD-related
genes with MAF< 1% and recessive inheritance were
reduced to 2 for STGD family 1 and 1 for family 2.

For STGD family 1, two heterozygous variants in
ABCA4 gene, a missense variant c.1804C>T and a splice
site variant c.5196+1G>A (Table 1), were identified only in
the two affected subjects (II:1 and the proband II:4). The
identified variants have been confirmed by Sanger sequen-
cing (Fig. 2). Their unaffected father (I:1) and sister (II:3)
only carried the ¢.1804C>T variant, whereas the unaffected
mother (I:2), a sister (II:2) and a brother (II:5) only carried
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Higher CADD values indicate that a variant is more likely to have deleterious effects.

Age age of first visit, AD autosomal dominant, AR autosomal recessive, B benign, D' deleterious, D? damaging, D’ disease causing, F' female, Hetero heterozygous, Homo homozygous, M male, N

polymorphism, N/A not available, P possibly damaging, T tolerated, Y yes, * stop codon (termination), fs* reading frameshifting with termination at n amino acids.

the ¢.5196+1G>A variant. The younger brother (II:6) did
not carry any variants. The transmission of the two identi-
fied variants followed the cosegregation pattern with STGD
in this family (Fig. 1A). Both variants have been previously
reported [14, 21], but not found in 200 control subjects from
our cohort. Therefore, the ¢.1804C>T and c¢.5196+1G>A
variants should be the causative mutations for this STGD
family.

For STGD family 2, homozygous variant in ABCA4
gene, missense variant ¢.2894A>G in exon 19 (Table 1),
was identified in the two affected subjects (the proband II:1,
and II:2). The identified variants have been confirmed by
Sanger sequencing (Fig. 2). Their unaffected father (I:1) and
mother (I:2) each carried only one heterozygous
c.2894A>G variant, following the cosegregation pattern
with the disease phenotype transmission in this family
(Fig. 1B). This variant has been previously reported [22],
and was not found in 200 control subjects from our cohort.
Therefore, homozygous ¢.2894A>G variant should be the
causative mutations for this family with consanguineous
marriage.

Whole exome sequencing analysis identified STGD-
related gene variants in sporadic STGD and RP
patients

To further extend the spectrum of STGD-related gene
mutations, whole exome sequencing analysis was con-
ducted in 4 sporadic STGD patients and 119 sporadic RP
patients. Among the STGD patients, two novel hetero-
zygous ABCA4 variants were identified in STGD-4
(c.4555delA and ¢.6397T>C; Table 1). Moreover, one
reported (c.1196G>A) and one novel heterozygous PROM1
variants (c.1520T>A) were identified in STGD-1. Further-
more, one reported heterozygous ABCA4 missense variant
(c.4610C>T) and two reported heterozygous RPILI mis-
sense variants (c.670G>A and c.6431A>C) were identified
in STGD-3. In STGD-2, one reported heterozygous non-
sense variant (c.5641G>T) and two reported heterozygous
missense variants (c.5626G>A and c¢.5648C>T) were
identified in RPILI gene. The three novel variants in
ABCA4 and PROMI genes were verified by Sanger
sequencing (Fig. 2) and were not found in our 200 control
subjects. Collectively, the ABCA4 and PROMI variants
could be the disease-causing mutations for STGD-4 and
STGD-1 respectively, whereas RPILI variants could be
associated with STGD for STGD-2 and STGD-3.

Among the 119 sporadic RP patients, total 69 variants
were identified, and 13 of them were novel (Table 2). For
the novel variants, four were identified in ABCA4 gene
(c.53G>C, ¢.2054delC, c.6397T>C, and c.6479+1G>C),
one in BESTI gene (c.362G>C), one in CDH3 gene
(c.1120G>A), two in CRBI gene (c.2210T>C and
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Fig. 2 Sanger sequencing confirmation of the identified Stargardt-
related gene variants from the whole exome sequencing analysis in
patients with Stargardt disease or retinitis pigmentosa. Sanger
sequencing validation of A the novel ABCA4 variants in Stargardt

¢.3862G>A), two in RIMSI gene (c.2T>C and ¢.228G>T),
one in RPILI gene (c.413dupC), and two in RPGR gene
(c.946A>T and c.3147delG). All these newly identified
variants have been verified by Sanger sequencing (Fig. 2)
and were not found in our 200 control subjects.

