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Inherited retinal diseases (IRDs) are a clinically and 
genetically heterogeneous group of diseases that cause 
vision loss due to abnormal development, dysfunction, or 
the progressive degeneration of photoreceptors or the retinal 
pigment epithelium (RPE). Irreversible progression toward 
low vision and blindness significantly affects patients’ quality 
of life. Moreover, IRDs lead to reduced mobility and inde-
pendence, and they pose a considerable psychological and 
economic burden. These diseases can be inherited via auto-
somal recessive (AR), autosomal dominant (AD), or X-linked 
(XL) inheritance. Digenic and mitochondrial inheritance 
patterns have also been reported [1].

The most common form of IRD is retinitis pigmentosa 
(RP; also known as rod-cone dystrophy), which is character-
ized by night blindness and the loss of the peripheral visual 
field [2]. While RP’s prevalence in Europe and the United 
States is approximately 1:5,000, a much higher prevalence 
of approximately 1:2,000 has been found among the Israeli 
population [3,4]. For patients with cone-rod dystrophy (CRD), 
cone involvement initially exceeds, or is equal to, rod involve-
ment. CRD symptoms include reduced visual acuity, impaired 
color vision, and photophobia [5]. Leber congenital amaurosis 
(LCA) ‬is the most severe form of nonsyndromic IRD; in 
this condition, both rods and cones are nonfunctional at birth 
or lost within a patient’s first year of life [6]. Some IRD sub-
types, such as Stargardt disease (STGD) [7,8], affect primarily 
the macular region (macular dystrophies [MD]). Most IRD 
types are progressive, but some—such as achromatopsia 
(rod monochromatism) [9]—are non-degenerative and do not 
progress over time. While, in most IRD cases, the disease 
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ish community. Most of the identified variants are rare. Our findings can help caregivers with clinical and molecular 
diagnosis and, we hope, enable adequate therapy in the near future.

Correspondence to: Miriam Ehrenberg, Depar tment of 
Ophthalmology, Schneider Children's Medical Center of Israel, 
14 Kaplan Street, Petach Tikva 4920235, Israel. Phone: +972-3-
9253756; email: Dr.miriam.ehrenberg@gmail.com



2

Molecular Vision 2023; 29:1-12 <http://www.molvis.org/molvis/v29/1> © 2023 Molecular Vision 

involves only ophthalmic manifestations (nonsyndromic), 
over 70 forms of syndromic IRDs have been described [10].

Due to the unique Jewish history of the Diaspora, 
characterized by intracommunity marriages and relatively 
small geographical regions, certain founder mutations that 
underlie a variety of Mendelian diseases are characteristic 
of specific Jewish sub-populations (e.g., Ashkenazi Jews, 
Yemenite Jews, and North African Jews) [11]. Israel’s popula-
tion is an estimated 9.3 million people. The Ethiopian Jewish 
community in the country represents a unique sector. As of 
December 2020, approximately 159,500 Jews of Ethiopian 
origin were living in Israel (1.7% of the Israeli population), 
55% of whom had been born in Ethiopia and 45% of whom 
had been born in Israel (Central Bureau of Statistics, 2022). 
In 2018, 87% of Ethiopian Jews married partners of the same 
ethnicity. The Ethiopian Jewish population avoids consan-
guineous marriages by tracking familial ancestral records for 
up to seven generations.

Ethiopian Jews used to live in small villages across Ethi-
opia. They immigrated to Israel in waves from 1980 to 1992. 
Little is known about this community’s origin and arrival in 
Ethiopia, and several studies have attempted to decipher this 
origin while shedding light on this ethnic group’s history. 
Some researchers have claimed that Ethiopian Jews descend 
from Egyptian and Yemenite Jews [12]. A study by Litz Phil-
ipsborn et al. may support this claim, having found a common 
founder mutation for Meckel–Gruber syndrome among Jews 
of both Ethiopian and Yemenite origins [13]. Apart for the 
study by Litz Philipsborn et al., only a few studies, only a few 
studies on the genetic conditions that are frequent in the Ethi-
opian Jewish community, and their molecular causes, have 
been published [14,15]. We aimed to establish a nationwide 
cohort of Ethiopian Jewish patients living in Israel, estimate 
this population’s IRD prevalence, and clinically characterize 
both this cohort’s IRD types and genetic causes of disease.

METHODS

Subjects and clinical evaluation: Forty-two patients from 36 
families were included in this study (Appendix 1). Prospective 
participants were identified by members of the Israeli Inher-
ited Retinal Disease Consortium (IIRDC) [4], specifically 
from the following Israeli medical institutions: the inherited 
retinal degeneration clinic at Schneider Children’s Medical 
Center of Israel; the Department of Ophthalmology at Rabin 
Medical Center; the Division of Ophthalmology at Hadassah-
Hebrew University Medical Center; the Genetics Institute at 
Emek Medical Center; the Department of Ophthalmology 
on Rambam Health Care Campus; the Ophthalmology 
Department at Shamir Medical Center; the Goldschleger 

Eye Institute at Sheba Medical Center; and the Division of 
Ophthalmology at Tel Aviv Sourasky Medical Center. The 
tenets of the Declaration of Helsinki were followed, the study 
was approved by institutional review boards, and written 
informed consent was obtained from all participants or their 
parents. Diagnoses were made based on complete ophthalmic 
examinations, which included best-corrected visual acuity, 
biomicroscopic examination, cycloplegic refraction, optical 
coherence tomography, and electroretinography testing for 
most participants.

