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Abstract

Purpose: To clinically and molecularly study a newly found family with North Carolina macular dystrophy (NCMD/MCDRI)
from Mexico. Methods: This retrospective study comprised 6 members of a 3-generation Mexican family with NCMD. Clinical
ophthalmic examinations, including fundus imaging, spectral-domain optical coherence tomography, electroretinography,
and electrooculography, were performed. Genotyping with polymorphic markers in the MCDRI region was performed to
determine haplotypes. Whole-genome sequencing (WGS) was performed followed by variant filtering and copy number variant
analysis. Results: Four subjects from 3 generations were found to have macular abnormalities. The proband presented with
lifelong bilateral vision impairment with bilaterally symmetric vitelliform Best disease-like appearing macular lesions. Her 2
children had bilateral large macular coloboma-like malformations, consistent with autosomal dominant NCMD. The 80-year-
old mother of the proband had drusen-like lesions consistent with grade | NCMD. WGS and subsequent Sanger sequencing
found a point mutation at chr6:99593030G>C (hg38) in the noncoding region of the DNase | site thought to be a regulatory
element of the retinal transcription factor gene PRDMI3. This mutation is the identical site/nucleotide as in the original
NCMD family (#765) but is a guanine to cytosine change rather than a guanine to thymine mutation, as found in the original
NCMD family. Conclusions: We report a new noncoding mutation at the same locus (chr6:99593030G>C) involving the
same DNase | site regulating the retinal transcription factor gene PRDM 3. This suggests that this site, chr6:99593030, is a
mutational hotspot.
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Introduction

North Carolina macular dystrophy (NCMD/MCDR1 [OMIM
#136,550]) is an autosomal dominant, completely penetrant,
congenital, nonprogressive macular malformation first reported
in a large family in North Carolina as described by Lefler et al
50 years ago.'? The disease was initially and inappropriately
named after the founder effect; that is, in the western part of
North Carolina.? Although rare, NCMD has been found world-
wide in more than 50 families in the United States, Europe,
Central America, Australia, New Zealand, Korea, and China.*!°
Therefore, North Carolina macular dystrophy is a misleading
misnomer.

One of the most striking clinical features of NCMD is the
intrafamilial phenotypic variability and the relatively good

vision despite severe-appearing macular malformations in
some patients. Approximately one-third of individuals with
NCMD have a few drusen centrally (grade 1); one-third have
confluent drusen, some with subretinal fibrosis (grade 2); and
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another one-third have a choroidal coloboma-like excavation
with an absence of retinal pigment epithelium and the presence
of underlying choroidal lacunae and surrounding subretinal
fibrosis (grade 3). Affected individuals have a particular grade
of NCMD at birth and do not progress from one grade to the
next, despite this disease being named dominant progressive
foveal dystrophy 50 years ago.?’

There can be some vision decline secondary to the develop-
ment of choroidal neovascular membranes (CNVMs).?!
Because fixation is along the nasal edge of the lesion and sub-
macular fibrosis, presumably caused by CNVMs, typically
occurs along the temporal edge, visual acuity (VA) is not
affected. The nasal fixation also can cause a slight appearance
of a positive angle kappa with exotropia. When CNVMs occur
in grade 2 coloboma or along the nasal edge of grade 3 colo-
boma, vision loss can occur in cases of NCMD. Antivascular
endothelial growth factor injections have been beneficial in
these situations.?!

Phenocopies of NCMD include drusen of age-related macular
degeneration (AMD), Stargardt macular dystrophy, Best vitelli-
form macular dystrophy (BVMD [OMIM #153700]), torpedo
maculopathy, and toxoplasmosis.?>?* To diagnose NCMD clini-
cally, it is imperative to examine additional family members to
appreciate the full spectrum of the disease. Since 1990, Small
et al'* hypothesized that the causative gene(s) for NCMD are
involved in embryonic macular development based on the con-
genital and nonprogressive clinical features. This would help
explain why vision is relatively good considering the severe-
appearing lesions present in many cases.'' ' Electroretinogram
(ERG) and electrooculogram (EOG) findings have been reported
in a few subjects and are typically normal, as is the color vision
test. However, abnormal oscillatory potentials (OPs) have been
reported in one case despite the lack of standardized normative
values for OPs.>* As expected, multifocal ERG recordings show
significant amplitude reductions in the central maculae, but only
in severely affected individuals.?