Bioinformatics analysis of STGD-related gene
mutations

Among the 73 variants identified in this study (Tables 1 and
2), 15 variants were novel, including 10 missense variants,
4 indel variants, and 1 splice site variant. Among these
missense variants, the amino acid residues of the seven
variants in five Stargardt-related genes (ABCA4 p.R18P and
p-C2133R, BESTI p.G121A, CDH3 p.G374R, CRBI
p-1288S, and RIMSI p.MIT and p.Q76H) were completely
or remarkably conserved across eight different species,
whereas RPGR p.M316L was considerably conserved
across six different species (Fig. 3), indicating that these
missense variants could be critical for the protein function
or structure of the Stargardt-related genes. In contrast,
CRBI1 p.J737T and PROM1 p. F507Y were not conserved
across different species.

The novel splice site variant in ABCA4 (c.64794+1G>C)
would affect mRNA processing of ABCA4 gene at exon 47,
which is expected to form a truncated protein or induce the
nonsense-mediated decay. Furthermore, the novel indel
variants were predicted to induce drastic changes to the

families and sporadic patients and B the novel ABCA4, BESTI, CDH3,
CRBI, PROM1, RIMS1, RPILI, and RPGR variants in sporadic RP
patients identified by the whole exome sequencing analysis.

protein structure with translational frameshifting and pre-
mature stop codon (ABCA4 ¢.2054delC: premature protein
with 685 in-frame amino acids only; ABCA4 c.4555delA:
premature protein with 1519 in-frame and 5 out-of-frame
amino acids; RPILI c.413dupC: premature protein with
138 in-frame and 10 out-of-frame amino acids; RPGR
c.3147delG: premature protein with 1049 in-frame and 38
out-of-frame amino acids).

Discussion

Inherited retinal dystrophies (IRDs) belong to a group of
rare heterogeneous chronic disorders with degeneration of
photoreceptors and RPE. As different subtypes of IRDs
share similar phenotypes and these similar clinical mani-
festations could be caused by different gene mutations,
ophthalmic examination alone might not easily specify the
exact type of disorder. Currently, more than 200 genes have
been discovered as the disease-causing genes for IRDs [21].
In this scenario, whole exome sequencing analysis could
facilitate the precise genetic testing of these heterogeneous
disorders for better clinical diagnosis, management, and
counseling [20].

STGD could be caused by the mutations in multiple
genes with different inheritance mode. ABCA4 and CNGB3
gene mutations are inherited in autosomal recessive manner
[6, 7], whereas ELOVL4 and PROM1 gene mutations are

SPRINGER NATURE
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Table 2 Whole exome sequencing analysis on Stargardt disease-related genes in sporadic retinitis pigmentosa patients.

