
The Journal of Molecular Diagnostics, Vol. 22, No. 4, April 2020
jmd.amjpathol.org
Expanding the Clinical and Molecular

Heterogeneity of Nonsyndromic Inherited
Retinal Dystrophies

Ana Rodríguez-Muñoz,*yz Elena Aller,*yzx Teresa Jaijo,*yzx Emilio González-García,*{ Ana Cabrera-Peset,k

Roberto Gallego-Pinazo,*,** Patricia Udaondo,yy David Salom,*z,zz Gema García-García,*yz and José M. Millán*yz
From the Molecular, Cellular and Genomics Biomedicine Research Group,* Instituto de Investigación Sanitaria La Fe, Valencia; the Unidad Mixta de
Enfermedades raras IIS La FeeCentro de Investigación Príncipe Felipe,y Valencia; the Biomedical Research Network for Rare Diseases,z the Genetics Unit,x

and the Ophthalmology,yy Hospital Universitario y Politécnico La Fe, Valencia; the Departments of Neurophysiology{ and Ophthalmology,zz Hospital de
Manises, Valencia; the Department of Ophthalmology,k Hospital General, Valencia; and the Macula Unit,** Oftalvist Clinic, Valencia, Spain
Accepted for publication
C

h

January 12, 2020.

Address correspondence to
Gema García-García, Ph.D., or
José M. Millán, Ph.D., Grupo
de Investigación en Bio-
medicina Molecular, Celular y
Genómica, IIS La Fe, Fer-
nando Abril Martorell 46026,
Torre A, Valencia, Spain. E-
mail: gegarcia@ciberer.es or
millan_jos@gva.es.
opyright ª 2020 Association for Molecular

ttps://doi.org/10.1016/j.jmoldx.2020.01.003
A cohort of 172 patients diagnosed clinically with nonsyndromic retinal dystrophies, from 110 families
underwent full ophthalmologic examination, including retinal imaging, electrophysiology, and optical
coherence tomography, when feasible. Molecular analysis was performed using targeted
next-generation sequencing (NGS). Variants were filtered and prioritized according to the minimum
allele frequency, and finally classified according to the American College of Medical Genetics and
Genomics guidelines. Multiplex ligation-dependent probe amplification and array comparative genomic
hybridization were performed to validate copy number variations identified by NGS. The diagnostic yield
of this study was 62% of studied families. Thirty novel mutations were identified. The study found
phenotypic intra- and interfamilial variability in families with mutations in C1QTNF5, CERKL, and PROM1;
biallelic mutations in PDE6B in a unilateral retinitis pigmentosa patient; interocular asymmetry RP in
50% of the symptomatic RPGR-mutated females; the first case with possible digenism between CNGA1
and CNGB1; and a ROM1 duplication in two unrelated retinitis pigmentosa families. Ten unrelated cases
were reclassified. This study highlights the clinical utility of targeted NGS for nonsyndromic inherited
retinal dystrophy cases and the importance of full ophthalmologic examination, which allows new
genotypeephenotype associations and expands the knowledge of this group of disorders. Identifying
the cause of disease is essential to improve patient management, provide accurate genetic counseling,
and take advantage of gene therapyebased treatments. (J Mol Diagn 2020, 22: 532e543; https://
doi.org/10.1016/j.jmoldx.2020.01.003)
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Inherited retinal dystrophies (IRDs) are a group of disorders
characterized by the progressive death of retinal pigment
epithelium (RPE) cells and photoreceptors leading to loss of
visual function and legal blindness. Although the prevalence
of each disorder is low individually, they affect approxi-
mately 1 per 4000 individuals globally.1

Retinitis pigmentosa (RP) is the most common form of
IRD, characterized by primary rod dysfunction followed by
loss of cone photoreceptors, which initially results in
nyctalopia and visual field constriction. In later stages, cone
degeneration leads to decreased visual acuity and loss of
central visual field.2 Macular dystrophies (MD) result from
Pathology and American Society for Investiga
primary defects in RPE, rods, or cones restricted to the
macular zone, which are distinct from cone dystrophy (CD)/
cone-rod dystrophy (CRD). However, early loss or
tive Pathology. Published by Elsevier Inc. All rights reserved.
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Targeted NGS for NS-IRD Diagnostics
distortion of central vision is frequent in MD and CD/
CRD.3,4 From the clinical point of view, one disease may
overlap with others depending on the type of the photore-
ceptor that is primarily affected and the degree of progres-
sion at the time of diagnosis. In addition, in 20% to 30% of
RP patients, extraocular abnormalities are also present; such
as in case of patients with Usher syndrome, Bardet-Biedl
syndrome, Senior-Loken syndrome, or Alström syndrome,
among others. Moreover, there is a wide phenotypic vari-
ability intra- and interfamily, incomplete penetrance, and
uniparental isodisomy,5 so the differential diagnosis
between them can be complicated.

IRDs can display all the possible Mendelian inheritance
patterns including forms of digenic inheritance and de novo
mutations.6e8 IRDs are characterized by high genetic and allelic
heterogeneity. To date, 307 genes and loci have been identified
in patients with nonsyndromic (NS) and syndromic IRDs
(RetNet, https://sph.uth.edu/retnet, last accessed November 4,
2019). In addition, common mutations and hot spots are rare,
and mutations in the same gene can present different types of
inheritance patterns and clinical manifestations.

