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Purpose: Pathogenic variants in North Carolina macular dystrophy (NCMD) have rarely been reported in the East Asian
population. Herein, we reported novel variants of NCMD in 2 Korean families.

Methods: The regions associated with NCMD were analyzed with genome sequencing, and variants were filtered based
on the minor allele frequency (0.5%) and heterozygosity. Non-coding variants were functionally annotated using multiple
computational tools.

Results: We identified two rare novel variants, chr6:2.99,598,914T>C (hg38; V17) and chr6:2.99,598,926G>A (hg38;
V18) upstream of PRDM13 in families A and B, respectively. In Family 1, Grade 2 NCMD and a best-corrected visual
acuity of 20/25 and 20/200 in the right and left eyes, respectively, were observed. In Family B, all affected individuals
had Grade 1 NCMD with characteristic confluent drusen at the fovea and a best-corrected visual acuity of 20/20 in
both eyes. These two variants are 10-22 bp downstream of the reported V10 variant within the DNasel hypersensitivity
site. This site is associated with progressive bifocal chorioretinal atrophy and congenital posterior polar chorioretinal
hypertrophy and lies in the putative enhancer site of PRDMI3.

Conclusion: We identified two novel NCMD variants in the Korean population and further validated the regulatory role
of the DNasel hypersensitivity site upstream of PRDM13.

North Carolina macular dystrophy (NCMD/MCDRI,
OMIM 136550) is an inherited autosomal dominant retinal
disease first described in the 1970s as “dominant macular
degeneration and aminoaciduria” by Lefler, Wadsworth, and
Sisbury [1]. This disorder has been characterized by macular
dystrophy since birth. The clinical phenotype varies within
the same family; however, the associated gene exhibits
complete penetrance. Fundus findings in NCMD vary,
ranging from a small patchy drusen at the fovea (Grade 1) to
a large confluent colobomatous concave macular lesion with
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a thick, white fibrotic rim (Grade 3). The visual acuity in
NCMD correlates with the size of the macular lesion and the
structural grading of NCMD. Nonetheless, some patients have
relatively good vision despite severe macular malformations.

The genetic loci in NCMD were initially mapped to
Chromosome 6 by Small et al. [2—4], and the causative
variants were identified 15 years after the discovery of the
genetic loci [5]. The causative variants were in an intragenic
region of Chromosome 6, approximately 13,000 base pairs
upstream from the neighboring gene. Currently, 16 NCMD-
associated genetic variants have been identified (Appendix
1). Eleven single-nucleotide variants (SN'Vs) and five tandem
duplications were identified as causative variants of NCMD
affecting the expression of PRDM13 (MCDRI1 locus) and
IRX1 (MCDR3 locus). The variants upstream of PDRM13
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affect the expression of its retinal transcription factor. Most
reported variants have been discovered in various ethnicities,
including those from Europe, North America, and Brazil.
Although V3 mutation and tandem duplication have been
reported in Asian families [6,7], the genetic architecture
of NCMD in the East Asian population remains relatively
unknown. Herein, we investigated the molecular causes of
NCMD in Korea and the functional annotation of possible
pathogenic variants upstream of PRDM]13 to understand the
genetic architectures of molecular causes of NCMD in Korea.

METHODS

Clinical assessment and phenotyping: Two Korean fami-
lies diagnosed with NCMD were recruited from Gangnam
Severance Hospital (Seoul, South Korea) and Seoul National
University Bundang Hospital. Clinical assessments included
visual acuity testing, dilated fundus examination, wide-field
fundus imaging using the Silverstone system (Optos PLC,
Dunfermline, Scotland, UK), fundus autofluorescence
imaging, and Spectralis optical coherence tomography (OCT,
Heidelberg Engineering, Heidelberg, Germany). Informed
written consent was obtained from all patients. This study
was approved by the institutional review board of Gangnam
Severance Hospital (3—2020—0063) and adhered to the tenets
of the Declaration of Helsinki.

Genome sequencing (GS) and segregation analysis:
Following exome sequencing or targeted-panel next-gener-
ation sequencing, two families with undiagnosed NCMD-
affected index individuals were subjected to GS. Briefly,
samples were prepared according to the Illumina TruSeq
DNA PCR-free library preparation (Illumina, San Diego,
CA). The libraries were sequenced on the Illumina NovaSeq
6000 platform using 150-bp paired-end reads. Reads were
mapped to the human genome (hg38) using a Dragen mapper
(v.1.3.0), and a Haplotypecaller (GATK 4.3.0.0) was used to
identify SN'Vs and short indels [8]. Variants were annotated
using ANNOVAR-based VARaft (v.2.1.2) and VEP-based
seqr (v1.0-x) [9,10]. To identify SVs and large indels, ClinSV
using CNVnator and lumpy software was employed [11].
Mobile element insertion was assessed using the Mobile
Element Locator Tool (MELT) algorithm [12]. DNA samples
from other available family members were screened using
Sanger sequencing (BigDye v3.1) for the presence of candi-
date variants identified using GS.