Genetic analyses: Index patients from families 1, 2, 4, 5, 8, 
9, 10, 11, 23, 32, and 33 were tested for specific, relatively 
common mutations, mainly in the ABCA4 (NM_000350) 
gene. The mutations included c.5882G>A, c.4793C>A, and 
c.6077delT. Index patients from families 6, 7, 12, 14, 18, 
19 were tested by Targeted Next Generation Sequencing 
(T-NGS) of 108 known IRD genes, using the Molecular 
Inversion Probes (MIPs) technique [16]. Index 78 patients 
from families 21, 25, and 31 were tested using the T-NGS 
of 113 known genes associated with RP and LCA using the 
MIPs technique [17]. Index patients from families 12 and 22 
were tested with the T-NGS of 105 inherited MD and age-
related MD-associated genes and noncoding or regulatory 
loci, known pseudo-exons, and the mitochondrial genome, 
using smMIPs [18]. Whole-exome sequencing (WES) was 
performed for index patients from families 16, 17, 26, 27, 29, 
and 30 at 3billion (Seoul, South Korea) using xGen Exome 
Research Panel, Version 2 (Integrated DNA Technologies, 
Coralville, IA). WES of the index patient from Family 18 
was performed at Pronto Diagnostics (Tel Aviv, Israel) using 
a Nextera rapid exome-capture kit (Illumina, San Diego, CA). 
WES of the index patient from Family 14 was performed 
at Otogenetics Corporation (Norcross, GA) using a Roche 
NimbleGen, Version 2 (44.1 Mbp) paired-end sample-prepa-
ration kit (Roche NimbleGen, Madison, WI). WES of index 
patients from families 3 and 28 was performed at Variantyx 
Inc. (Framingham, MA) using SureSelectXT Human All 
Exon, Version 6 (Agilent Technologies, Santa Clara, CA). 
NGS reads were aligned to the reference human genome 
(GRCh37/hg19). Variants were called via the Franklin by 
Genoox web-based pipeline. Specific, relatively common 
mutations and verification of mutations that had been 
identified by NGS were tested by PCR amplification with 
specifically designed primers, followed by direct sequencing 
with the Big Dye terminator-cycle-sequencing kit on an ABI 
3130xl Genetic Analyzer (PE Applied Biosystems, Foster 
City, CA). Bioinformatic analysis of amino acid conservation 
was performed with the ConSurf Server [19]. All pathogenic 
and likely pathogenic variants identified in this study were 
submitted to LOVD.
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RESULTS

A total of 42 patients with IRD from 36 Israeli Jewish families 
of Ethiopian descent were recruited to this study (Appendix 
1); therefore, the estimated IRD prevalence in this popula-
tion is 1:1,899 (considering that about 50% of Israeli patients 
with IRD were recruited by the IIRDC) [4]. Twenty-three 
participants were female (55%). The patients’ average age at 
diagnosis was 28 ±19 years (range: 1–82). The most common 
phenotypes were STGD (15 of 42 patients, 36%) and nonsyn-
dromic RP (14 of 42, 33%), followed by LCA (4 of 42, 9.5%). 
Less common phenotypes that appeared in only a single 
family included syndromic IRD, achromatopsia, CRD, AR 
bestrophinopathy (ARB), Usher syndrome, pattern dystrophy, 
MD (non-STGD), and high myopia with vitreoretinal degen-
eration (Figure 1A and Appendix 2). The most common mode 
of inheritance was AR (25 of 36 families, 69%), followed by 
isolated cases (10 of 36 families, 28%).

For 33 of 36 families, thorough or partial genetic analysis 
was performed by NGS or founder-mutation testing, respec-
tively, while three families have not been processed yet. In 
total, the results of 32 patients from 29 families were solved, 
possibly solved, or subjected to NGS and unsolved (Appendix 

1). The underlying disease-causing variants were fully identi-
fied for 23 of these 32 patients; thus, the diagnostic rate was 
72% (Appendix 1). All genetically diagnosed families had AR 
inheritance. Only three of all 36 families (8%) and two of the 
20 genetically diagnosed families (10%) were consanguin-
eous. Segregation analysis was performed whenever the DNA 
of additional relatives was available (Appendix 3).

Two families’ results were defined as “possibly solved.” 
For the patient from family 21, with a phenotypic combination 
of RP and hearing loss, two rare heterozygous variants in 
the USH2A gene were identified (Appendix 1). USH2A muta-
tions are associated with Type 2 Usher syndrome (RP and 
hearing loss; 20), which aligns with this patient’s observed 
phenotype. The identified variants were: c.784+14389G>T, 
a deep intronic mutation that had previously been shown to 
be splice-altering and classified as “pathogenic” (21; Table 
1); and c.7951A>G;p.(Asn2651Asp), a rare missense variant. 
Asparagine at Position 2,651 was predicted to be functionally 
important (highly conserved and exposed; Figure 2B). Never-
theless, this variant was not predicted as deleterious using 
in silico prediction tools; therefore, it was categorized as a 
variant of unknown significance (VUS; Table 1). Similarly, 
for the patient from family 22, who had been diagnosed with 

Figure 1. Phenotypic and genotypic findings for the study’s cohort of Ethiopian Jewish patients with IRD. A: Phenotypic distribution. RP = 
retinitis pigmentosa; STGD = Stargardt disease; LCA = Leber congenital amaurosis; ACHM = achromatopsia; CRD = cone-rod dystrophy. 
B: Distribution of mutated genes. C: Distribution of variant types.
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MD, a homozygous variant in the RP1L1 gene was detected. 
This rare variant, c.194T>C;p.(Met65Thr), was predicted as 
pathogenic (Table 1), and it affects an amino acid (methionine 
65), which was predicted to be structurally important (highly 
conserved and buried; Figure 2B). Moreover, RP1L1 muta-
tions have been associated with several phenotypes, including 
AR maculopathy [22]. Nevertheless, this variant was classi-
fied as a VUS.