In-depth genealogy studies by Small et al**?’ found that
families were reported as having distinct clinical entities such
as the “Lefler Wadsworth Sidbury syndrome”, “dominant pro-
gressive foveal dystrophy”, “central arcolar pigment epithelial
dystrophy”, and “central pigment and choroidal degeneration”;
all were branches of the same family from North Carolina.
Genetic linkage analysis by Small et al in this family showed a
locus on chromosome 6ql6 (NCMD/MCDRI1 [OMIM
#136550]).23! Most of the families from the US were found to
have a shared haplotype across this region, suggesting a single
mutation from a single founder for these ethnically diverse fam-
ilies. Subsequent linkage analysis of additional families yielded
a logarithm of the odds ratio greater than 40, one of the highest
recorded in human genetics.?® 3!

After exome sequencing was unsuccessful, targeted genomic
sequencing of the 880 kb candidate region by Small et al eventu-
ally identified 5 mutations.'® Three were single nucleotide vari-
ants (SNVs) in a noncoding region (MCDRI1 locus). Two were
large duplications, 1 on chromosome 6 (MCDRI1 locus) and 1 on

chromosome 5 (MCDR3 locus). The 3 noncoding SNVs in a
DNase I hypersensitivity site were 12 kb from the nearest gene.
These SNVs potentially alter regulation of expression of the
neighboring gene encoding the PR/SET domain-containing zinc
finger protein 13 (PRDM13 [OMIM #616741])."* Ellingford
etal®? later confirmed 1 of the SN'Vs (V2) in a small independent
family with NCMD in the UK.

More recently, another unique noncoding SNV within the
same DNase 1 site as in the original NCMD family, upstream of
PRDM]13, was reported.’® This was found in a single, small,
genetically isolated Georgian Jewish family with probable
NCMD. However, diagnostic inconsistencies and molecular
confounding factors with a complement factor H duplication
were found in some possibly affected subjects.>* This must be
corroborated before definitive conclusions can be made.

In addition, Small et al'* found a 123 kb duplication in the
MCDRI1 locus in a Mayan Belizean family involving the same
upstream DNase I hypersensitivity site and the PRDM13 gene.
Bowne et al** subsequently and independently reported a dis-
tinct large duplication involving the same DNase I site and
PRDM13. Another unique duplication in the same genomic
region was found by Manes et al** in a family from northern
Italy. PRDM 13 is expressed in the fetal retina and dorsal spinal
columns and is not expressed in adult tissues.** Both the dupli-
cation in families with NCMD and overexpression experi-
ments in Drosophila suggest that the malformation of the
macula, including drusen, is the result of overexpression of
PRDM13.133

Rosenberg et al'' previously mapped a Danish family with
the NCMD phenotype to a second locus on chromosome 5
(5p21, MCDR3), showing genetic heterogeneity. Using this
positional information, a large duplication involving another
DNase I site and the JRX] gene was found by Small et al.'3
Subsequently, Cipriani et al’® reported several European fami-
lies with NCMD in which 2 different overlapping, smaller tan-
dem duplications were located in a noncoding region 791 kb
downstream of the /RX7 gene, involving the same DNase I site
on chromosome 5p21.