Variant filtering and annotation: The genomic regions asso-
ciated with NCMD, encompassing PRDM13, IRX1, and its
upstream regions, were selected. Subsequently, SNVs and
small indels were filtered based on the gnomAD v.3.1.2 minor
allele frequency (0.5%) and zygosity (heterozygous). The
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filtered variants were re-assessed using the NHLBI Trans-
Omics for Precision Medicine variant database (TOPMed,
freeze 8); the Korean Reference Genome Database (KRGDB),
which includes genome sequencing data from 1,722 Koreans
[13]; and GEM-J WGA, which includes whole-genome
sequencing data from 7,609 Japanese, to identify the popu-
lation-specific minor allele frequency of population-specific
variants [14]. The SVs in these genomic regions were evalu-
ated using the Database of Genomic Variants (DGV). Other
coding variants of 290 known retinal disease—associated
genes were assessed to identify likely pathogenic or patho-
genic variants. The GS workflow is presented in Appendix 2.
Candidate variants were investigated for their potential effects
on gene regulation and cross-species conservation using the
UCSC Genome Browser (Santa Cruz University, Santa Cruz,
CA). To identify the epigenetic signature, publicly available
ATAC-seq in human and retinal organoids was also analyzed
[15].

RESULTS

Clinical phenotypes of affected patients: Six individuals (four
from Family A and three from Family B) were examined, and
the genomes of the two probands were sequenced using GS.
Although data on Family A were reported [13], mutational
analysis was not conducted at the time. Fundus photography
of the affected family members revealed wide inter-individual
variations in grades 1-3 of NCMD lesions with or without
subretinal fibrosis. Twenty years after the first report, the
proband of Family A (Patient I1-5, 35-year-old female) had
a best-corrected visual acuity (BCVA) of 20/25 and 20/200
in the right and left eyes, respectively. Fundus photography
revealed drusenoid deposits with small retinal excavation
and retinal pigment epithelium (RPE) disruption at the fovea
in the right eye and large confluent drusen and disciform
scars in the macula of the left eye (Figure 1A—E). The clinical
features were typical of Grade 2 NCMD in both eyes. An
examination of the anterior segment revealed no significant
findings.

In Family B, Patient II-5 was a male who was 16 years old
at the time of diagnosis. His BCVA was 20/20 in both eyes. A
fundus examination revealed multiple drusen-like deposits on
the maculae of both eyes. OCT displayed disrupted outer and
inner segmented photoreceptor layers and small deposits in
the ellipsoid zone on the fovea despite an intact RPE layer on
the fovea, which was consistent with Grade 1 NCMD in both
eyes (Figure 1F-J). Fundus autofluorescence (AF) revealed
multiple speckled hyperAF lesions at the macula in both eyes
that reflected the disruption of the photoreceptor layer on
OCT. No definite drusen-like lesions were observed in the
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Figure 1. Pedigrees and clinical features in patients with North Carolina macular dystrophy. A: Pedigree of Family A. B—E: Fundus photo-
graph and optical coherence tomography (OCT) of the 35-year-old female (Family A, Patient II-5). Mild retinal excavation with ellipsoid and
retinal pigment epithelium defects was noted in the right eye. Larger elevated confluent drusen and disciform scars with pigment clumping
were noted in the left eye. F: Pedigree of Family B. G—J: Fundus photograph and OCT of the 16-year-old male (Family B, Patient I1-5).
Multiple drusen-like deposits on the maculae of both eyes denote Grade 1 North Carolina macular dystrophy (I, J).

peripheral retina (Appendix 3). The 10-2 central visual field
test illustrated no definite scotoma in both eyes.

Patient II-6, the younger brother of Patient II-5, was
a 14-year-old boy. His BCVA was 20/20 in both eyes, and
a fundus examination revealed multiple small drusenoid
deposits in the fovea, similar to those in Patient II-5. OCT
revealed a disrupted photoreceptor layer in the right eye and
mild RPE layer disruption in the left eye. No definite drusen-
like lesions were observed in the peripheral retina (Appendix
4). The central visual field remained intact.

Patient -4 was a 50-year-old male with a phenotype
similar to that of his sons (Appendix 5). Relatively more
drusen were observed on the peripheral retina, revealing
hyperautofluorescent dot lesions (Appendix 5). His visual
acuity was 20/20 in both eyes. Additionally, no definite visual
field defect was noted on the 102 visual field test (Table 1).