For four patients with STGD from three families, only 
one heterozygous ABCA4 mutant allele was found, and the 
second allele has yet to be identified. These families were 
defined as “monoallelic.”

The most frequently involved gene was ABCA4 (12 of 
23 patients in the solved group, 52%), followed by TULP1 
(4 of 23, 17%), PCARE (2 of 23, 9%), PDE6B (2 of 23, 9%), 
PDE6A, BEST1, and P3H2 (4% each; Figure 1B). In total, 16 
distinct pathogenic or potentially pathogenic variants were 
identified, nine of which are novel (not previously reported 
in the literature; Table 1, Figure 1C, and Figure 2). Novel 
variants were considered causative, based on related pheno-
type, population frequency (Genome Aggregation Database 
[gnomAD; https://gnomad.broadinstitute.org/] minor allele 
frequency [MAF] ≤ 1% for AR variants), and the predicted 
effect on a protein product. Three of the variants were small 
deletions leading to a frameshift, and two were nonsense 
mutations; these variants were considered null mutations 
and classified as “pathogenic” or “likely pathogenic.” One 
very rare mutation (not previously reported in the literature, 
ClinVar or gnomAD) in the PDE6B gene was a 15 bp dele-
tion, leading to an in-frame loss of five amino acids in a non-
repetitive protein region (c.339_353del;p.[Gln114_Val118del]). 
Three of the novel variants were missense variants. They are 
all rare and affect highly conserved amino acids (Figure 2B). 
The phenotypes of all patients who harbored novel mutations 
were similar to the reported phenotypes for patients with 
other mutations in the same genes (Table 1).

Seven distinct ABCA4 mutations were found among 16 
patients (12 patients in the solved group and four patients 
in the monoallelic group; Table 1 and Appendix 1). The 
most common mutation was c.6077delT (Figure 2), which 
appeared on 10 of 28 ABCA4 mutant chromosomes (36%). 
We had originally reported this novel mutation in four of the 
families included in this paper as part of our report on the 
IIRDC’s findings [4]. c.6077delT is a very rare mutation that 
is absent from public databases—including gnomAD, Trans-
Omics for Precision Medicine (TOPMed) Bravo, The Greater 
Middle East (GME) Variome, and Exome Sequencing Project 
(ESP) 6500—and it is likely a unique founder mutation of the 
Ethiopian Jewish population.

The second most common ABCA4 mutations were 
p.(Gly1961Glu) and p.(Ala1598Asp), each found on 6 of 28 
chromosomes (21%). p.(Gly1961Glu) is the most prevalent 
mutation of ABCA4 worldwide (present in ~20% of cases 
involving patients of European descent), and its frequency 
in the general population varies widely across ethnic groups, 
from 0.2% to 10% in European and East African popula-
tions, respectively [23-25]. Due to its high frequency in 
certain populations, this variant’s pathogenicity has been 
subjected to controversy, especially concerning its presence 
among homozygous individuals. A recent study demonstrated 
that cis-acting modifiers in the ABCA4 locus contribute to 
the penetrance of p.(Gly1961Glu), mainly the deep intronic 
c.769–784C>T variant, which was found in five of seven 
p.(Gly1961Glu) homozygous cases [26]. We, therefore, tested 
all patients with either one or two p.(Gly1961Glu) alleles 
for the presence of c.769–784C>T. None of them carried 
this allele. p.(Ala1598Asp) is a rare mutation that, based on 
the gnomAD database, is most frequent among Americans 
(0.0087%) and very rare among Africans (0%). It has been 
reported worldwide among patients of various ethnicities 
[27-30].

p.(Trp1618Cys), which was found on three of 28 chro-
mosomes (11%; all within one family), is a very rare variant 
(gnomAD aggregated MAF = 0.0016%) that is more common 
among Americans (MAF = 0.0087%) and reaches a MAF 
of 0.4% among Mexicans. It was predicted as pathogenic by 
multiple prediction tools (Table 1), and it has been reported 
in the literature previously [31,32].

p.(Val1989Ala), c.4253+5G>A, and p.(Cys81Ser) were 
identified on only one chromosome each (4%). p.(Val1989Ala) 
and c.4253+5G>A are rare, were predicted as pathogenic, and 
have been reported previously in ClinVar and the literature 
(Table 1). We had originally reported p.(Cys81Ser) in the same 
family included in the current paper as part of our report 
on the IIRDC’s findings [4]. This mutation is very rare and 
absent from public population databases. It affects a highly 
conserved amino acid and was predicted as pathogenic (Table 
1 and Figure 2).

Two of this study’s cases were especially interesting. The 
first case was that of Patient 17–1, who was heterozygous for 
two novel mutations in the BEST1 gene. Both mutations were 
null (a nonsense and a frameshift; Table 1, and Appendix 
1, Appendix 3). While some monoallelic heterozygous 
mutations in BEST1 lead to AD Best vitelliform macular 
dystrophy, biallelic mutations in BEST1 have been associated 
with ARB, as well as arRP [33-35]. ARB is characterized by 
multifocal, yellow subretinal deposits. In some cases, subret-
inal fibrous scars and cystoid macular intraretinal fluid may 
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be found. Many ARB patients have hyperopia and shallow 
anterior chamber angles, with or without angle-closure glau-
coma. For patients with this condition, electrooculogram 
(EOG) results and, in many cases, full-field electroretino-
gram (ERG) results are abnormal [36, 37]. Patient 17–1 was 
a 38-year-old woman who had been referred for poor vision 

and nyctalopia. Her best-corrected visual acuity was 20/300. 
Her ophthalmic examination revealed hyperopia (+3.00D), a 
normal-depth anterior chamber and normal intraocular pres-
sure, a mild nuclear cataract, a pale optic nerve, and multiple 
yellow-white deposits in the macula and extramacular area, 
with patches of RPE atrophy in the periphery. Widefield 