A single family with nystagmus and severe congenital devel-
opmental anomaly/coloboma of the maculae, representing pro-
gressive bifocal chorioretinal atrophy (PBCRA [OMIM
#600790]), was mapped to a large genomic region on chromo-
some 6 overlapping MCDRI1 in 1996.3738 Recently, Silva et al
found in this family and in 2 additional families 2 distinct non-
coding SNVs located in a different DNase I site 7.8 kb upstream
of PRDM13.3%% One of these 2 families had a phenotype more
consistent with NCMD than with PBCRA because there was no
progression and it was not “bifocal” with no chorioretinal atro-
phy nasal to the optic nerve.

Here, we report a new SNV at the identical noncoding site/
nucleotide as in the original NCMD family (#765). As in the
original family, this newly found mutation is at the MCDR1
chromosome 6 locus involving the same DNase I site. This
family originated from Mexico and denies a genealogical con-
nection with North Carolina or the US.

]11



Small et al

35

Pedigree of Family 777 ‘
1001 1000
D6S501 6 9
D6S249 1 1
D6S1716 12 10
NU23 8 8
NU20 1 1
TN D6S1717 4 4
( D6S1565 4 6
N/ NU27-GA 1 12
- 1 102 101 NU27-TTT 13 1
D6S501 1 9 NU31 12 6
D6S249 8 1 D6S1671 10 6
D6S1716 1 10 D6S475 24 24
NU23 8 8 D6s283 2 2
NU20 11
D6S1717 2 4
D6S1565 1 6
NU27-GA 12 12
NU27-TTT 4 1 9000 9001 marker 765-8051
NU31 1 6 D6ss01 6 9 Desso1 6 9 D6S501 6 6
pDesi671 12 6  D6s249 1 1 D6s249 1 1 D65249 1 14
Desa7s 20 24  D6S1716 8 10 D6S1716 1 10 D651716 10 12
pes2g3 2 2 Nu2s 8 8 Nu23 8 8 NU23 8 8
NU20 6 1 NU20 6 1 NU20 4 1
D6s1717 1 4 D6s1717 2 4 D651717 12 1
D6S1565 2 6 D6s1565 1 6 D651565 6 2
NU27-GA 10 12 NU27-GA 10 12 NU27-GA 1 1
NU27-TTT 1 1 NU27-TTT 1 1 NU27-TTT 13 13
NU31 4 6 Nu31 2 6 NU31 4 1
D6S1671 6 6 D6s1671 24 6 D651671 8 1
D6sa75 1 24 D6s475 28 24 D65475 24 24
D6S283 2 2 D6s283 2 2 D65283 2 1

Figure |. Pedigree of family #777.Three-generation pedigree with affected individuals represented by black-filled symbols. The subject
number is beneath the symbol. Subject #1 is the proband. Beneath the subject number are the numbered alleles for the polymorphic
markers. The number of each allele was assigned to the base pair size of the allele. The base pair sizes of the alleles are available by request.
The allele of the affected haplotypes that segregate with the disease in family #777 are in red type and highlighted in yellow. At the lower
right side of the image is individual #765-8051. This affected individual is from the original NCMD family #765l; beneath #765-8051 is the
haplotype of this original NCMD family. Note the affected haplotype in family #777 is different than the affected haplotype in the original
NCMD family (#765), suggesting that the 2 families do not share a common founder. The order of the markers is centromere to D6S501,
D6S249, D6S1716, NU23, NU20, D6S1717, D6S1565, NU27-GA, NU27-TTT, NU31, D6S1671, D6S475, and D65283 to telomere. The
DéS. . . numbers are polymorphic markers in the MCDRI locus that are publicly available. The markers noted with “NU. . .” are proprietary
markers developed in the authors’ laboratory and are available by request.

Abbreviation: NCMD, North Carolina macular dystrophy.

Methods

Clinical Assessment

Comprehensive ophthalmic examinations were performed on 7
family members of a 3-generation family originating from
Mexico. A detailed family history was obtained and a pedigree
developed as shown in Figure 1. The family denied any ances-
tral connections with North Carolina or the US in general. The
family members examined lived in New York and Chicago and
were examined in an office setting.