Identification of causative variant in genome sequencing: GS
helped identify two rare novel SN'Vs upstream of PRDM13
in these two families. Moreover, no copy number varia-
tions, structural variants, or mobile element insertions were
detected in the neighboring PRDM13 or IRX genes. No rare
pathogenic coding variants of the known inherited retinal
dystrophy genes exist. These two novel variants, named V17
and V18, were in NCMD mutational hotspot 2 (PRDM13 cis-
regulatory elements; Figure 2A), which was reported as an
enhancer interacting with the promoter of PRDM13 [16]. The
publicly available single nucleus ATAC analysis revealed that
this region is enriched in early retinal progenitor cells of both
the human retina and organoid (Appendix 6) [15].

The chr6:2.99,598,914T>C (V17) variant was identified
in Patient [1-5 (Family A) after filtering the common variant
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(MAF <0.5%). However, it was not present in gnomAD v.3.1.2
and TOPMed databases. This variant was also absent from
the East Asian genomic databases KRGDB or TOGOVAR.
V17 was 7 bp downstream of the previously reported V10
variant. Segregation analysis identified this variant in three
other affected individuals (patients I-2, 1I-4, and II-6). This
variant is not present in the unaffected mother (Family A,
I-3, Figure 1A). In Family B, chr6:2.99,598,926G>A (V18)
was identified in Patient II-5, and this variant was not present
in population genetic databases such as gnomAD, TOPMed,
KRGDB, and TogoVar. Segregation analysis revealed that this
variant was present in two other affected family members
(Family B, patients I-4 and II-6, Figure 1F).

We used the FABIAN variant to predict the effect of
DNA variants on transcription factor binding [17]. This
analysis suggested that the V17 variant causes the loss of
the transcription factor binding, such as POU2F1-3 and
POU3F1-2, belonging to the Pit-Oct-Unc (POU) family. The
V18 variant disrupts the binding of the SIX2 transcription
factor (Appendix 7 and Appendix 8).

Clinical interpretation of the pathogenicity of variants. We
assessed the pathogenicity of the variants using guidelines
recommended for non-coding regions [18]. We obtained
evidence supporting the pathogenicity of both variants. These
two variants were in mutational hotspots without benign vari-
ations (PM1) and were absent from the population databases
(PM2). The variant is co-segregated with multiple affected
family members in a gene known to cause the disease (PP1).
The phenotype of a patient is highly specific to monogenic
diseases (PP4). According to these guidelines, these two puta-
tive candidate variants were classified as likely pathogenic.
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Figure 2. Previously reported variants and conservation map of novel variants in PRDM13. A: Schematic of the two identified novel variants
associated with North Carolina macular dystrophy at the 6q15 locus in the UCSC genome browser. V17 (GRCh38/hg38 chr6:99,598,914T>C
in Family A) and V18 (GRCh38/hg38 chr6:99,598,926G>A) were located between V10 and V11 (mutational hotspot-2). B: Conservation map
for V17 and V18 in 28 mammals. Both variants are well conserved within primates and mammals.

DISCUSSION

In this study, we identified two novel non-coding SN'Vs in
two unrelated East Asian families with NCMD. These novel
variants were absent from the population genetic database.
These variants were located within a previously identified
mutational hotspot-2 (PRDM13_cCRES). Publicly available
ATAC-seq, DNA-seq, and methylation studies also indicated
that these variants are in the cis-regulatory element [16].
Furthermore, the nucleotides of these positions are highly
conserved in 28 mammalian species. Notably, despite the
proximity of the two variants, the severity of the disease of the
two variants differed substantially. Variant V17 causes Grade
2 NCMD with some intra-eye and intra-familial variability,
whereas variant V18 causes Grade 1 NCMD with normal

visual acuity. Collectively, our findings suggest that these
novel variants are associated with PRDM13 dysregulation.

The newly discovered novel variants, V17 and V18, were
between V10 and V11 on mutational hotspot 2. Markedly,
these variants are in DNase I hypersensitive sites (DHS),
which are open and active at the developmental stage of the
retina, primarily in the early developmental stages of retinal
progenitor cells. Green et al. used the activity-by-contact
(ABC) model to predict the effects of enhancers on the regu-
lation of target genes using epigenomic data from human
embryonic stem cells [19]. V10 was identified as functional
in the development of both macular and retinal tissues. V17
and V18 fall within the same enhancer region. Hence, they
may affect the development of macular and retinal tissues.
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During human embryonic development, mutational
hotspot-2 (PRDM13 cCRES) was identified as an active
cCRE on Day 103, when the retinal progenitor cells of the
macula stop mitosis and differentiate to their photoreceptor
fate [16]. Variants in PRDM13 regulatory regions could
mainly affect macular development. The dysregulation
of PRDM13, and possibly overexpression, likely leads to
developmental macular dystrophy. Recently, biallelic loss-of-
function PRDM13 variants have been reported to cause fatal
perinatal brainstem dysfunction with cerebellar hypoplasia
[20,21]. Further studies are required to elucidate the role of
PRDM13 in foveal development.