Figure 2. Novel variants identified in this study. A: Mutant (mut) and wild-type (wt) nucleotide sequence traces of the nine novel variants 
identified in this study. hom = homozygote; het = heterozygote. B: Evolutionary conservation of amino acids affected by three missense 
variants. Analysis performed with the ConSurf Server.
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fundus autofluorescence showed marked autofluorescence 
changes at the posterior pole and in the mid periphery and 
hypo-autofluorescence signal corresponding to the patches 
of RPE atrophy. Macular optical coherence tomography 
(OCT) demonstrated intraretinal fluid and subretinal fluid 
with hyperreflective deposits. Her RPE layer was thickened 
and irregular (Appendix 4). Full-field ERG demonstrated 
moderately reduced rod and cone responses in scotopic and 
photopic conditions, respectively. According to the patient, 
her parents had good vision. She had five siblings, and only 
one sister had poor visual acuity and nyctalopia (Appendix 
3). This sister of Patient 17–1 was unavailable for clinical or 
genetic testing.

Patient 18–1 was homozygous for a nonsense mutation 
in the P3H2 (LEPREL1) gene (c.1213C>T; p.[Arg405*]). Bial-
lelic mutations in this gene are rare and associated with AR 
high myopia with cataract and vitreoretinal degeneration [38]. 
Indeed, this patient had progressive pathologic myopia (RE 
−25D, LE −28D) with severely compromised visual acuity 
in childhood (counting fingers at 5 cm) and abnormal elec-
troretinographic recordings. She had been diagnosed with 
LE rhegmatogenous retinal detachment (RRD) at 13 years 
of age, and she had undergone lens extraction, a pars-plana 
vitrectomy, endolaser treatment for retinal tears, and a perflu-
orocarbon liquid and silicone oil exchange. A few months 
later, she developed RRD in her right eye and underwent a 
similar surgical procedure. Unfortunately, her current visual 
acuity affords her no light perception in either eye due to her 
primary poor retinal condition and postoperative complica-
tions of corneal decompensation, rubeosis iridis, and elevated 
intra-ocular pressure.

DISCUSSION

Very little is known about the genetic basis for various 
Mendelian conditions in The Ethiopian Jewish population. 
The current study is the first to characterize the phenotypes 
and genetic causes of IRDs among a relatively large cohort of 
Ethiopian Jews. The most common phenotypes were nonsyn-
dromic RP and STGD, and the most frequently mutated gene 
was ABCA4. While these findings are similar to IRD pheno-
typic and genotypic distribution in the general Israeli popula-
tion [4] and other populations worldwide [1,39-42], the nature 
of the mutant alleles identified among Ethiopian Jewish IRD 
patients differs greatly from findings for other populations.

Over 2,200 disease-causing mutations of the ABCA4 
gene are known (The ABCA4 gene homepage – Global 
Variome shared LOVD). They cover all mutation types—
missense, nonsense, small deletions or insertions, deep 
intronic, and splice-site variants [43]. Among Ethiopian Jews, 

the most common ABCA4 mutation was c.6077delT, which 
was diagnosed in a heterozygote state for eight patients and 
in a homozygote state for one patient. This allele was not 
found in other Israeli ethnic groups, either Jewish or non-
Jewish, or in other populations worldwide. It appears to be a 
unique founder mutation of the Ethiopian Jewish population. 
Moreover, nine of 16 mutations identified among this study’s 
cohort are novel, further demonstrating this population’s 
unique genetic structure.

In 2020, we reported phenotypic and genotypic data on 
3,413 IRD Israeli patients who had been identified by the 
IIRDC [4]. That publication’s cohort included 20 patients of 
Ethiopian Jewish descent (0.58%). Notably, Ethiopian Jews 
constitute 1.7% of the Israeli population; therefore, patients 
of this ethnicity are underrepresented among total Israeli IRD 
patients (p < 0.00001 using Fisher’s exact test). This under-
representation contrasts with other Israeli ethnic groups, such 
as Muslim Arabs, who are significantly overrepresented in 
the Israeli IRD cohort, mainly due to a high prevalence of 
consanguineous unions [4]. A possible explanation for Ethio-
pian Jews’ underrepresentation in the national cohort is this 
population’s very low frequency of consanguinity. Neverthe-
less, additional socio-economic factors (including commu-
nication difficulties, traditional attitudes, and a tendency 
to be suspicious of the establishment) which influence the 
accessibility and awareness to medical services may also 
contribute to this trend.

In summary, this study is the first to describe the pheno-
typic and molecular characteristics of IRDs in the Ethiopian 
Jewish community. These data could help caregivers with 
clinical and molecular diagnosis and, we hope, facilitate 
adequate therapy (including gene-based and mutation-based 
therapy) in the near future.

APPENDIX 1. DEMOGRAPHIC AND GENETIC 
DATA OF STUDY PATIENTS.