Fundus photographs were obtained using a Zeiss Visucam
NM/FA and Optos California camera. Spectral-domain optical
coherence tomography (SD-OCT) was performed using a
Heidelberg Spectralis OCT device. Blood, saliva, or both were
collected from consenting family members. Institutional review

board approval (#94-07-241-21) was obtained from all partici-
pating individuals.

Genetic Assessment

DNA was extracted using standard methods and banked with
pseudonymous identifiers. Whole-genome sequencing (WGS)
was performed on DNA from 2 affected individuals (#1 and
#9001) (pedigree shown in Figure 1) using standard protocols
(NovoGene 6000, Illumina, Inc).*’ In short, after sample quality
control (QC), sequencing libraries were prepared using the
NEBNext DNA Library Prep Kit (New England Biolabs)
according to manufacturer’s recommendations. Libraries were
then sequenced using paired-end 2 X 125 bp format at >30X
(Illumina, Inc). After adaptor and quality trimming, QC’d
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Table I. Known Genetic Defects in the (MCDRI) PRDMI3 and (MCDR3) IRX| Regions Found in NCMD and Possibly Related Diseases.

Region/Variant Type of Chromosomal Chromosomal Nucleotide
Number Variant Position (hgl9) Position (hg38) Change Phenotype Reference?
MCDRI locus SNV chré6:100040906 chr6:99593030 G>T NCMD Small et al'®
(PRDM3),
chréqléVI
V2 SNV chr6:100040987 chr6:99593111 G>C NCMD Small et al'3
V3 SNV chré6:10004 1040 chr6:99593164 C>T NCMD Small et al'3
V4 Tandem DUP chr6:100020205- chr6:99572329- 123,101 bp DUP  NCMD Small et al'3
100143306 99695430
Vé Tandem DUP chr6:99996226- chr6:99548350- 69,912 bp DUP NCMD Bowne et al*?
100065137 99617261
V7 Tandem DUP chr6:99984309- chr6:99536433- 98,389 bp DUP NCMD Manes et al?*
100082698 99634822
VIio SNV chré6:100046804 chr6:99598907 T>C PBCRA Silva et al*®
VI SNV chré6:100046783 chr6:99598928 A>C NCMD Silva et al*®
PBCRA
Vi2 SNV® chré6:100040974 chré6:99593098 A>C Possible NCMD ~ Namburi et al*
VI3 Tandem DUP chré:100008141- chr6:99560265- 56,228 bp DUP NCMD Small*
100064368 99616492
Vi4 SNV chré6:100040906 chr6:99593030 G>C NCMD Current
MCDR3 locus
(IRX1),
chr5p2l
V5 Tandem DUP chr5:3587901- chr5:3587787- 898,126 bp DUP  NCMD Small et al'?
4486027 4485914
V8 Tandem DUP chr5:4391377- chr5:4391264- 45,158 bp DUP NCMD Cipriani et al*
4436535 4436422
V9 Tandem DUP chr5:4396927— chr5:4396814- 43,515 bp DUP NCMD Cipriani et al*
4440442 4440329

Abbreviations: A, adenine; bp, base pair; C, cytosine; chr, chromosome; DUP, duplication; G, guanine; NCMD, North Carolina macular dystrophy; PBCRA,
progressive bifocal chorioretinal atrophy; SNV, single nucleotide variation; T, thymine

?First author.

®This reported SNV is in a small family in an isolated population with diagnostic inconsistencies and molecular confounding factors and must be corroborated.