Sporadic patients Gender Age (yrs) Mutation Protein SIFT  PolyPhen2 HDIV Mutation Taster CADD Novelty
ABCA4
RP-048 M 9 €.3626T>C p-M1209T T B N 0.15 /
¢.4283C>T p.T1428M T B N 9.54 /
RP-089 M 16 ¢.53G>C p.R18P D! D? D} 23.60 Y
¢.2054delC p.T685Tfs*0 N/A  N/A N/A N/A Y
RP-107 M 52 ¢.6118C>T p.R2040%* T N/A D’ 36.00 /
¢.6305A>G p.D2102G D! D? D} 31.00 /
RP-014 F 65 c.71G>A p.R24H T D? D’ 28.00 /
RP-033 M 61 ¢.1804C>T p.R602W D! D’ D’ 22.20 /
RP-054 M 10 €.5593C>T p.H1865Y T B D} 0.01 /
RP-058 F 58 ¢.575C>T p.A192V T p D3 473 /
RP-063 M 66 €.64794+1G>C Splice site N/A  NA D’ 21.80 Y
RP-068 M 50 ¢.763C>T p.R255C T D? D? 15.93 /
RP-086 F 56 ¢.4030C>G p.L1344V D! B D’ 10.38 /
RP-087 M 30 €.6397T>C p.C2133R D! D’ D’ 22.80 Y
RP-101 F 56 c.4178T>C p.V1393A T B D’ 13.32 /
RP-119 M 26 €.3626T>C p-MI1209T T B N 0.15 /
BESTI
RP-108 M 52 ¢.362G>C p.GI21A T D? D} 23.60 Y
RP-109 F 53 ¢.1037C>A p.P346H D! D? D3 18.61 /
CDH3
RP-050 F 41 ¢.1592C>T p.T531M D! D? D? 20.60 /
RP-053 M 63 ¢.1033G>A p.E345K T B D’ 8.69 /
RP-113 F 41 ¢.1120G>A p.G374R T P N 9.63 Y
CNGB3
RP-026 M 8 c.1531G>A p.ASIIT T D? D3 14.27 /
RP-052 F 50 ¢.2326C>T p.P776S T B N 3.25 /
RP-082 F 73 c.1531G>A p.AS1IT T D’ D’ 14.27 /
CRBI
RP-005 M 41 ¢.2210T>C pI737T T B N 5.79 Y
¢.3695A>G p.H1232R T B N 3.30 /
RP-076 F 46 ¢.3488G>T p.C1163F D! D? D’ 15.12 /
RP-090 M 48 c.664G>A p.E222K D! D? D’ 16.63 /
RP-109 F 53 ¢.3862G>A p.G1288S D! D’ D’ 18.98 Y
PROM1
RP-017 M 56 c.857A>G p.Q286R T B N 1.02 /
RP-048 M 9 ¢.868A>C p.S290R T p N 13.39 /
PRPH?
RP-044 F 53 ¢.533A>G p.Q178R T D? D’ 26.40 /
RP-050 F 41 c.424C>T p.R142W D! D’ A 18.91 /
RP-099 F 54 ¢.533A>G p.Q178R T D’ D’ 26.40 /
RIMS1
RP-045 F 22 c.28C>T p.P10S T B D? 20.20 /
RP-064 F 35 c.2T>C p-MIT D! B D’ 10.10 Y
RP-073 F 54 ¢.228G>T p.Q76H D! B D’ 15.58 Y
RPILI
RP-016 F 38 ¢.3146A>G p.E1049G T B N 9.32 /
€.6235C>T p.H2079Y T B N 0.21 /
RP-022 F 46 ¢.5641G>T p.G1881* T N/A D’ 42.00 /
.5648C>T p.A1883V T B N 8.15 /
RP-053 M 63 ¢.413dupC p.A138Afs*10 N/A  N/A N/A N/A Y
¢.3431C>T p.S1144F D! D? N 13.30 /
RP-080 M 48 ¢.413dupC p.A138Afs*10 NA  NA N/A N/A Y
c.4273G>C p.D1425H T D? N 10.31 /
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Table 2 (continued)

Sporadic patients Gender Age (yrs) Mutation Protein SIFT  PolyPhen2 HDIV Mutation Taster CADD Novelty
RP-095 F 55 ¢.6394A>G p.I2132V T B N 0.01 /
c.6404C>A p-P2135Q T B N 0.67 /
¢.6409G>A p-A2137T T B N 3.85 /
RP-098 F 59 c.622C>A p-Q208K T P D} 6.98 /
c.1477C>T p-R493W T B N 9.73 /
RP-114 F 33 c.5618A>T p-D1873V T B N 4.86 /
¢.5626G>A p.A1876T T B N 5.54 /
c.5641G>T p.G1881* T N/A D} 42.00 /
¢.5648C>T p-A1883V T B N 8.15 /
RP-001 F 30 c.4019A>G p-E1340G T P P 7.41 /
RP-006 F 58 ¢.3053C>A p.P1018H D! B N 11.58 /
RP-009 M 56 c.413dupC p-A138Afs*10 N/A N/A N/A N/A Y
RP-012 M 74 c.622C>A p-Q208K T P D} 6.98 /
RP-018 M 40 ¢.413dupC p-A138Afs*10 N/A N/A N/A N/A Y
RP-019 M 61 c.4837C>A p-L1613M D! P N 4.66 /
RP-021 M 59 ¢.6063delC p-D2021Efs*1 N/A N/A N/A N/A /
RP-023 F 56 ¢.5132G>C p.GI1711A T B N 4.11 /
RP-025 F 22 ¢.413dupC p-A138Afs*10 N/A N/A N/A N/A Y
RP-031 F 5 c.4019A>G p-E1340G T P P 7.41 /
RP-032 M 30 ¢.413dupC p-A138Afs*10 N/A N/A N/A N/A Y
RP-033 M 61 ¢.3854C>T p-A1285V T B N 6.38 /
RP-037 F 55 ¢.413dupC p-A138Afs*10 N/A N/A N/A N/A Y
RP-042 M 45 c.6431A>C p-E2144A T P N 1.26 /
RP-045 F 22 c.1555G>A p-G519S T P N 8.55 /
RP-046 F 44 c.67C>G p-R23G D! D* N 11.79 /
RP-048 M 9 c.4019A>G p-E1340G T P P 7.41 /
RP-050 F 41 c.6425A>T p-Q2142L T B N 7.51 /
RP-055 M 45 ¢.289G>C p-E97Q T P N 12.67 /
RP-056 M 37 ¢.3053C>A p.P1018H D! B N 11.58 /
RP-061 F 10 c.5584G>A p-E1862K T P N 1.91 /
RP-067 M 58 c.1505A>C p-D502A T B N 491 /
RP-074 M 60 ¢.32C>T p.P11L D! D’ N 22.20 /
RP-081 F 51 ¢.413dupC p-A138Afs*10 N/A N/A N/A N/A Y
RP-085 F 81 c.538G>A p-A180T D! P N 12.85 /
RP-094 F 62 ¢.3053C>A p.P1018H D' B N 11.58 /
RP-099 F 54 ¢.3053C>A p-P1018H D! B N 11.58 /
RP-100 M 41 ¢.413dupC p-A138Afs*10 N/A N/A N/A N/A Y
RP-110 F 59 ¢.413dupC p-A138Afs*10 N/A N/A N/A N/A Y
RP-119 M 26 c.4019A>G p-E1340G T P P 741 /
RPGR
RP-037 F 55 c.2057T>A p-M686K T B N 3.79 /
RP-044 F 53 ¢.2057T>A p-M686K T B N 3.79 /
RP-072 M 28 c.946A>T p-M316L T B N 2.38 Y
RP-078 M 50 c.2057T>A p-M686K T B N 3.79 /
RP-101 F 56 ¢.3147delG p-E1049Efs*38 N/A N/A N/A N/A Y
RP-119 M 26 c.2057T>A p-M686K T B N 3.79 /