To access the data, click or select the words “Appendix 1.” 
a Family was reported in Sharon et al. 4 b Novel mutation c 
Family 8 appears twice in this table. Individual 1 (under 
solved families) is the mother of individuals 2 and 3 (under 
monoallelic families). All three are affected. Individual 
1 is heterozygous for two different ABCA4 variants. Her 
offspring (individuals 2 and 3) are heterozygotes for one 
ABCA4 variant, and their second mutation is still to be 
found. d Families in which only one heterozygous mutant 
allele was identified, in a known IRD-causative gene which 
is inherited in an autosomal recessive mode. ACHM, achro-
matopsia; ar, autosomal recessive; ARB, autosomal recessive 
Bestrophinopathy; CRD, cone-rod dystrophy; F, female; het, 
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heterozygous; hemi, hemizygous; hom, homozygous; HL, 
hearing loss; i, isolated; LCA, Leber congenital amaurosis; 
M, male; MD, macular dystrophy; ND, not done; PD, pattern 
dystrophy; RD, retinal dystrophy; RP, retinitis pigmentosa; 
ss, short stature; STGD, Stargardt disease; T-NGS, targeted 
next generation sequencing; USH, Usher syndrome; WES, 
whole exome sequencing; XL, X-linked

APPENDIX 2. CLINICAL DATA OF STUDY 
PATIENTS.

To access the data, click or select the words “Appendix 
2.” ACHM, achromatopsia; ARB, autosomal recessive 
Bestrophinopathy; BAF- blue autofluoresence; BSP, bone 
spicule pigmentation; CF, counting fingers; CRD, cone-rod 
dystrophy; ERM, epiretinal membrane; F, female; FAF, 
fundus autof luorescence; HL, hearing loss; HM, hand 
motion; LCA, Leber congenital amaurosis; M, male; MD, 
macular dystrophy; MFERG: multifocal electroretinography; 
NA, not available; NLP, no light perception; OCT, optical 
coherence tomography; OD, right eye; OS, left eye; ON, optic 
nerve, OU, both eyes; PD, pattern dystrophy; RD, retinal 
dystrophy; RP, retinitis pigmentosa; RPE, retinal pigment 
epithelium, SS, short stature; STGD, Stargardt disease; VEP, 
visual evoked potentials; y, years aFFERG: full-field electro-
retinogram; NR, non-recordable, WNR: within normal range, 
MiR: mildly reduced, MR: moderately reduced (1%–5% of 
normal range); SR, severely reduced (<1% of normal range); 
ND, non-detectable b Stargardt typing according to fundus 
autofluoresence distribution of pathologic findings 8 c Type 
unknown since FAF is unavailable

APPENDIX 3. SEGREGATION ANALYSIS OF 
MUTATIONS IDENTIFIED IN SOME OF THE 
ETHIOPIAN JEWISH FAMILIES INCLUDED IN 
THIS PAPER.

To access the data, click or select the words “Appendix 3.” 
Filled symbols represent affected individuals, whereas clear 
symbols represent unaffected individuals. Genotypes of 
family members are indicated below them (+, wt; m, mutant).

APPENDIX 4. MULTIMODAL RETINAL IMAGING 
FROM PATIENT 17 WITH ARB.

To access the data, click or select the words “Appendix 4.” 
A,B: Optos widefield fundus photos of right and left eye 
respectively, showing multiple yellow-white deposits in the 
macula and extramacular area and patches of retinal pigment 
epithelium (RPE) atrophy in the periphery, C, D: Widefield 
fundus autofluorescence photos, showing autofluorescence 
changes at the  macula  and mid periphery and temporal 

peripheral hypo-autofluorescent patches corresponding to the 
RPE atrophic patches. E, F: Spectral-domain OCT images 
showing cystoid macular intraretinal fluid (narrow arrow) and 
subretinal fluid with hyperreflective deposits (wide arrow).

ACKNOWLEDGMENTS

We are grateful to all the patients and their relatives for 
their participation in this study. The study was supported 
by research grants from the Foundation Fighting Blindness 
(BR-GE-0214–0639-TECH and BR-GE-0518–0734-TECH to 
TB, RL, EM, YR, NGC, EP, HN, DS, ME, and CDGE-0621–
0809-RAD to SR), the Israeli Ministry of Health (3–12583) to 
TB, RL, EM, YR, NGC, EP, HN, DS, ME, HRCI HRB Joint 
Funding Scheme 2020‐007 (RJHM) and from Novartis (to 
FPMC and SR).

REFERENCES
1.	 Schneider N, Sundaresan Y, Gopalakrishnan P, Beryozkin A, 

Hanany M, Levanon EY, Banin E, Ben-Aroya S, Sharon D. 
Inherited retinal diseases: Linking genes, disease-causing 
variants, and relevant therapeutic modalities.  Prog Retin Eye 
Res  2022; 89:101029-[PMID: 34839010].

2.	 Verbakel SK, van Huet RAC, Boon CJF, den Hollander AI, 
Collin RWJ, Klaver CCW, Hoyng CB, Roepman R, Klevering 
BJ. Non-syndromic retinitis pigmentosa.  Prog Retin Eye Res  
2018; 66:157-86. [PMID: 29597005].

3.	 Sharon D, Banin E. Nonsyndromic retinitis pigmentosa 
is highly prevalent in the Jerusalem region with a high 
frequency of founder mutations.  Mol Vis  2015; 21:783-92. 
[PMID: 26261414].

4.	 Sharon D, Ben-Yosef T, Goldenberg-Cohen N, Pras E, Grad-
stein L, Soudry S, Mezer E, Zur D, Abbasi AH, Zeitz C, 
Cremers FPM, Khan MI, Levy J, Rotenstreich Y, Birk OS, 
Ehrenberg M, Leibu R, Newman H, Shomron N, Banin E, 
Perlman I. A nationwide genetic analysis of inherited retinal 
diseases in Israel as assessed by the Israeli inherited retinal 
disease consortium (IIRDC).  Hum Mutat  2020; 41:140-9. 
[PMID: 31456290].