Despite this complexity, next-generation sequencing
(NGS) allows us to make a definitive diagnosis, to offer an
accurate genetic counseling, to improve the patient man-
agement, and to enable the inclusion in clinical trials, over a
reduced period and low cost.9,10

Our aim was to evaluate the clinical utility of the targeted
NGS in the diagnosis of 172 patients of IRDs and to
establish new phenotypeegenotype associations that allow
us to broaden our knowledge about the physiopathology of
this group of diseases.
Materials and Methods

Subjects and Clinical Classification

Our cohort included 172 patients diagnosed clinically with
NS-IRD and 217 unaffected individuals for segregation
analysis from 110 unrelated pedigrees. All of them were of
Spanish origin, except fRPN-216 and fRPN-217, who were
from Venezuela. Genetic testing was performed between
April 2016 and December 2018. To validate the new panel
designed, eight control patients were also analyzed, con-
sisting of patients harboring a previously identified mutation
(Supplemental Table S1).

Clinical diagnosis was established at the Hospital La Fe,
Hospital de Manises, and Hospital General de Valencia
(Spain). Phenotyping included medical history, pedigree
mapping, and wide-ranging ophthalmic examination that are
detailed in the supplemental material (Supplemental Table
S2). Blood or salivary samples were obtained from all
probands and available family members to extract genomic
DNA using the manufacturer’s protocol (MagNA Pure;
Roche, Basel, Switzerland). Written informed consent was
obtained from all participants or their legal guardians. This
The Journal of Molecular Diagnostics - jmd.amjpathol.org
study was approved by the Hospital La Fe Ethics Committee
in agreement with the Declaration of Helsinki.
NGS Panel Design

Our capture panel was designed using SureDesign version 3.5
software (Agilent Technologies, SantaClara,CA) including all
coding exons and their adjacent 25 bp of 117 genes associated
withNS-IRDs (according toRetNet at the time of panel design,
November 2015). The design was enriched, increasing the
number of probes in the ORF15 region from RPGR. The
design also included some deep-intronic regions of USH2A,
ABCA4, CEP290, OFD1, and PRPF31, in which pathogenic
mutations have been previously described (Table 1). The total
size of the captured region was 490 Kb.
Library Preparation and Sequencing

The DNA library was prepared according to the Sure-
SelectQXT protocol (Agilent Technologies). Generated
libraries were sequenced with the MiSeq platform (Illumina,
San Diego, CA) using a MiSeq version 2 (300 cycles)
reagent kit (Illumina, San Diego, CA).
Data Analysis and Variant Interpretation

Base calling and quality scoring were performed by the
Illumina RTA software application version 1.18.54. Se-
quences were aligned against the reference genome
(GRCh37/hg19) and subsequently variants were identified
using SureCall version 3.0 software (Agilent Technologies).
Finally, detected variants were annotated employing
wANNOVAR (wANNOVAR, http://wannovar.wglab.org).

The variants with a minor allele frequency �0.01 were
evaluated in the ExomeAggregation Consortium andGenome
Aggregation Database. The pathogenicity of the variants was
assessed according to standards of the American College of
Medical Genetics and Genomics (ACMG).11 VarSome data-
base (VarSome, https://varsome.com), Human GeneMutation
Database (HGMD Professional 2018.3; HGMD, http://www.
hgmd.cf.ac.uk, last accessed August 7, 2019) and Locus
Specific Mutation Databases (Locus Specific Mutation
Databases, http://grenada.lumc.nl/LSDB_list, last accessed
August 7, 2019) were used. The potential effect on the
splicing of intronic and synonymous variants was evaluated
using Human Splicing Finder version 3.1 algorithms (HSF
and MaxEntScan; Human Splicing Finder, http://www.umd.
be/HSF).

Sanger sequencing (BigDye Terminator kit version 3.1;
Applied Biosystems, Foster City, CA) was performed to
validate the putative pathogenic mutations and to perform
segregation analysis. Moreover, deep intronic mutations not
included in the panel were screened by Sanger sequencing
in patients who remained with one or no mutated alleles.
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Table 1 Regions Included in the Panel Design