Higher CADD values indicate that a variant is more likely to have deleterious effects.

Age age of first visit, A automatic diseasing causing, B benign, D' deleterious, D? damaging, D? disease causing, F female, M male, N
polymorphism, N/A not available, P possibly damaging, RP retinitis pigmentosa, 7T tolerated, Y yes, Yrs years, * stop codon (termination), f5*

reading frameshifting with termination at n amino acids.

inherited in autosomal dominant manner [8, 9]. For the
Stargardt-related genes, mutations in PRPH2, PDE6H, and
RIMS1 mutations are inherited in autosomal dominant
manner [10, 12, 23], whereas CRBI, CDH3, and RPILI

mutations are inherited in autosomal recessive manner
[11, 24, 25] and RPGR is X-linked inheritance [26].
Besides, BESTI mutations might increase the variation
burden on the disease severity [13]. In this study, we
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Sk ok ok kA ik kD RE
CRB1 CRB1 PROM1
p.I737T p.G1288S p.F507Y

Homo_sapiens TLDES-YGDTISLSMFVRTLQ Homo_sapiens QTELKCMCRPGFTGEWCEKDT Homo_sapiens LMITVVLTEVFGANVEKLICE

Pan_troglodytes  TLDES-YGDTISLSMFVRTLQ Pan_troglodytes QAELKCMCRPGFTGEWCEKDI Pan_troglodytes LMITVVLTFVFGANVEKLICE

Bos_taurus HLNKD-YEEDLTLSMFVRTRR Bos_taurus QGEMKCACGPGFTGERCDKDI Bos_taurus IMTTVVLTFVIGGNMEKLVCE

Rattus_norvegicus  KVNDN-FGQNFNLSMFVRTRQ Rattus_norvegicus  QEDWKCVCRPGFTGEWCEENI Rattus_norvegicus  LMILVVLTFVVGANVEKLLCE

Mus_musculus SVNDN-YGQNFSLSMFVRTRQ Mus_musculus QEDWQCMCWPGFTGEWCEEDT Mus_musculus LMILVVLTFVVGANVEKLLCE

Gallus_gallus SVDAT-ENENLNISMFVRTRK Gallus_gallus GGKLACVCLPGFAGERCEKDI Gallus_gallus LMIVVVLTEVTGGNIEKLVCE

Xenopus_tropicalis QVDID-QSEEITISAFFRTRH Xenopus_tropicalis RGELGCACLPGFVGERCEIDV Xenopus_tropicalis LMLIVLVTFLAGGNVEKLVCE