5.	 Thiadens AAHJ, Phan TML, Zekveld-Vroon RC, Leroy 
BP, van den Born LI, Hoyng CB, Klaver CCW. Writing 
Committee for the Cone Disorders Study Group Consortium.  
Roosing S, Pott J-WR, van Schooneveld MJ, van Moll-
Ramirez N, van Genderen MM, Boon CJF, den Hollander 
AI, Bergen AAB, De Baere E, Cremers FPM, Lotery AJ. 
Clinical course, genetic etiology, and visual outcome in cone 
and cone-rod dystrophy.  Ophthalmology  2012; 119:819-26. 
[PMID: 22264887].

6.	 Kumaran N, Moore AT, Weleber RG, Michaelides M. Leber 
congenital amaurosis/early-onset severe retinal dystrophy: 
clinical features, molecular genetics and therapeutic inter-
ventions.  Br J Ophthalmol  2017; 101:1147-54. [PMID: 
28689169].



10

Molecular Vision 2023; 29:1-12 <http://www.molvis.org/molvis/v29/1> © 2023 Molecular Vision 

7.	 Tanna P, Strauss RW, Fujinami K, Michaelides M. Stargardt 
disease: clinical features, molecular genetics, animal models 
and therapeutic options.  Br J Ophthalmol  2017; 101:25-30. 
[PMID: 27491360].

8.	 Fujinami K, Lois N, Mukherjee R, McBain VA, Tsunoda 
K, Tsubota K, Stone EM, Fitzke FW, Bunce C, Moore 
AT, Webster AR, Michaelides M. A longitudinal study of 
Stargardt disease: quantitative assessment of fundus auto-
fluorescence, progression, and genotype correlations.  Invest 
Ophthalmol Vis Sci  2013; 54:8181-90. [PMID: 24265018].

9.	 Tsang SH, Sharma T. Rod Monochromatism (Achromatopsia).  
Adv Exp Med Biol  2018; 1085:119-23. [PMID: 30578497].

10.	 Tatour Y, Ben-Yosef T. Syndromic inherited retinal diseases: 
genetic, clinical and diagnostic aspects.  Diagnostics (Basel)  
2020; 10:779-[PMID: 33023209].

11.	 Zlotogora J, Bach G, Munnich A. Molecular basis of mendelian 
disorders among Jews.  Mol Genet Metab  2000; 69:169-80. 
[PMID: 10767171].

12.	 Lovell A, Moreau C, Yotova V, Xiao F, Bourgeois S, Gehl D, 
Bertranpetit J, Schurr E, Labuda D. Ethiopia: between Sub-
Saharan Africa and western Eurasia.  Ann Hum Genet  2005; 
69:275-87. [PMID: 15845032].

13.	 Litz Philipsborn S, Hartmajer S, Shtorch Asor A, Vinovezky 
M, Regev M, Singer A, Reinstein E. A founder mutation in 
TCTN2 causes Meckel-Gruber syndrome type 8 among Jews 
of Ethiopian and Yemenite origin.  Am J Med Genet A  2021; 
185:1610-3. [PMID: 33590725].

14.	 Kedar I, Walsh L, Levi GR, Lieberman S, Shtaya AA, Nathan 
SN, Lagovsky I, Tomashov-Matar R, Goldenberg M, Basel-
Salmon L, Katz L, Aleme O, Peretz TY, Hubert A, Rothstein 
D, Castellvi-Bel S, Walsh T, King MC, Pritchard CC, Levi 
Z, Half E, Laish I, Goldberg Y. A novel founder MSH2 dele-
tion in Ethiopian Jews is mainly associated with early-onset 
colorectal cancer.  Fam Cancer  2022; 21:181-8. [PMID: 
33837488].

15.	 Lieberman S, Chen-Shtoyerman R, Levi Z, Shkedi-Rafid 
S, Zuckerman S, Bernstein-Molho R, Levi GR, Shachar 
SS, Flugelman A, Libman V, Kedar I, Naftaly-Nathan S, 
Lagovsky I, Peretz T, Karminsky N, Carmi S, Levy-Lahad E, 
Goldberg Y. Common founder BRCA2 pathogenic variants 
and breast cancer characteristics in Ethiopian Jews.  Breast 
Cancer Res Treat  2022; 193:217-24. [PMID: 35278150].

16.	 Weisschuh N, Feldhaus B, Khan MI, Cremers FPM, Kohl S, 
Wissinger B, Zobor D. Molecular and clinical analysis of 27 
German patients with Leber congenital amaurosis.  PLoS 
One  2018; 13:e0205380-[PMID: 30576320].

17.	 Panneman DM, Hitti-Malin RJ, Holtes LK, de Bruijn SE, 
Reurink J, Boonen EGM, Khan MI, Ali M, Andréasson S, De 
Baere E, Banfi S, Bauwens M, Ben-Yosef T, Bocquet B, De 
Bruyne M, de la Cerda B, Coppieters F, Farinelli P, Guignard 
T, Inglehearn CF, Karali M, Kjellström U, Koenekoop R, de 
Koning B, Leroy BP, McKibbin M, Meunier I, Nikopoulos 
K, Nishiguchi KM, Poulter JA, Rivolta C, Rodríguez de la 
Rúa E, Saunders P, Simonelli F, Tatour Y, Testa F, Thiadens 
AAHJ, Toomes C, Tracewska AM, Tran HV, Ushida H, 

Vaclavik V, Verhoeven VJM, van de Vorst M, Gilissen 
C, Hoischen A, Cremers FPM, Roosing S. Cost-effective 
sequence analysis of 113 genes in 1,192 probands with reti-
nitis pigmentosa and Leber congenital amaurosis.  Front Cell 
Dev Biol  2023; 11:1112270-[PMID: 36819107].