Moreover, mutational hotspot-2 could be a crucial region
for determining the spectrum of phenotypes. Variants in
mutational hotspot-1 revealed typical NCMD, whereas vari-
ants in mutational hotspot-2 demonstrated wide phenotypic
variability among NCMD, progressive bifocal chorioretinal
atrophy (PBCRA), and congenital posterior polar chorio-
retinal hypoplasia (CPPCRH; Appendix 9). The genetic
loci causing PBCRA were initially mapped to the region
(6q14-16.2) that overlapped with the MCDRI locus [22].
Individuals affected with PBCRA had poor visual acuity in
early infancy, nystagmus, and myopia with slowly progres-
sive atrophic macular lesions. In patients with PBCRA, an
electroretinogram (ERG) revealed generalized rod and cone
photoreceptor dysfunction [23,24]. Typical patients with
NCMD exhibit relatively better visual acuity during their
lifetimes than those with PBCR A. However, the two diseases
share similar phenotypic features in the fundus findings,
suggesting a common underlying etiology. Subsequently,
NCMD and PBCRA have the same genetic causalities in the
non-coding regions of PRDM 13, which leads to the dysregula-
tion of PRDM13 expression [25]. The V1-V3, V12, and V16 in
mutational hotspot-1 and tandem duplications encompassing
PRDM13 presented with typical NCMD, not PBCRA [5,26].
In mutational hotspot-2, V11 indicated PBCRA characterized
by the slow progression of atrophic lesions at the macula
in early life [25]. Individuals affected with V10 exhibited
typical features of NCMD, although 3-year-old child with
V10 variant presented more severe macular atrophy with the
progression of the macular lesion [25]. This was defined as
an autosomal dominant disease in 11 affected patients of a
single Egyptian family and was renamed CPPCRH by Small
etal. [27]. V15 revealed typical NCMD without severe visual
impairment [28]. The affected individuals in our study (V17,
V18) demonstrated clinical features closer to typical NCMD.
This phenotypic variability also suggests that variants in
mutational hotspot-2 contribute to either NCMD or PBCRA.
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The interpretation of non-coding variants is challenging
because they act via variable mechanisms. The variants in
non-coding regions may regulate gene expression by altering
transcription factor binding, creating new topologically
associated domains, generating or disrupting upstream open
reading frames, or forming strong G-quadruplex structures
to prevent transcription initiation. Furthermore, they often
have gene-specific effects depending on the spatiotemporal
activities of other cCREs. For example, the zinc finger
protein CCCTC-binding factor (CTCF) plays a role in the
regulation of genome and chromatin structures. However,
disrupting the CTCF-associated domain demonstrated
significant pathogenicity, resulting in limb malformation
[29], whereas it did not in cancer cells [30]. Therefore,
guidelines for interpreting non-coding variants recommend
that variants in candidate CREs should be validated using
functional experiments demonstrating the direct effect of the
CRE in relevant tissues on appropriate developmental stages.
Although we could not perform functional validation, the
variants were on PRDM13 cCRES, an established causative
variant affecting PRDM13 expression [16]. In-vivo enhancer
assays in Xenopus displayed eye- and brain-specific activity
for PRDM13 cCRES5 during embryogenic development.
Therefore, we speculated that these novel variants likely act
as possible pathogenic variants of NCMD.

The analysis with a FABIAN variant revealed that tran-
scription factor-binding motifs (POU family and SIX2), which
are essential for retinal development, were altered [31,32].
This corroborates previous results [15,16,19]. However, the
alteration of transcription factor-binding motifs differed
between variants in NCMD; therefore, no single transcription
factor was attributed to NCMD pathogenesis. Therefore, the
precise mechanisms by which these genomic regions regulate
gene expression warrant further investigation.