Danio_rerio TINDEPDSETLHLSMFLRTRK Danio_rerio ~TNMPCDCHPGFSGHWCELEL Danio_rerio LMGVITALFLAGGNLEKLVCE

i ok kR * ok bk K k1 Coturnix_japonica  LMIVVVLTFVIGGNIEKLVCE
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RIMS1 RIMS1 RPGR
p-M1T p.Q76H p.M316L

Homo_sapiens MSSAVGPRGPRPPTVPPPM Homo_sapiens KTPRNAENQPHQPSP-~ Homo_sapiens MYTFGDGRHGKLGLGLENF
Pan_troglodytes VSSAVGPRGPRPPTVPPPM Pan_troglodytes KTPRNAENQPHQPSP- Macaca_mulatta MYTFGDGRHGKLGLGLENF
Sus_scrofa MSSAVGPRGPRPPTVPPPM Sus_scrofa KTPRNAEHQPHQPPP—— Bos_taurus LYTFGDGRHGKLGLGMENF
Rattus_norvegicus MSSAVGPRGPRPPTVPPPM Rattus_norvegicus KTPRNAESQPHQPPLNI Rattus_norvegicus MYTFGDGRHGKLGLGMENF
Mus_musculus MSSAVGPRGPRPPTVPPPM Mus_musculus KTPRNAESQPHQPPLNI Mus_musculus LYTFGDGRHGKLGLGMENF
Gallus_gallus MSSSAGPRGPRPPTVPPPM Gallus_gallus Coturnix_japonica MFTFGDGRHGKLGLGEENF
Xenopus_tropicalis MSSSMGPRGPRPPTVPPPM Xenopus_tropicalis Xenopus_tropicalis LYTFGDGRHGKLGLGEENF
Trachemys_scripta_elegans MSSSVGPRGPRPPTVPPPM Trachemys_scripta_elegans Zootoca_vivipara MYTFGDGRHGKLGLGEENY

Fig. 3 Multiple sequence alignment of Stargardt-related gene
protein across different species. Protein sequences of the Stargardt-
related genes in Homo sapiens, Pan troglodytes, Bos taurus, Sus
scrofa, Rattus norvegicus, Mus musculus, Gallus gallus, Numida
meleagris, Xenopus tropicalis, Danio rerio, Chanos chanos, Zootoca

identified 73 rare variants in 13 Stargardt-related genes
among 2 STGD families as well as 4 sporadic STGD
patients and 119 sporadic RP patients. Following the
inheritance modes of the STGD-related genes, six study
subjects carry homozygous or compound heterozygous
ABCA4 variants, nine subjects with compound hetero-
zygous RPILI variants, one sporadic RP patient with
compound heterozygous CRBI variants, three subjects with
PROM]1 variants, three sporadic RP patients with PRPH2
variants, three sporadic RP patients with RIMS! variants,
and three male sporadic RP patients with RPGR variants
(Tables 1 and 2). Altogether, 28 out of 125 (22.4%) unre-
lated study subjects carry the potential disease-causing gene
variants in six Stargardt-related genes. With the in-depth
analysis, the percentage of sporadic RP patients (18.5%; 22
out of 119) carrying potential disease-causing Stargardt-
related gene variants is higher than those carrying gene
variants for Usher syndrome (9.2%; 11 out of 119) in our
southern Chinese population [20].

Among the STGD families and sporadic patients, we
identified homozygous or compound heterozygous ABCA4
variants in two STGD families and one sporadic STGD
patient (Table 1), indicating that 50% of study subjects with
STGD carry the ABCA4 mutations. This is comparable to
the previous reports on STGD (60%) in Chinese popula-
tions [14, 15]. Moreover, we also identified two PROMI
variants (p.R399H and p.F507Y) in one sporadic STGD
patient. PROMI mutation has been reported in a Chinese
family with autosomal dominant STGD as well as in
sporadic RP patients [16, 27]. However, similar to other
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vivipara, Drosophila melanogaster, Podarcis muralis, Geotrypetes
seraphini, Coturnix japonica, and Trachemys scripta elegans were
aligned by Clustal Omega based on the availability of the protein
sequences. Multiple sequence alignment of the ten novel missense
variants of the Stargardt-related genes was displayed.

studies [14, 17, 18], ELOVL4, PRPH?2, and BESTI mutation
was not found in our patients with STGD. Notably, two
sporadic STGD patients carry compound heterozygous
variants in the RPILI gene. Whether these two patients
were affected by occult macular dystrophy requires further
clinical examinations [28]. Nevertheless, this implicated the
complexity of clinical manifestations that targeted next-
generation sequencing could aid the molecular diagnosis
of IRDs.