18.	 Hitti-Malin RJ, Dhaenens C-M, Panneman DM, Corradi Z, 
Khan M, den Hollander AI, Farrar GJ, Gilissen C, Hoischen 
A, van de Vorst M, Bults F, Boonen EGM, Saunders P. 
MD Study Group, Roosing S, Cremers FPM. Using single 
molecule Molecular Inversion Probes as a cost-effective, 
high-throughput sequencing approach to target all genes and 
loci associated with macular diseases.  Hum Mutat  2022; 
43:2234-50. [PMID: 36259723].

19.	 Ashkenazy H, Abadi S, Martz E, Chay O, Mayrose I, Pupko 
T, Ben-Tal N. ConSurf 2016: an improved methodology to 
estimate and visualize evolutionary conservation in macro-
molecules.  Nucleic Acids Res  2016; 44:344-50. [PMID: 
27166375].

20.	 Eudy JD, Weston MD, Yao S, Hoover DM, Rehm HL, 
Ma-Edmonds M, Yan D, Ahmad I, Cheng JJ, Ayuso C, 
Cremers C, Davenport S, Moller C, Talmadge CB, Beisel 
KW, Tamayo M, Morton CC, Swaroop A, Kimberling WJ, 
Sumegi J. Mutation of a gene encoding a protein with extra-
cellular matrix motifs in Usher syndrome type IIa.  Science  
1998; 280:1753-7. [PMID: 9624053].

21.	 Fadaie Z, Whelan L, Ben-Yosef T, Dockery A, Corradi Z, 
Gilissen C, Haer-Wigman L, Corominas J, Astuti GDN, de 
Rooij L, van den Born LI, Klaver CCW, Hoyng CB, Wynne 
N, Duignan ES, Kenna PF, Cremers FPM, Farrar GJ, Roosing 
S. Whole genome sequencing and in vitro splice assays reveal 
genetic causes for inherited retinal diseases.  NPJ Genom 
Med  2021; 6:97-[PMID: 34795310].

22.	 Noel NCL, MacDonald IM. RP1L1 and inherited photoreceptor 
disease: A review.  Surv Ophthalmol  2020; 65:725-39. 
[PMID: 32360662].

23.	 Webster AR, Héon E, Lotery AJ, Vandenburgh K, Casavant 
TL, Oh KT, Beck G, Fishman GA, Lam BL, Levin A, 
Heckenlively JR, Jacobson SG, Weleber RG, Sheffield VC, 
Stone EM. An analysis of allelic variation in the ABCA4 
gene.  Invest Ophthalmol Vis Sci  2001; 42:1179-89. [PMID: 
11328725].

24.	 Allikmets R. Further evidence for an association of ABCR 
alleles with age-related macular degeneration. The Inter-
national ABCR Screening Consortium.  Am J Hum Genet  
2000; 67:487-91. [PMID: 10880298].

25.	 Guymer RH, Héon E, Lotery AJ, Munier FL, Schorderet DF, 
Baird PN, McNeil RJ, Haines H, Sheffield VC, Stone EM. 
Variation of codons 1961 and 2177 of the Stargardt disease 
gene is not associated with age-related macular degeneration.  
Arch Ophthalmol  2001; 119:745-51. [PMID: 11346402].

26.	 Lee W, Zernant J, Nagasaki T, Molday LL, Su P-Y, Fishman 
GA, Tsang SH, Molday RS, Allikmets R. Cis-acting modi-
fiers in the ABCA4 locus contribute to the penetrance of the 
major disease-causing variant in Stargardt disease.  Hum Mol 
Genet  2021; 30:1293-304. [PMID: 33909047].



11

Molecular Vision 2023; 29:1-12 <http://www.molvis.org/molvis/v29/1> © 2023 Molecular Vision 

27.	 Xin W, Xiao X, Li S, Jia X, Guo X, Zhang Q. Identification 
of Genetic Defects in 33 Probands with Stargardt Disease by 
WES-Based Bioinformatics Gene Panel Analysis.  PLoS One  
2015; 10:e0132635-[PMID: 26161775].

28.	 Abu-Safieh L, Alrashed M, Anazi S, Alkuraya H, Khan 
AO, Al-Owain M, Al-Zahrani J, Al-Abdi L, Hashem M, 
Al-Tarimi S, Sebai M-A, Shamia A, Ray-Zack MD, Nassan 
M, Al-Hassnan ZN, Rahbeeni Z, Waheeb S, Alkharashi A, 
Abboud E, Al-Hazzaa SAF, Alkuraya FS. Autozygome-
guided exome sequencing in retinal dystrophy patients 
reveals pathogenetic mutations and novel candidate disease 
genes.  Genome Res  2013; 23:236-47. [PMID: 23105016].

29.	 Boulanger-Scemama E, El Shamieh S, Démontant V, 
Condroyer C, Antonio A, Michiels C, Boyard F, Saraiva J-P, 
Letexier M, Souied E, Mohand-Saïd S, Sahel J-A, Zeitz C, 
Audo I. Next-generation sequencing applied to a large French 
cone and cone-rod dystrophy cohort: mutation spectrum and 
new genotype-phenotype correlation.  Orphanet J Rare Dis  
2015; 10:85-[PMID: 26103963].