Gene Inheritance Gene Inheritance Gene Inheritance

ABCA4 AR GUCA1A AD RAX2 AR/AD
ADAM9 AR GUCA1B AD RBP3 AR
ADAMTS18 AR GUCY2D AR/AD RBP4 AR
AIPL1 AR/AD HK1 AD RD3 AR
ARL2BP AR IDH3B AR RDH12 AR
ARL6 AR IMPDH1 AD RDH5 AR
BBS1 AR IMPG1 AR/AD RGR AR/AD
BBS2 AR IMPG2 AR RGS9 AR
BEST1 AR/AD IQCB1 AR RGS9BP AR
C1QTNF5 AD KCNJ13 AR/AD RHO AD
C21orf2 AR KCNV2 AR RIMS1 AD
C2ORF71 AR KIZ AR RLBP1 AR
C8orf37 AR KLHL7 AD ROM1 AD
CA4 AD LCA5 AR RP1 AR/AD
CABP4 AR LRAT AR RP1L1 AR/AD
CACNA1F XL MAK AR RP2 XL
CACNA2D4 AR MERTK AR RP9 AD
CDH3 AR MVK AR RPE65 AR/AD
CDHR1 AR NEK2 AR RPGR XL
CEP290 AR NEUROD1 AR RPGRIP1 AR
CERKL AR NMNAT1 AR SAG AR/AD
CHM XL NR2E3 AR/AD SEMA4A AD
CLRN1 AR NRL AR/AD SLC7A14 AR
CNGA1 AR OFD1 XL SNRNP200 AD
CNGA3 AR OTX2 AR/AD SPATA7 AR
CNGB1 AR PDE6A AR TIMP3 AD
CNGB3 AR PDE6B AR/AD TOPORS AD
CNNM4 AR PDE6C AR TTC8 AR
CRB1 AR PDE6G AR TTLL5 AR
CRX AR/AD PDE6H AR TULP1 AR
DHDDS AR PITPNM3 AD UNC119 AD
DRAM2 AR POC1B AR USH1C AR
DTHD1 AR PRCD AR USH2A AR
EFEMP1 AD PROM1 AR/AD ZNF408 AR/AD
ELOVL4 AD PRPF3 AD ZNF513 AR
EYS AR PRPF31 AD chr1:216064520-216064560
FAM161A AR PRPF4 AD chr1:94492980-94493020
FLVCR1 AR PRPF6 AD chr12:88494940-88494980
FSCN2 AD PRPF8 AD chr19:54633379-54633419
GDF6 AR/AD PRPH2 AD chrX:13770172-13770212
GNAT2 AR RAB28 AR

The design included all coding exons and their adjacent 25 bp of 117 genes and 5 deep-intronic regions of USH2A, ABCA4, CEP290, OFD1, and PRPF31. The
total panel size was 490 kbp.
AD, autosomal dominant; AR, autosomal recessive; XL, X-linked.

Rodríguez-Muñoz et al
CNV Analysis

Large rearrangements were screened in all probandi using the
DECoN tool version 1.0.2.12 Potential copy number variations
(CNVs) were validated using multiplex ligation-dependent
probe amplification: EYS (SALSA MLPA P328), ABCA4
(SALSA MLPA P151 and P152), and PRPF31 (SALSA
MLPA P235) genes (all MRC-Holland, Amsterdam, the
Netherlands); or CytoScan 750 K array (array Comparative
Genomic Hybridization) in patients and family members. The
multiplex ligation-dependent probe amplification, and array
534
Comparative Genomic Hybridization results were analyzed
with the Coffalyser.Net software version 140721.1958 (MRC-
Holland) and Chromosome Analysis Suite software version
2.1 (Affymetrix, Santa Clara, CA), respectively.

Results

Validation of the NGS Panel

This strategy allowed the detection of all the variants
previously found in the eight controls, which had different
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Targeted NGS for NS-IRD Diagnostics
mutations in several genes, including three missense vari-
ants, four frameshift, one nonsense, one homozygous splice-
site mutation, and one deletion of five exons. Moreover, one
of the frameshift mutations was identified in the ORF15
region of RPGR. So, the sensitivity of the study’s NGS
approach for those variants was 100%. The mean depth of
the target regions was 158�, with 99.18% of captured bases
covered by more than 20�, 96.99% more than 50�.
Clinical Assessment

According with the ophthalmologic data and the pedigree
information, initially, 60 families were classified as RP, 20 as
Stargardt disease (STGD), nine as CRD, eight as Best MD,
four as autosomal dominant MD, five as Leber congenital
amaurosis, two as achromatopsia, one as fundus albipuncta-
tus, and one as adult-onset vitelliform MD. Furthermore, 57%
were sporadic cases, 23% presented with autosomal recessive
(AR) inheritance, 18% autosomal dominant (AD), and 2%
X-linked (XL) (Supplemental Table S3).
Figure 1 Percentage of patients with mutations in each represented
gene and types of mutations. A: The genes implicated in cases with an
identified disease-causing genotype are accompanied by the percentage of
resolved patients in each gene. The meaning of the different colors is
indicated in the visual key. B: Distribution of disease-causing variant types
within the resolved cohort. AD, autosomal dominant; AR, autosomal
recessive; CNV, copy number variation; XL, X-linked.
Molecular Findings

A total of 68 of 110 unrelated NS-IRD studied families were
genetically diagnosed by the sequencing of this panel,
obtaining a detection rate of 62%. In that group, mutations
were found in 27 different genes of 117 genes analyzed; and
83 different mutations were identified, 30 of which were
novel. Among these variants, 36 (43%) were missense
variants, 15 (18%) nonsense, 14 (17%) frameshift, 11 (13%)
splice-site mutations, and only one (1%) inframe deletion.
Moreover, six CNVs (7%) were found (Figure 1).

In addition, the variants with a minor allele frequency
<0.01, except synonymous variants, identified in each
patient studied by NGS and classified as “uncertain signif-
icance,” “likely pathogenic,” or “pathogenic” according to
the ACMG, were reported in Supplemental Table S4.13e94

Of these, 183 had never been described.
Thirty-one (52%) of the RP families included in the study

were solved, where USH2A and RPGR were the most
frequently mutated genes, accounting for seven and six of
the solved cases, respectively. ABCA4 was responsible for
the disease in 15 of 20 STGD included families and one
case of CRD, solving 75% of STGD cases (Figure 1).