Our study has some limitations. We could not validate
variants using well-established functional experiments.
However, we analyzed the variants using FABIAN-variant
and ATAC-seq data, which supported the potential pathoge-
nicity of these variants. Second, we could not determine the
precise epigenetic mechanism underlying V17. Despite the
detection of the same variant in the four family members,
there was phenotypic variability. Therefore, further studies
are needed to investigate the mechanism responsible for the
variable expressivity in NCMD. Despite these limitations,
our robust bioinformatics analysis excluded other possible
causative variants in families with NCMD. Last, although
progression is rare in typical NCMD or considerably slow in
PBCRA, the long-term analysis of retinal structural changes
and visual acuity was lacking in our study.
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Recently, an increasing number of coding and non-
coding SNVs resulting in inherited retinal diseases have
been identified [33—36]. Most reported non-coding SNVs
affect aberrant splicing, whereas only a few non-coding cis-
regulatory variants have been identified in inherited retinal
diseases (IRD) [34,35]. NCMD can be considered a model
for investigating non-coding regulatory variants in IRD.
Further studies of patient-derived cells may help elucidate
the underlying mechanisms of this cis-regulatory disease.
Additionally, the identification of these cis-regulatory vari-
ants raises the need to extend the areas captured by targeted
panels by including known disease-causing pathogenic regu-
latory promoters, enhancers, or non-coding exons in addition
to coding exons.

APPENDIX 1.

To access the data, click or select the words “Appendix 1.”
Reported and novel variants in PRDM13 associated with
North Carolina macular dystrophy.

APPENDIX 2.

To access the data, click or select the words “Appendix 2.”
Genome sequencing analysis workflow.

APPENDIX 3.

To access the data, click or select the words “Appendix 3.”
Clinical findings of subject I1-5.

APPENDIX 4.

To access the data, click or select the words “Appendix 4.”
Clinical findings of subject I1-6.

APPENDIX 5.

To access the data, click or select the words “Appendix 5.”
Clinical findings of subject 1-4.

APPENDIX 6.

To access the data, click or select the words “Appendix 6.”
Single nucleus characterization of chromatin accessibility in
developing and adult retina and human retinal organoids.

APPENDIX 7.

To access the data, click or select the words “Appendix 7.”
Transcription factor binding site (TFBS) gain and loss due
the variant V17 (chr6:2.99,598,914T>C).
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APPENDIX 8.

To access the data, click or select the words “Appendix 8.”
Transcription factor binding site (TFBS) gain and loss due
the variant V18 (chr6:2.99,598,926G>A).

APPENDIX 9.

To access the data, click or select the words “Appendix 9.”
Clinical feature and region of reported and novel PRDM13
small nucleotide variants in patients with North Carolina
macular dystrophy.

ACKNOWLEDGMENTS

Dr. Jinu Han (jinuhan@yuhs.ac) and Dr. Se Joon Woo
(sejoonl@snu.ac.kr) are co-corresponding authors for this
study. This study was presented as abstract in 2023 ARVO
Annual Meeting, held in New Orleans, LA, April 23-27,
2023. Funding: This study was supported by the National
Research Foundation of Korea (NRF) grant funded by
the Korean government (the Ministry of Science and ICT;
No0.2020R1CIC1007965 and No0.2022R1A2C4002114).
Disclosures: Y. Seo, None; K. Joo, None; J Lee, None; A.
Diaz, None; S. Jang, None; T.J. Cherry, None; K.M. Buja-
kowska, None; J. Han, None; S.J. Woo, None; K.W. Small,
None. Data and code availability: All the sequencing data
supporting the findings of this study are readily available
from the corresponding author upon request. The codes for
genome sequencing analysis using DRAGEN-GATK are
available from GitHub (https:/github.com/jin0008/Dragen-
GATK). Pathogenic variant data were submitted to the Leiden
Open Variation Database (LOVD V17: 00,433,782; V18:
00,433,866). Genome sequencing data are not publicly avail-
able as they can compromise research participant privacy.

REFERENCES

1. Lefler WH, Wadsworth JA, Sidbury JB Jr. Hereditary macular
degeneration and amino-aciduria. Am J Ophthalmol 1971;
71:224-30. [PMID: 5100467].

2. Small KW, Weber JL, Hung WY, Vance J, Roses A, Pericak-
Vance M. North Carolina macular dystrophy: exclusion map
using RFLPs and microsatellites. Genomics 1991; 11:763-6.
[PMID: 1685483].

3. Small KW, Weber JL, Roses A, Lennon F, Vance JM, Pericak-
Vance MA. North Carolina macular dystrophy is assigned to
chromosome 6. Genomics 1992; 13:681-5. [PMID: 1639395].

4. Small KW, Udar N, Yelchits S, Klein R, Garcia C, Gallardo
G, Puech B, Puech V, Saperstein D, Lim J, Haller J, Flaxel
C, Kelsell R, Hunt D, Evans K, Lennon F, Pericak-Vance M.
North Carolina macular dystrophy (MCDRI1) locus: a fine



Molecular Vision 2024; 30:58-66 <http:/www.molvis.org/molvis/v30/58>

10.

12.

resolution genetic map and haplotype analysis. Mol Vis
1999; 5:38-[PMID: 10617775].