FASTQ files were used in alignment with Burrows-Wheeler
Aligner (BWA) software to the reference human genome
(hg38).404 At this stage, final binary alignment/map (BAM)
files were obtained at the John P. Hussman Institute for Human
Genomics and Pindel analyses were performed on the final
BAM files using default settings to detect large structural vari-
ants (SVs).40-46

To exclude the presence of pathogenic variants in the genes
known to be associated with inherited retinal diseases (IRDs),
an analysis of the RetNet panel (https://sph.uth.edu/retnet) was
performed on the WGS data of the 2 affected family members
(#1 and #9000). Therefore, BWA was used for alignment to the
reference human genome (hg38) and Alamut Batch was used
for annotation of variants located in RetNet genes. Filters were
applied based on population frequency (<<0.02) and coding
effect, and the remaining variants were eventually filtered
based on associated phenotype so that only variants associated
with a macular phenotype remained. For targeted testing of the
known pathogenic variants (SNVs) implicated in NCMD
(Table 1),!3243233.363947 holymerase chain reaction and Sanger
sequencing was performed.

To determine the possible ancestral relationship with any of
the other NCMD families ascertained by Small et al, haplotype
analysis was performed by genotyping with polymorphic genetic
markers in the MCDRI region in this family and these were
compared with those of the original NCMD family.3! In this
family as well as in the original family #765, genotyping was
performed with 13 polymorphic markers spanning the MCDR1
locus. The polymorphic markers used were between D6S501 to
D6S283.3! (The primers are available on request.)

Results

Clinical Study

Table 2 shows a summary of the clinical status, sex, age at exam-
ination, and VA of the 7 members of the family living in New
York and Chicago but originating from Mexico (Figure 1). The
proband (#1) was a 41-year-old woman presenting with lifelong
bilateral vision impairment. The Snellen VA was 20/40 OD and
20/40 OS. The anterior segments and the intraocular pressures
were normal. Fundus assessment and SD-OCT showed sym-
metric, elevated, subfoveal yellow vitelliform-like lesions
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Table 2. Clinical Characteristics of the Individuals in Family #777.

Visual Acuity
Macular (Snellen)
Dystrophy Age at
Individual #  Sex (Bilateral) Exam (Y) OD (6N
1000 F  Affected grade | 80 20/50  20/63
I F Affected grade 2 41 20/40  20/40
101 F Unaffected 54 20/20  20/20
102 M Unaffected 54 20/40  20/63
9000 F  Affected grade 3 I5 20/50  20/63
9001 M  Affected grade 3 12 20/70  20/80

consistent with BVMD (Figure 2). In addition, an EOG showed
an Arden ratio equal to 1.0 with a normal full-field ISEV ERG
(following International Society for Clinical Electrophysiology
of Vision standard protocol), consistent with BVMD. The initial
diagnosis was BVMD.

The woman’s 2 children (#9000 and #9001) were found to
have bilaterally symmetric coloboma-like macular malforma-
tions consistent with NCMD grade 3 and a variable degree of
decreased VA ranging from 20/50 to 80/80 (Figures 3 and 4).
Their father was examined and found to be clinically unaf-
fected. The proband’s mother (#1000) was found to have only
macular drusen lesions consistent with NCMD grade 1 (Figure 5).

Genetic Study

Initially, an outside laboratory tested the proband (#1) for
known pathogenic variants previously found in NCMD; the
reported the identical mutation (chr6:99593030G>T, V1) as
the in original NCMD family (#765). This created suspicion
that this Mexican family (#777) was genealogically related to
the original NCMD family (#765).

Subsequently, while investigating the possible genealogical
relationships of the 50 NCMD families being studied by Small
et al (unpublished data), haplotype studies were initiated.
Genotyping of the polymorphic markers in the MCDR1 locus
of all of the VI mutation families showed that this family
(#777) did not share the same haplotypes as all the other fami-
lies with the V1 mutation. This suggested that family #777 had
a new but identical mutation as in the original NCMD family
(#765) or that an error was present in the initial sequencing
data analysis. Thus, WGS of subject #1 and subject #9001 was
performed using 2 independent laboratories/collaborators.
These 2 laboratories independently found the same mutation
locus but with a new chr6:99593030 G>C (hg38) mutation
rather than the V1 G>T mutation of the original NCMD fam-
ily. Sanger sequencing in the remaining family members
showed segregation of the mutation in all affected subjects.
Finally, RetNet analysis on the available WGS data from the 2
affected family members (#1 and #9001) did not show other
(likely) pathogenic variants that could explain the retinal phe-
notype in this family.