Thirty-eight sporadic cases (60%) were resolved, of
which 34 presented mutations in AR inheritance genes,
three in AD inheritance genes, and one in XL inheritance.
According to the genetic results, five initially AD retinitis
pigmentosa (adRP) cases were reclassified to AR retinitis
pigmentosa (arRP; fRPN-110) and to XL RP (fRPN-GB,
fRPN-45, fRPN-97, fRPN-174), two arRP families to adRP
(fRPN-AP, fRPN-168), one autosomal dominant MD family
to late-onset retinal degeneration (LORD; fRPN-100), one
Best MD case to CRD (fRPN-125), and one STGD case to
Best MD (fRPN-39) (Supplemental Table S5).
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Coverage analysis using DECoN software suggested large
deletions in RP-632 (EYS, chr6:64776188-
64791961), RPN-443 (EYS, chr6:66005724-66006043),
RPN-602 (EYS, chr6:65531457-65622655), RPN-317
(ABCA4, chr1:94520629-94520908), RPN-442 (MERTK,
chr2:112656243-112786484), RPN-335 (PRPF31,
chr19:54631372-54631835), and a gross duplication in the
affected patients of fRPN-AP and fRPN-140 families (ROM1,
chr11:62380729-62382341) (Supplemental Table S5).

The multiplex ligation-dependent probe amplification
technique allowed confirmation in the patients, and
segregation in the family members, of the heterozygous
deletions in the EYS, ABCA4, and PRPF31 genes. The
heterozygous deletion of the whole MERTK gene in
RPN-442 was confirmed by CytoScan 750 K array, showing
a deletion of 1.8 Mbp including BUB1, BCL2L11, ANAPC1,
MERTK, FBLN7, RGPD8, and RGPD5 genes (chr2:
111371701-113132395).
535
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Figure 2 Clinical phenotyping of the late-onset retinal degeneration (LORD) family. A: Family pedigree reveals the mutation segregation in the fRPN-100 family
showing autosomal dominant inheritance (The arrow indicates the proband). B and C: Patient RPN-234 at 65 years of age: optical coherence tomography (OCT)
shows bilateral atrophy of retinal layers and markedly atrophied choroid (arrows). DeI: Patient RPN-509 at 64 years of age: color fundus photography shows areas
of central retinal and peripapillar atrophy (D and E; arrows); fundus autofluorescence images show areas of hypoautofluorescence, serpinginosa-like, affecting the
fovea and matching the areas of atrophy (F and G; arrows); OCT shows bilateral and asymmetric atrophy of outer retinal layer [inner segment/outer segment,
external limiting membrane, and retinal pigment epithelium (RPE)] and choroid (H and I; arrows). JeO: Patient RPN-640 at 39 years of age: color fundus shows
multiple drusen in the temporal area of the retina in both eyes as unique finding (J and K; arrows); fundus autofluorescence images are normal (L and M); OCT: RPE
abnormalities corresponding to retina areas with drusen and choroidal atrophy in both eyes (N and O; arrows). wt, wild type.

Rodríguez-Muñoz et al
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Targeted NGS for NS-IRD Diagnostics
GenotypeePhenotype Correlation

Phenotypic Intra- and Interfamilial Variability
In the fRPN-100 family, RPN-234 and his mother
(RPN-552) were diagnosed with MD at 56 and 55 years of
age, respectively (clinical examination of RPN-552 not
available). He started with decreased visual acuity and
nyctalopia in his 52nd year. At 65 years of age his best
corrected visual acuity was hand movements bilaterally, and
optical coherence tomography revealed severe RPE and
choroid atrophy with thickening of the sub-RPE layer
(Figure 2). Panel sequencing revealed a novel missense
mutation in C1QTNF5 (p.Pro188Leu) in RPN-234, which
was classified as likely pathogenic according to the ACMG
criteria. In the segregation analysis, this mutation was also
identified in RPN-552 and in their clinically undiagnosed
sister (RPN-509) and daughter (RPN-640). Subsequent
ophthalmic examination in RPN-509 at 63 years of age
revealed bilateral and asymmetric atrophy of outer retinal
layer and choroid. She had experienced 4 years of nycta-
lopia with worsening of central vision in both eyes
(Figure 2). Ophthalmic examination in RPN-640 at 39 years
of age revealed multiple drusen in the temporal area of the
retina at color fundus, corresponding with RPE abnormal-
ities, drusen and choroidal atrophy peripherally showed in
the optical coherence tomograph (Figure 2). She had no
visual disturbance.

Phenotypic intrafamilial variability in the fRPN-43 family
with mutations in CERKL and in the fRPN-BT family with
mutations in PROM1 were also observed. In addition, in the
patient RPN-113, the homozygous p.(Arg283*) mutation in
CERKL caused RP, whereas in RPN-475, the same geno-
type displayed CRD (Supplemental Table S2).

RPGR
The six resolved families having mutations in RPGR,
included 20 mutated individuals: eight males and 12 fe-
males. All males except RPN-343 presented with early onset
RP. Eight (67%) of the carrier women displayed RP, four of
them presented interocular asymmetry, and the others were
asymptomatic. In the fRPN-158 family, the probandus and
his asymptomatic mother harbored p.(Asn305Lysfs*41) in
RPGR and also p.(Cys140Ser) in RHO, classified by the
authors as likely pathogenic.56 The healthy carrier was fully
examined at 43 years of age, and only myopia magna was
found (Supplemental Figure S1eS4 and Supplemental
Table S2).