30.	 Schulz HL, Grassmann F, Kellner U, Spital G, Rüther K, 
Jägle H, Hufendiek K, Rating P, Huchzermeyer C, Baier MJ, 
Weber BHF, Stöhr H. Mutation Spectrum of the ABCA4 
Gene in 335 Stargardt Disease Patients From a Multicenter 
German Cohort-Impact of Selected Deep Intronic Variants 
and Common SNPs.  Invest Ophthalmol Vis Sci  2017; 
58:394-403. [PMID: 28118664].

31.	 Birtel J, Eisenberger T, Gliem M, Müller PL, Herrmann P, Betz 
C, Zahnleiter D, Neuhaus C, Lenzner S, Holz FG, Mangold E, 
Bolz HJ, Charbel Issa P. Clinical and genetic characteristics 
of 251 consecutive patients with macular and cone/cone-rod 
dystrophy.  Sci Rep  2018; 8:4824-[PMID: 29555955].

32.	 Zenteno JC, García-Montaño LA, Cruz-Aguilar M, Ronquillo 
J, Rodas-Serrano A, Aguilar-Castul L, Matsui R, Vencedor-
Meraz CI, Arce-González R, Graue-Wiechers F, Gutiérrez-
Paz M, Urrea-Victoria T, de Dios Cuadras U, Chacón-
Camacho OF. Extensive genic and allelic heterogeneity 
underlying inherited retinal dystrophies in Mexican patients 
molecularly analyzed by next-generation sequencing.  Mol 
Genet Genomic Med  2020; 8:[PMID: 31736247].

33.	 Burgess R, Millar ID, Leroy BP, Urquhart JE, Fearon IM, De 
Baere E, Brown PD, Robson AG, Wright GA, Kestelyn P, 
Holder GE, Webster AR, Manson FDC, Black GCM. Biallelic 
mutation of BEST1 causes a distinct retinopathy in humans.  
Am J Hum Genet  2008; 82:19-31. [PMID: 18179881].

34.	 Davidson AE, Millar ID, Urquhart JE, Burgess-Mullan R, 
Shweikh Y, Parry N, O’Sullivan J, Maher GJ, McKibbin M, 
Downes SM, Lotery AJ, Jacobson SG, Brown PD, Black 

GCM, Manson FDC. Missense mutations in a retinal pigment 
epithelium protein, bestrophin-1, cause retinitis pigmentosa.  
Am J Hum Genet  2009; 85:581-92. [PMID: 19853238].

35.	 Borman AD, Davidson AE, O’Sullivan J, Thompson DA, 
Robson AG, De Baere E, Black GCM, Webster AR, Holder 
GE, Leroy BP, Manson FDC, Moore AT. Childhood-onset 
autosomal recessive bestrophinopathy.  Arch Ophthalmol  
2011; 129:1088-93. [PMID: 21825197].

36.	 Boon CJF, van den Born LI, Visser L, Keunen JEE, Bergen 
AAB, Booij JC, Riemslag FC, Florijn RJ, van Schooneveld 
MJ. Autosomal recessive bestrophinopathy: differential 
diagnosis and treatment options.  Ophthalmology  2013; 
120:809-20. [PMID: 23290749].

37.	 Casalino G, Khan KN, Armengol M, Wright G, Pontikos 
N, Georgiou M, Webster AR, Robson AG, Grewal PS, 
Michaelides M. Autosomal recessive bestrophinopathy: clin-
ical features, natural history, and genetic findings in prepara-
tion for clinical trials.  Ophthalmology  2021; 128:706-18. 
[PMID: 33039401].

38.	 Mordechai S, Gradstein L, Pasanen A, Ofir R, El Amour K, 
Levy J, Belfair N, Lifshitz T, Joshua S, Narkis G, Elbedour 
K, Myllyharju J, Birk OS. High myopia caused by a mutation 
in LEPREL1, encoding prolyl 3-hydroxylase 2.  Am J Hum 
Genet  2011; 89:438-45. [PMID: 21885030].

39.	 Stone EM, Andorf JL, Whitmore SS, DeLuca AP, Giacalone 
JC, Streb LM, Braun TA, Mullins RF, Scheetz TE, Sheffield 
VC, Tucker BA. Clinically Focused Molecular Investigation 
of 1000 Consecutive Families with Inherited Retinal Disease.  
Ophthalmology  2017; 124:1314-31. [PMID: 28559085].

40.	 Dockery A, Stephenson K, Keegan D, Wynne N, Silvestri G, 
Humphries P, Kenna PF, Carrigan M, Farrar GJ. Target 5000: 
target capture sequencing for inherited retinal degenerations.  
Genes (Basel)  2017; 8:304-[PMID: 29099798].

41.	 Coco-Martin RM, Diego-Alonso M, Orduz-Montaña WA, 
Sanabria MR, Sanchez-Tocino H. Descriptive Study of a 
Cohort of 488 Patients with Inherited Retinal Dystrophies.  
Clin Ophthalmol  2021; 15:1075-84. [PMID: 33727790].

42.	 Motta FL, Martin RP, Filippelli-Silva R, Salles MV, Sallum 
JMF. Relative frequency of inherited retinal dystrophies in 
Brazil.  Sci Rep  2018; 8:15939-[PMID: 30374144].

43.	 Cremers FPM, Lee W, Collin RWJ, Allikmets R. Clinical 
spectrum, genetic complexity and therapeutic approaches 
for retinal disease caused by ABCA4 mutations.  Prog Retin 
Eye Res  2020; 79:100861-[PMID: 32278709].



12

Molecular Vision 2023; 29:1-12 <http://www.molvis.org/molvis/v29/1> © 2023 Molecular Vision 

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 22 April 2023. This reflects all typographical corrections and errata to the article 
through that date. Details of any changes may be found in the online version of the article.