In this study, we identified 15 novel variants in 8
Stargardt-related genes (ABCA4, BESTI, CDH3, CRBI,
PROM1, RIMS1, RP1L1, and RPGR), including 10 missense
variants, 4 indel variants, and 1 splice site variant (Tables 1
and 2). All 15 novel variants were absent in our 200 control
subjects. Among the novel missense variants, seven of them
(ABCA4 p.R18P and p.C2133R, BEST! p.G121A, CDH3 p.
G374R, CRBI p.1288S, and RIMS1 p.MIT and p.Q76H) are
completely or remarkably conserved across eight different
species, whereas RPGR p.M316L is considerably conserved
across six different species (Fig. 3), indicating that these
missense variants could be critical for the protein function or
structure of the Stargardt-related genes. In contrast, CRBI p.
1737T is only conserved among Homo sapiens, Pan tro-
glodytes, and Xenopus tropicalis, whereas PROMI p.
F507Y is conserved in Homo sapiens and Pan troglodytes,
suggesting that these two variants might only be critical in
primates. For the novel splice site variant, ABCA4 (c.6479
+1G>C) variant could affect mRNA processing of ABCA4
gene, which is expected to form a truncated protein or
induce the nonsense-mediated decay. Furthermore, the novel
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indel variants (ABCA4 ¢.2054delC and c.4555delA, RPILI
c.413dupC and RPGR c.3147delG) are predicted to induce
drastic changes to the protein structure with translational
frameshifting and premature stop codon. Therefore, these
Stargardt-related gene variants likely play a disease-causing
role in STGD and RP. However, how these variants influ-
ence the protein function of the Stargardt-related genes
requires further investigations.

ABCA4 belongs to the retina-specific ATP-binding
cassette transporter and is expressed in the outer segment
disc membranes of photoreceptor cells, responsible for the
transportation of N-retinylidene-phosphatidylethanolamine
from lumen leaflet to cytoplasmic surface of disc mem-
branes so as to prevent the accumulation of retinal and its
toxic bisretinoid compounds in RPE after phagocytosis of
the detached outer segment [29]. ABCA4 protein is com-
posed of two transmembrane domains, two glycosylated
extracellular domains, and two nucleotide binding
domains with ATPase activity [30]. ABCA4 gene muta-
tions have been shown to attenuate the clearance rate of
retinal in the disc membranes and the deposition of
bisretinoid-lipofuscin in the visual cycle, which results in
RPE degeneration [31]. PROMI gene encodes a five-
transmembrane domain glycoprotein with two large N-
glycosylated extracellular loops involved in the formation
and organization of outer segment disc membrane [32]. In
Prom1I-knockout mice, photoreceptor cell degeneration is
light-dependent, and the retina shows downregulated
expression of Rdh12 and Abca4 [33]. In zebrafish with
loss of prom1b, outer segment morphogenesis is disrupted
with cone degeneration at early age and rods remained
viable but with abnormal outer segment [34]. Promlb
deletion also causes mislocalization of Prph2 and disrupts
its oligomerization. RPILI gene encodes for a retinal-
specific protein component of the photoreceptor cilium,
which is essential for outer segment morphogenesis of
photoreceptors [35]. Mutations in RPILI gene would
result in remarkable photoreceptor disruption [36].
PRPH2, RPGR, and CRBI genes encode proteins for the
outer or inner segment of photoreceptors, and their muta-
tions have been shown causing macular dystrophy and RP
[37-41]. How the novel Stargardt-related gene variants
could be involved in the disease-causing mechanisms
warrants in-depth analyses in future studies.

Conclusions

In summary, this study revealed a total of 15 novel variants
in seven STGD-related genes among the Chinese STGD
and RP patients, expanding the mutation spectrum for
STGD and RP. We recommended targeted next-generation
sequencing analysis as a routine high throughput genetic

examination to facilitate the clinical diagnosis of IRDs for
the suspicious patients.

Summary
What was known before

e STGD is associated at least with eight different genes.

e ABCA4 mutations are the most common disease-causing
mutations for STGD.

e Whole exome sequencing analysis is a high throughput
strategy to identify disease-causing mutations for IRDs.

What this study adds

e This study identified 15 novel variants in eight
Stargardt-related genes in Chinese patients diagnosed
with STGD or RP.

e 18.5% sporadic RP patients carry STGD-related gene
mutations.

e Compound heterozygous mutations in RPILI gene are
associated with STGD.
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