ABCA4
The cases with mutations in ABCA4 were classified according
to the age of disease onset: early (�15 years of age), middle
(16 to 30 years of age), and late (>30years of age). One third of
the ABCA4mutated patients had early onset, at a mean of 10.6
(3 to 15) years of age. Forty-four percent presentedwithmiddle
onset at a mean of 23.8 (16 to 30) years of age, and the rest of
the group (22%) showed late onset at a mean of 43 (39 to 48)
The Journal of Molecular Diagnostics - jmd.amjpathol.org
years of age. The most severe case in this group was RPN-478
with CRD. The allele p.(Arg1129Leu) was the most prevalent
mutant allele in our ABCA4-mutated cohort with a prevalence
of 28%, followed by p.(Gly1961Glu) with a prevalence of 9%
(only index cases were considered).

Partially Diagnosed

Thirteen families with only one disease-associated IRD
allele were identified. Nine cases had one IRD allele causing
mutation in genes with AR inheritance, and the other four
cases had one IRD allele causing mutation in genes that can
follow AR as well as AD patterns of inheritance. In a
sporadic RP case (RPN-536), p.(Thr631Met) in CNGA1 and
p.(Phe1051Leufs*12) in CNGB1 in a compound heterozy-
gous state were identified. Interestingly, proteins codified by
these genes are members of the same channel (Supplemental
Table S6).

Moreover, in two siblings initially diagnosed as adRP,
one with unilateral RP, p.(Asn803Ser) and (p.Glu129Lys) in
PDE6B in a compound heterozygous state were found.
However, an asymptomatic sibling was also carrier of both
variants in a heterozygous state. The latter underwent
ophthalmic examination, but RP was ruled out, and the
family remained without a complete genetic diagnosis
(Supplemental Table S6).

Discussion

In the present study, the disease-causing specific mutation was
found in 68 (62%) of the 110 analyzed families, a similar
diagnostic yield compared with previous studies using a
targeted NGS genes panel, whole-exome sequencing, or
whole-genome sequencing inNS-IRD patients.57,88,95,96 In the
majority of sporadic IRD cases, the retinopathy is inherited in
an AR mode with a lower recurrence risk for the offspring.
However, the number of AD and XL cases is noteworthy. In
this study, one male sporadic case with XLRP (RPN-323) and
two sporadic cases with adRP (RPN-347, RPN-603) were
identified. RPN-347, RPN-603, and the three affected siblings
from the fRPN-168, previously classified as arRP, showed
mutations in PRPF31. Segregation analysis showed incom-
plete penetrance, as is well known for this gene.97,98 This study
highlights the possibility that pathologic large deletions or
duplications might be more frequent than estimated in IRD
cases.99 Therefore, in recessive or sporadic cases, when a
homozygous change is identified, it must be kept in mind that
compound heterozygosity with a CNV might be possible.

ROM1

Previous studies in murine models showed that overex-
pressed ROM1 is toxic for both photoreceptors.100e103 In
this study, the whole ROM1 duplication was found in two
independent families diagnosed with RP, supporting the
toxic effect of ROM1 overexpression.
537
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Phenotypic Intrafamilial Variability

C1QTNF5 has been related to LORD, an AD disorder
characterized by onset in the fifth to sixth decade with
nyctalopia, drusenoid deposits, RPE atrophy, and choroidal
neovascularization.104 Only a few pathogenic variants in
C1QTNF5 have been described.104e106 The current study
reports a novel heterozygous mutation in C1QTNF5,
p.(Pro188Leu), identified in four affected relatives with the
expected phenotypes for LORD. This family showed vari-
ability in the presentation of visual symptoms as previously
described for LORD (Figure 2).105,106 The patient RPN-640
is one of the youngest patients showing clinical symptoms
with mutations in this gene.

Moreover, these familial cases were other examples of the
characteristically phenotypic intrafamilial variability of the
IRD.107

RPGR

To date, approximately 80% of the XL RP were caused by
mutations in the RPGR gene, in particular in the hot spot
region ORF15.108

RPGR-related RP is one of the most severe forms of IRD
in males.109 RPN-343 was the only case in our cohort with
nyctalopia onset in his twenties, harboring a frameshift
(p.Glu916Lysfs*173). As previously suggested by Tee
et al,108 the moderate phenotype of RPN-343 could be due
to a longer wild-type ORF15 amino acid sequence able to
perform some functions compared with the other
RPGR-mutated males with upstream variants.

Moderate and, less frequently, severe phenotypes can also
be seen in female carriers.110,111 Thus, cases including
affected females in several generations might be erroneously
classified as AD.112 Among the six XL RP families reported
here, four were previously classified as AD. Although the
interocular asymmetry within the RPGR heterozygous
females have been described in isolated cases,113,114 we
highlight this because of the high prevalence in this cohort.
Four of the six symptomatic women showed demonstrable
RP asymmetry.

The several patterns described in this RPGR female car-
riers’ cohort, including the interocular asymmetry, show the
different clinical phenotypes that are deemed to happen as a
result of random X-inactivation in early embryological
development. Mosaic patterns have been seen in mice
retinas due to the random X-inactivation.115,116

In the family fRPN-158, maybe the RP caused by
p.(Cys140Ser) in RHO has not yet begun, or this variant might
have a neutral effect. Following the criteria of the ACMG, this
variant was reclassified as unknown significance.