Small KW, DeLuca AP, Whitmore SS, Rosenberg T, Silva-
Garcia R, Udar N, Puech B, Garcia CA, Rice TA, Fishman
GA, Héon E, Folk JC, Streb LM, Haas CM, Wiley LA,
Scheetz TE, Fingert JH, Mullins RF, Tucker BA, Stone EM.
North Carolina Macular Dystrophy Is Caused by Dysregula-
tion of the Retinal Transcription Factor PRDM13. Ophthal-
mology 2016; 123:9-18. [PMID: 26507665].

Smedley D, Schubach M, Jacobsen JOB, Kéhler S, Zemojtel
T, Spielmann M, Jéager M, Hochheiser H, Washington NL,
McMurry JA, Haendel MA, Mungall CJ, Lewis SE, Groza
T, Valentini G, Robinson PN. A Whole-Genome Analysis
Framework for Effective Identification of Pathogenic Regula-
tory Variants in Mendelian Disease. Am J Hum Genet 2016;
99:595-606. [PMID: 27569544].

Wu S, Yuan Z, Sun Z, Zhu T, Wei X, Zou X, Sui R. A novel
tandem duplication of PRDM13 in a Chinese family with
North Carolina macular dystrophy. Graefes Arch Clin Exp
Ophthalmol 2022; 260:645-53. [PMID: 34427740].

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K,
Kernytsky A, Garimella K, Altshuler D, Gabriel S, Daly M,
DePristo MA. The Genome Analysis Toolkit: a MapReduce
framework for analyzing next-generation DNA sequencing
data. Genome Res 2010; 20:1297-303. [PMID: 20644199].

Desvignes JP, Bartoli M, Delague V, Krahn M, Miltgen M,
Béroud C, Salgado D. VarAFT: a variant annotation and
filtration system for human next generation sequencing data.
Nucleic Acids Res 2018; 46:W1W545-53. [PMID: 29860484].

Pais LS, Snow H, Weisburd B, Zhang S, Baxter SM, DiTroia
S, O’Heir E, England E, Chao KR, Lemire G, Osei-Owusu
I, VanNoy GE, Wilson M, Nguyen K, Arachchi H, Phu W,
Solomonson M, Mano S, O’Leary M, Lovgren A, Babb L,
Austin-Tse CA, Rehm HL, MacArthur DG, O’Donnell-Luria
A. seqr: A web-based analysis and collaboration tool for rare
disease genomics. Hum Mutat 2022; 43:698-707. [PMID:
35266241].

Minoche AE, Lundie B, Peters GB, Ohnesorg T, Pinese M,
Thomas DM, Zankl A, Roscioli T, Schonrock N, Kummer-
feld S, Burnett L, Dinger ME, Cowley MJ. ClinSV: clinical
grade structural and copy number variant detection from
whole genome sequencing data. Genome Med 2021; 13:32-
[PMID: 33632298].

Gardner EJ, Lam VK, Harris DN, Chuang NT, Scott EC,
Pittard WS, Mills RE, Devine SE. 1000 Genomes Project
Consortium. The Mobile Element Locator Tool (MELT):
population-scale mobile element discovery and biology.
Genome Res 2017; 27:1916-29. [PMID: 28855259].

Kim SJ, Woo SJ, Yu HG. A Korean family with an early-onset
autosomal dominant macular dystrophy resembling North
Carolina macular dystrophy. Korean J Ophthalmol 2006;
20:220-4. [PMID: 17302207].

Mitsuhashi N, Toyo-Oka L, Katayama T, Kawashima
M, Kawashima S, Miyazaki K, Takagi T. TogoVar: A

15.

16.

17.

18.

19.

20.

21.

22.

65

© 2024 Molecular Vision

comprehensive Japanese genetic variation database. Hum
Genome Var 2022; 9:44-[PMID: 36509753].

Thomas ED, Timms AE, Giles S, Harkins-Perry S, Lyu P,
Hoang T, Qian J, Jackson VE, Bahlo M, Blackshaw S, Fried-
lander M, Eade K, Cherry TJ. Cell-specific cis-regulatory
elements and mechanisms of non-coding genetic disease in
human retina and retinal organoids. Dev Cell 2022; 57:820-
836.¢6. [PMID: 35303433].

Van de Sompele S, Small KW, Cicekdal MB, Soriano VL,
D’haene E, Shaya FS, Agemy S, Van der Snickt T, Rey AD,
Rosseel T, Van Heetvelde M, Vergult S, Balikova I, Bergen
AA, Boon CJF, De Zaeytijd J, Inglehearn CF, Kousal B,
Leroy BP, Rivolta C, Vaclavik V, van den Ende J, van Schoo-
neveld MJ, Gomez-Skarmeta JL, Tena JJ, Martinez-Morales
JR, Liskova P, Vleminckx K, De Baere E. Multi-omics
approach dissects cis-regulatory mechanisms underlying
North Carolina macular dystrophy, a retinal enhanceropathy.
Am J Hum Genet 2022; 109:2029-48. [PMID: 36243009].