Conclusions

We clinically and genetically studied a 3-generation NCMD
family that originated from Mexico, a previously unreported
geographic region for NCMD. Because many NCMD families
are found outside of North Carolina, the name of the disease is
very misleading. Although the Mexican family in our study
(#777) claimed no genealogical connection to North Carolina,
our impression is that such negative family history information
is rarely useful. Many families contacting us over the decades
for consideration as being diagnosed with NCMD because they
have a North Carolina family connection rarely have NCMD. A
family history of a North Carolina association is generally con-
founding; thus, the name NCMD is a misnomer and should be
changed.

Most families with NCMD studied to date have a consider-
able intrafamilial variable expressivity. Clinically, the Mexican
family (#777) reported here has this variable expressivity
despite only 4 affected subjects. Within this small family, the
phenotypes and phenocopies range from drusen/AMD pheno-
copy, BVMD phenocopy, and toxoplasmosis phenocopy.?**
Indeed, even an EOG of subject #1 was abnormal and was con-
sistent with BVMD. This strongly suggests that EOG is not as
helpful as we were taught in diagnosing BVMD, which is a
phenocopy of NCMD.*8

Even more noteworthy is that the severity grade of the
NCMD phenotype worsened with each successive generation
within this family. If this were the only family with NCMD, a
researcher might be tempted to claim genetic anticipation as a
characteristic of NCMD. However, Small et al* evaluated the
NCMD families for genetic anticipation 25 years ago and found
no statistical evidence of it.

A new finding in this family regarding NCMD was the pres-
ence of a blister of submacular fluid that appeared exudative in
nature. Subject #9000, a 10-year-old girl with 20/50 acuity, had
macular lesions that on fundus photography appeared to be
coloboma-like. However, the SD-OCT image showed little
excavation into the choroid and more fibrotic elevation sur-
rounding the maculae. In addition, this finding was bilaterally
symmetric. More dramatically and never before described in
NCMD is the blister of fluid that the fibrosis circumscribed.
This submacular fluid was presumably exudative in nature and
could have originated from the surrounding fibrosis, or less
likely, from the choroid. Observing these lesions over time
should add insight into whether this was a lesion that evolved
and collapsed into the choroidal coloboma-like defect. It seems
unlikely that a large choroidal excavation could develop after
10 years of age; however, it is conceivable that the submacular
fluid could resolve, collapsing the elevation.

The initial molecular misdiagnosis was a result of misinter-
preting the original automated sequencing spherograms. In the
process of reviewing the haplotype data of all our families with
NCMD, it became apparent that this Mexican family (#777)
had a unique haplotype and a distinct founder from the original
NCMD family #765. This suggests that family #777 had a new
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Figure 2. Fundus and SD-OCT images of the proband (#1). Fundus photographs of the right eye (A) and left eye (B) and SD-OCT images
of the right eye (C) and left eye (D) show focal and elevated white—yellow lesions with central dense material.
Abbreviation: SD-OCT, spectral-domain optical coherence tomography.

Figure 3. Fundus and SD-OCT images of subject #9001, a 12-year-old son of the proband with grade 3 NCMD. Fundus photographs of the
right eye (A) and left eye (B) show symmetric focal and elevated white—yellow lesions with central dense material. Spectral-domain optical
coherence tomography of the right eye (C) and left eye (D) show a macular coloboma-like lesion.

Abbreviation: NCMD, North Carolina macular dystrophy.
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Figure 4. Fundus and SD-OCT images of subject #9000, a |5-year-old daughter of the proband with grade 3 NCMD. Fundus photographs
of the right eye (A) and left eye (B) show elevated dense material circumscribing the maculae and with intraretinal fluid. SD-OCT images of

the right eye (C) and left eye (D) show serous elevation of the central macula.
Abbreviations: NCMD, North Carolina macular dystrophy; SD-OCT, spectral-domain optical coherence tomography.