ABCA4

The ABCA4: p.(Arg1129Leu) allele was the most prevalent
allele in the Spanish STGD population (22.4%).19 In this
538
study’s cohort, the allele p.(Arg1129Leu) was found in 10
of the 32 alleles studied in patients with the STGD pheno-
type. The single homozygous case for that allele, RPN-294,
showed a disease onset at 24 years of age, which would
indicate that this mutation would have a moderate effect. In
the remaining compound heterozygous patients, the severity
of the phenotype was heterogeneous, although, in general,
patients with a truncating mutation in trans presented with
an earlier disease onset than those with missense mutations.
These findings are in accordance with the previous
studies.19

It is estimated that 9.5% of the pathogenic ABCA4 alleles
are complex alleles.117 In the current study, this was found
in two cases: RPN-510, carrier of p.(Leu541Pro);
p.(Ala1038Val) in trans with p.(Gly1961Glu), and
RPN-317 carrier of an exon 16 deletion in cis with
p.(Arg1129Leu) and p.(Arg602Trp) in the second allele.
Both cases had an early onset. The RPN-510 genotype had
been previously identified in several independent cases,117

but RPN-317 was the first case with an exon deletion in a
complex allele. Thus, a careful analysis of the variants is
important to avoid missing information.

Partially Diagnosed

Not identifying pathological variants in the genes analyzed
in a group of patients can be due to causative mutations in
noncoding regions of these genes or in genes discovered
after the panel design or in genes not yet related with retinal
dystrophy. It may also be due to large rearrangements or
other mechanisms of the pathology undetectable with this
diagnostic strategy. One interesting case among the
13 partially diagnosed families is a sporadic RP patient that
carried the mutation CNGA1: p.(Thr631Met) in a paternal
allele and CNGB1: p.(Phe1051Leufs*12) in a maternal
allele. It is tempting to speculate that mutant CNGB1 and
CNGA1 protein lead to damaged heterotetramer CNG
channel complex. However, digenism cannot be demon-
strated, so this case is included among the partially
diagnosed cases.
Another interesting case from this group is the fRPN-SF

family diagnosed initially with adRP, in which we identified
in two affected siblings the mutation p.(Glu129Lys) in
PDE6B, previously described as likely pathogenic,94 in
trans with the novel missense p.(Asn803Ser) that was
classified as likely pathogenic. Their also-affected father and
paternal aunt carried p.(Glu129Lys) in homozygosity;
consequently, we believed that the genetic diagnoses in that
family were completed. Subsequent analysis in the
remaining family members identified the two missense
mutations in a sibling in which RP were clinically ruled out.
So, the variant p.(Glu129Lys) was reclassified as uncertain
significance, and the diagnosis of the fRPN-SF family
remained incomplete.
Since 2015, when the panel was designed, over 40 novel

IRD genes have been identified to date. Currently, 271
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genes are known to be involved in IRD (RetNet, https://sph.
uth.edu/retnet/sum, accessed November 5, 2019). However,
the percentage of solved cases varies depending on the
population studied, the pattern of inheritance, and the
different types of IRD in the cohort. Besides this, the
novel genes usually account only for one or two families.
This percentage ranges from 30% to 70% independent of
the number of genes included in the panel or even when
whole-exome sequencing is performed.94,96,118
Conclusions

In summary, this study demonstrates that clinical patient
characterization and targeted exome sequencing is a reliable
tool for definitive diagnosis of NS-IRD. The
phenotypeegenotype correlation is reported in a large
cohort of patients, expanding the knowledge of this group of
disorders. The next challenge is to diagnose 100% of the
patients, so they can benefit from upcoming gene-based
therapeutic strategies.
Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.jmoldx.2020.01.003.
References

1. Ayuso C, Millan JM: Retinitis pigmentosa and allied conditions
today: a paradigm of translational research. Genome Med 2010, 2:34

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:
157e186

3. 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 vi-
sual outcome in cone and coneerod dystrophy. Ophthalmology 2012,
119:819e826

4. Rotenstreich Y, Fishman GA, Anderson RJ: Visual acuity loss and
clinical observations in a large series of patients with Stargardt dis-
ease. Ophthalmology 2003, 110:1151e1158

5. Rivolta C, Sharon D, DeAngelis MM, Dryja TP: Retinitis pigmentosa
and allied diseases: numerous diseases, genes, and inheritance pat-
terns. Hum Mol Genet 2002, 11:1219e1227

6. Kajiwara K, Berson EL, Dryja TP: Digenic retinitis pigmentosa due
to mutations at the unlinked peripherin/RDS and ROM1 loci. Science
1994, 264:1604e1608

7. Dryja TP, Hahn LB, Kajiwara K, Berson EL: Dominant and digenic
mutations in the peripherin/RDS and ROM1 genes in retinitis pig-
mentosa. Invest Ophthalmol Vis Sci 1997, 38:1972e1982

8. Neveling K, Collin RWJ, Gilissen C, Van Huet RAC, Visser L,
Kwint MP, Gijsen SJ, Zonneveld MN, Wieskamp N, De Ligt J,
Siemiatkowska AM, Hoefsloot LH, Buckley MF, Kellner U,
Branham KE, den Hollander AI, Hoischen A, Hoyng C,
Klevering BJ, Van den Born LI, Veltman JA, Cremers FPM,
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Scheffer H: Next-generation genetic testing for retinitis pigmentosa.
Hum Mutat 2012, 33:963e972