Steinhaus R, Robinson PN, Seclow D. FABIAN-variant:
predicting the effects of DNA variants on transcription factor
binding. Nucleic Acids Res 2022; 50:W1W322-9. [PMID:
35639768].

Ellingford JM, Ahn JW, Bagnall RD, Baralle D, Barton S,
Campbell C, Downes K, Ellard S, Duff-Farrier C, FitzPatrick
DR, Greally JM, Ingles J, Krishnan N, Lord J, Martin HC,
Newman WG, O’Donnell-Luria A, Ramsden SC, Rehm HL,
Richardson E, Singer-Berk M, Taylor JC, Williams M, Wood
JC, Wright CF, Harrison SM, Whiffin N. Recommendations
for clinical interpretation of variants found in non-coding
regions of the genome. Genome Med 2022; 14:73-[PMID:
35850704].

Green DJ, Lenassi E, Manning CS, McGaughey D, Sharma V,
Black GC, Ellingford JM, Sergouniotis PI. North Carolina
Macular Dystrophy: Phenotypic Variability and Computa-
tional Analysis of Disease-Associated Noncoding Variants.
Invest Ophthalmol Vis Sci 2021; 62:16-[PMID: 34125159].

Coolen M, Altin N, Rajamani K, Pereira E, Siquier-Pernet K,
Puig Lombardi E, Moreno N, Barcia G, Yvert M, Laquer-
riere A, Pouliet A, Nitschké P, Boddaert N, Rausell A,
Razavi F, Afenjar A, Billette de Villemeur T, Al-Maawali
A, Al-Thihli K, Baptista J, Beleza-Meireles A, Garel C,
Legendre M, Gelot A, Burglen L, Moutton S, Cantagrel V.
Recessive PRDM13 mutations cause fatal perinatal brainstem
dysfunction with cerebellar hypoplasia and disrupt Purkinje
cell differentiation. Am J Hum Genet 2022; 109:909-27.
[PMID: 35390279].

Whittaker DE, Oleari R, Gregory LC, Le Quesne-Stabej P,
Williams HJ, Torpiano JG, Formosa N, Cachia MJ, Field D,
Lettieri A, Ocaka LA, Paganoni AJ, Rajabali SH, Riegman
KL, De Martini LB, Chaya T, Robinson IC, Furukawa T,
Cariboni A, Basson MA, Dattani MT. GOSgene. A recessive
PRDM13 mutation results in congenital hypogonadotropic
hypogonadism and cerebellar hypoplasia. J Clin Invest
2021; 131:131-[PMID: 34730112].

Kelsell RE, Godley BF, Evans K, Tiffin PA, Gregory CY, Plant
C, Moore AT, Bird AC, Hunt DM. Localization of the gene



Molecular Vision 2024; 30:58-66 <http:/www.molvis.org/molvis/v30/58>

23.

24.

25.

26.

27.

28.

29.

30.

for progressive bifocal chorioretinal atrophy (PBCRA) to
chromosome 6q. Hum Mol Genet 1995; 4:1653-6. [PMID:
8541856].

Douglas AA, Waheed I, Wyse CT. Progressive bifocal chorio-
retinal atrophy. A rare familial disease of the eyes. Br J
Ophthalmol 1968; 52:742-51. [PMID: 5686965].

Godley BF, Tiffin PA, Evans K, Kelsell RE, Hunt DM, Bird
AC. Clinical features of progressive bifocal chorioretinal
atrophy: a retinal dystrophy linked to chromosome 6q.
Ophthalmology 1996; 103:893-8. [PMID: 8643244].

Silva RS, Arno G, Cipriani V, Pontikos N, Defoort-Dhel-
lemmes S, Kalhoro A, Carss KJ, Raymond FL, Dhaenens
CM, Jensen H, Rosenberg T, van Heyningen V, Moore AT,
Puech B, Webster AR. Unique noncoding variants upstream
of PRDM13 are associated with a spectrum of developmental
retinal dystrophies including progressive bifocal chorioretinal
atrophy. Hum Mutat 2019; 40:578-87. [PMID: 30710461].

Namburi P, Khateb S, Meyer S, Bentovim T, Ratnapriya R,
Khramushin A, Swaroop A, Schueler-Furman O, Banin E,
Sharon D. A unique PRDM13-associated variant in a Geor-
gian Jewish family with probable North Carolina macular
dystrophy and the possible contribution of a unique CFH
variant. Mol Vis 2020; 26:299-310. [PMID: 32476814].