Figure 5. SD-OCT images of subject #1000, the 80-year-old mother of the proband with grade | NCMD. SD-OCT of the right eye

(A) and left eye (B) show pigment irregularities.
Abbreviations: NCMD, North Carolina macular dystrophy; SD-OCT, spectral-domain optical coherence tomography.
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mutation that was identical in location to the originally reported
SNV V1 ¢chr6:99593030 G>T or that there was an error in the
sequencing data. This caused us to evaluate the sequencing data
more critically and to repeat sequencing with WGS and Sanger
sequencing using 2 independent laboratories/collaborators.
Both laboratories found the SNV chr6:99593030 G>C rather
than the G>T. Therefore, this noncoding DNase | hypersensi-
tivity site, chr6:99593030 (MCDRI1), can have 2 different
mutations (first one G>T and herein G>C), suggesting this is
a mutational hotspot.>

Reviewing the known mutations along with this newly found
mutation might provide insight into common underlying mecha-
nisms causing NCMD and possibly related diseases such as
PBRCA.'33573% This brings the total number of distinct patho-
genic variants to 11 for PRDM13 (MCDR1) (Table 1). Seven are
unique noncoding SNVs located in 2 distinct DNase [ sites, and
4 are unique tandem duplications overlapping the originally
reported DNase I site and the PRDM13 gene.'>?*3*3% Thus far, a
common feature of these variants, SNVs, and SVs, is that they
involve DNase I sites. Interestingly, this is also the case for the 3
overlapping duplications on chromosome 5 of the /RX/ region
(MCDR3 locus).'** One hypothesis is that these SNVs in
these DNase I sites might represent a new type of SV. Although
in general an SV is defined as a region of DNA approximately
1 kb and larger, one should consider that a single nucleotide poly-
morphism caused a conformational change in the chromatin,
which could lead to altered expression of genes. These DNase |
sites might become disproportionately uncoiled, exposing it to
more frequent mutation pressures (ie, a mutational hotspot).

The variable expressivity of the severity of NCMD has yet
to be fully understood. Disease severity might depend on the
spatiotemporal expression of PRDM13 during development
rather than on the PRDM 13 dosage itself. This hypothesis is
supported by the fact that PRDM13 is not expressed in the
adult retina.’® However, there continues to be no evidence to
support a genotype—phenotype correlation.

Moreover, it is known that SVs such as duplications do not
only affect gene dosage but can also affect gene regulation.
They can change the copy number of regulatory elements or
alter the 3-dimensional (3D) genome by disrupting higher-
order chromatin organization, such as topologically associat-
ing domains (TADs).*'>2 The impact of SV's on the 3D genome
and on gene expression regulation has to be considered when
interpreting the consequences of these variant types.’!*?
Potential pathomechanisms resulting from an SV, such as the
formation of neo-TADs, can become apparent by high-through-
put chromosome conformation capture (Hi-C) generated from
cultured patient cells in comparison with a wild-type reference
Hi-C map.>'?

Access to relevant patient material is not possible for devel-
opmental retinal diseases. However, with the development of
the induced pluripotent stem cell and retinal organoid repro-
gramming techniques, alternatives are becoming available.
These could give insight into retinal development and how it is
affected by patient-specific variants. At this point, however,

cultured retinal organoids do not have a macula, which might
prevent us from obtaining the full picture.

In general, an increasing number of coding and noncoding
SNVs have been shown to underlie IRDs.>*~*® The majority of
the reported noncoding SNVs have an effect on splicing.
However, only a handful of noncoding cis-regulatory variants
have been identified in IRDs.***> NCMD can be considered a
model for noncoding regulatory SNVs and SVs in IRDs. Future
studies of patient-derived cells might help elucidate the under-
lying mechanisms of this cis-regulatory disease.
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