9. Khan KN, Chana R, Ali N, Wright G, Webster AR, Moore AT,
Michaelides M: Advanced diagnostic genetic testing in inherited
retinal disease: experience from a single tertiary referral centre in the
UK National Health Service. Clin Genet 2017, 91:38e45

10. Glöckle N, Kohl S, Mohr J, Scheurenbrand T, Sprecher A,
Weisschuh N, Bernd A, Rudolph G, Schubach M, Poloschek C,
Zrenner E, Biskup S, Berger W, Wissinger B, Neidhardt J: Panel-
based next generation sequencing as a reliable and efficient technique
to detect mutations in unselected patients with retinal dystrophies. Eur
J Hum Genet 2014, 22:99e104

11. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J,
Grody WW, Hegde M, Lyon E, Spector E, Voelkerding K, Rehm HL;
ACMG Laboratory Quality Assurance Committee: Standards and
guidelines for the interpretation of sequence variants: a joint
consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology.
Genet Med 2015, 17:405e423

12. Fowler A, Mahamdallie S, Ruark E, Seal S, Ramsay E, Clarke M,
Uddin I, Wylie H, Strydom A, Lunter G, Rahman N: Accurate
clinical detection of exon copy number variants in a targeted NGS
panel using DECoN. Wellcome Open Res 2016, 1:20

13. Testa F, Surace EM, Rossi S, Marrocco E, Gargiulo A, Di Iorio V,
Ziviello C, Nesti A, Fecarotta S, Bacci ML, Giunti M, Della Corte M,
Banfi S, Auricchio A, Simonelli F: Evaluation of Italian patients with
Leber congenital amaurosis due to AIPL1 mutations highlights the
potential applicability of gene therapy. Invest Ophthalmol Vis Sci
2011, 52:5618e5624

14. Otto EA, Loeys B, Khanna H, Hellemans J, Sudbrak R, Fan S,
Muerb U, O’Toole JF, Helou J, Attanasio M, Utsch B, Sayer JA,
Lillo C, Jimeno D, Coucke P, De Paepe A, Reinhardt R, Klages S,
Tsuda M, Kawakami I, Kusakabe T, Omran H, Imm A, Tippens M,
Raymond PA, Hill J, Beales P, He S, Kispert A, Margolis B,
Williams DS, Swaroop A, Hildebrandt F: Nephrocystin-5, a ciliary IQ
domain protein, is mutated in Senior-Loken syndrome and interacts
with RPGR and calmodulin. Nat Genet 2005, 37:282e288

15. Lotery AJ, Munier FL, Fishman GA, Weleber RG, Jacobson SG,
Affatigato LM, Nichols BE, Schorderet DF, Sheffield VC, Stone EM:
Allelic variation in the VMD2 gene in best disease and age-related
macular degeneration. Invest Ophthalmol Vis Sci 2000, 41:1291e1296

16. Tuson M, Marfany G, Gonzàlez-Duarte R: Mutation of CERKL, a
novel human ceramide kinase gene, causes autosomal recessive
retinitis pigmentosa (RP26). Am J Hum Genet 2004, 74:128e138

17. Allikmets R, Shroyer NF, Singh N, Seddon JM, Lewis RA,
Bernstein PS, Peiffer A, Zabriskie NA, Li Y, Hutchinson A, Dean M,
Lupski JR, Leppert M: Mutation of the Stargardt disease gene
(ABCR) in age-related macular degeneration. Science 1997, 277:
1805e1807

18. Wang DY, Chan WM, Tam POS, Baum L, Lam DSC, Chong KKL,
Fan BJ, Pang CP: Gene mutations in retinitis pigmentosa and their
clinical implications. Clin Chim Acta 2005, 351:5e16

19. Riveiro-Alvarez R, Lopez-Martinez M-A, Zernant J, Aguirre-
Lamban J, Cantalapiedra D, Avila-Fernandez A, Gimenez A, Lopez-
Molina M-I, Garcia-Sandoval B, Blanco-Kelly F, Corton M, Tatu S,
Fernandez-San Jose P, Trujillo-Tiebas MJ, Ramos C, Allikmets R,
Ayuso C: Outcome of ABCA4 disease-associated alleles in auto-
somal recessive retinal dystrophies: retrospective analysis in 420
Spanish families. Ophthalmology 2013, 120:2332e2337

20. Thiadens AAHJ, Roosing S, Collin RWJ, van Moll-Ramirez N, van
Lith-Verhoeven JJC, van Schooneveld MJ, den Hollander AI, van
den Born LI, Hoyng CB, Cremers FPM, Klaver CCW: Compre-
hensive analysis of the achromatopsia genes CNGA3 and CNGB3
in progressive cone dystrophy. Ophthalmology 2010, 117:
825e830.e1