Small KW, Tawfik CA, Udar N, Udar U, Avetisjan J, EI-Aidy
LA, Shaya FS. CONGENITAL POSTERIOR POLAR
CHORIORETINAL HYPOPLASIA: Expansion of the Clin-
ical Spectrum, Mutation, and Its Association With PRDM13.
Retina 2022; 42:2379-87. [PMID: 36007168].

Nekolova J, Stepanov A, Kousal B, Stredova M, Jiraskova N.
Modern diagnostic and therapeutic approaches in familial
maculopathy with reference to North Carolina macular
dystrophy. Biomed Pap Med Fac Univ Palacky Olomouc
Czech Repub 2022; 166:418-27. [PMID: 34158671].

Lupianez DG, Kraft K, Heinrich V, Krawitz P, Brancati
F, Klopocki E, Horn D, Kayserili H, Opitz JM, Laxova
R, Santos-Simarro F, Gilbert-Dussardier B, Wittler L,
Borschiwer M, Haas SA, Osterwalder M, Franke M,
Timmermann B, Hecht J, Spielmann M, Visel A, Mundlos S.
Disruptions of topological chromatin domains cause patho-
genic rewiring of gene-enhancer interactions. Cell 2015;
161:1012-25. [PMID: 25959774].

Akdemir KC, Le VT, Chandran S, Li Y, Verhaak RG,
Beroukhim R, Campbell PJ, Chin L, Dixon JR, Futreal PA.
PCAWG Structural Variation Working Group; PCAWG

31.

32.

33.

34.

© 2024 Molecular Vision

Consortium. Disruption of chromatin folding domains by
somatic genomic rearrangements in human cancer. Nat
Genet 2020; 52:294-305. [PMID: 32024999].

Javed A, Mattar P, Lu S, Kruczek K, Kloc M, Gonzalez-

Cordero A, Bremner R, Ali RR, Cayouette M. Pou2f1 and
Pou2f2 cooperate to control the timing of cone photoreceptor
production in the developing mouse retina. Development
2020; 147:147-[PMID: 32878923].

Fries M, Brown TW, Jolicoeur C, Boudreau-Pinsonneault C,

Javed A, Abram P, Cayouette M. Pou3f1 orchestrates a gene
regulatory network controlling contralateral retinogeniculate
projections. Cell Rep 2023; 42:112985.

Moon D, Park HW, Surl D, Won D, Lee ST, Shin S, Choi

JR, Han J. Precision Medicine through Next-Generation
Sequencing in Inherited Eye Diseases in a Korean Cohort.
Genes (Basel) 2021; 13:13-[PMID: 35052368].

Carss KJ, Arno G, Erwood M, Stephens J, Sanchis-Juan A,

Hull S, Megy K, Grozeva D, Dewhurst E, Malka S, Plagnol V,
Penkett C, Stirrups K, Rizzo R, Wright G, Josifova D, Bitner-
Glindzicz M, Scott RH, Clement E, Allen L, Armstrong R,
Brady AF, Carmichael J, Chitre M, Henderson RHH, Hurst
J, MacLaren RE, Murphy E, Paterson J, Rosser E, Thompson
DA, Wakeling E, Ouwehand WH, Michaelides M, Moore
AT, Webster AR, Raymond FL. NIHR-BioResource Rare
Diseases Consortium. Comprehensive Rare Variant Analysis
via Whole-Genome Sequencing to Determine the Molecular
Pathology of Inherited Retinal Disease. Am J Hum Genet
2017; 100:75-90. [PMID: 28041643].

35. Van Cauwenbergh C, Van Schil K, Cannoodt R, Bauwens M,

Van Laethem T, De Jaegere S, Steyaert W, Sante T, Menten
B, Leroy BP, Coppieters F, De Baere E. arrEYE: a custom-
ized platform for high-resolution copy number analysis
of coding and noncoding regions of known and candidate
retinal dystrophy genes and retinal noncoding RNAs. Genet
Med 2017; 19:457-66. [PMID: 27608171].

36. Van Schil K, Naessens S, Van de Sompele S, Carron M,

Aslanidis A, Van Cauwenbergh C, Kathrin Mayer A,
Van Heetvelde M, Bauwens M, Verdin H, Coppieters F,
Greenberg ME, Yang MG, Karlstetter M, Langmann T, De
Preter K, Kohl S, Cherry TJ, Leroy BP, De Baere E. CNV
Study Group. Mapping the genomic landscape of inherited
retinal disease genes prioritizes genes prone to coding and
noncoding copy-number variations. Genet Med 2018;
20:202-13. [PMID: 28749477].

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 19 February 2024. 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.

66