21. Huang L, Xiao X, Li S, Jia X, Wang P, Sun W, Xu Y, Xin W, Guo X,
Zhang Q: Molecular genetics of cone-rod dystrophy in Chinese
539

https://sph.uth.edu/retnet/sum
https://sph.uth.edu/retnet/sum
http://doi.org/10.1016/j.jmoldx.2020.01.003
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref1
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref1
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref2
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref2
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref2
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref2
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref2
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref3
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref4
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref4
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref4
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref4
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref5
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref5
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref5
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref5
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref6
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref6
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref6
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref6
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref7
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref7
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref7
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref7
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref8
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref8
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref8
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref8
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref8
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref8
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref8
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref8
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref9
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref9
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref9
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref9
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref9
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref10
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref10
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref10
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref10
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref10
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref10
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref10
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref11
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref11
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref11
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref11
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref11
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref11
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref11
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref11
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref12
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref12
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref12
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref12
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref13
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref13
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref13
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref13
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref13
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref13
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref13
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref14
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref14
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref14
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref14
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref14
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref14
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref14
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref14
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref14
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref15
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref15
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref15
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref15
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref15
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref16
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref16
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref16
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref16
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref17
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref17
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref17
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref17
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref17
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref17
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref18
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref18
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref18
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref18
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref19
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref19
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref19
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref19
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref19
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref19
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref19
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref19
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref20
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref20
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref20
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref20
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref20
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref20
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref20
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref21
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref21
http://jmd.amjpathol.org


Rodríguez-Muñoz et al
patients: new data from 61 probands and mutation overview of 163
probands. Exp Eye Res 2016, 146:252e258

22. Kohl S, Varsanyi B, Antunes GA, Baumann B, Hoyng CB,
Jägle H, Rosenberg T, Kellner U, Lorenz B, Salati R, Jurklies B,
Farkas A, Andreasson S, Weleber RG, Jacobson SG, Rudolph G,
Castellan C, Dollfus H, Legius E, Anastasi M, Bitoun P, Lev D,
Sieving PA, Munier FL, Zrenner E, Sharpe LT, Cremers FPM,
Wissinger B: CNGB3 mutations account for 50% of all cases with
autosomal recessive achromatopsia. Eur J Hum Genet 2005, 13:
302e308

23. Kohl S, Baumann B, Broghammer M, Jägle H, Sieving P, Kellner U,
Spegal R, Anastasi M, Zrenner E, Sharpe LT, Wissinger B: Mutations
in the CNGB3 gene encoding the beta-subunit of the cone photore-
ceptor cGMP-gated channel are responsible for achromatopsia
(ACHM3) linked to chromosome 8q21. Hum Mol Genet 2000, 9:
2107e2116

24. Mayer AK, Van Cauwenbergh C, Rother C, Baumann B, Reuter P,
De Baere E, Wissinger B, Kohl S; ACHM Study Group: CNGB3
mutation spectrum including copy number variations in 552 achro-
matopsia patients. Hum Mutat 2017, 38:1579e1591

25. Rivolta C, Sweklo EA, Berson EL, Dryja TP: Missense mutation in
the USH2A gene: association with recessive retinitis pigmentosa
without hearing loss. Am J Hum Genet 2000, 66:1975e1978

26. Garcia-Garcia G, Aparisi MJ, Jaijo T, Rodrigo R, Leon AM, Avila-
Fernandez A, Blanco-Kelly F, Bernal S, Navarro R, Diaz-Llopis M,
Baiget M, Ayuso C, Millan JM, Aller E: Mutational screening of the
USH2A gene in Spanish USH patients reveals 23 novel pathogenic
mutations. Orphanet J Rare Dis 2011, 6:65

27. Tassabehji M, Fang ZM, Hilton EN, McGaughran J, Zhao Z, de
Bock CE, Howard E, Malass M, Donnai D, Diwan A, Manson FDC,
Murrell D, Clarke RA: Mutations in GDF6 are associated with
vertebral segmentation defects in Klippel-Feil syndrome. Hum Mutat
2008, 29:1017e1027

28. Perrault I, Hanein S, Gerber S, Barbet F, Ducroq D, Dollfus H,
Hamel C, Dufier J-L, Munnich A, Kaplan J, Rozet J-M: Retinal de-
hydrogenase 12 (RDH12) mutations in Leber congenital amaurosis.
Am J Hum Genet 2004, 75:639e646

29. Janecke AR, Thompson DA, Utermann G, Becker C, Hübner CA,
Schmid E, McHenry CL, Nair AR, Rüschendorf F, Heckenlively J,
Wissinger B, Nürnberg P, Gal A: Mutations in RDH12 encoding a
photoreceptor cell retinol dehydrogenase cause childhood-onset se-
vere retinal dystrophy. Nat Genet 2004, 36:850e854

30. Allikmets R, Wasserman WW, Hutchinson A, Smallwood P,
Nathans J, Rogan PK, Schneider TD, Dean M: Organization of the
ABCR gene: analysis of promoter and splice junction sequences.
Gene 1998, 215:111e122

31. Barragán I, Borrego S, Pieras JI, González-del Pozo M, Santoyo J,
Ayuso C, Baiget M, Millan JM, Mena M, Abd El-Aziz MM, Audo I,
Zeitz C, Littink KW, Dopazo J, Bhattacharya SS, Antiñolo G: Mu-
tation spectrum of EYS in Spanish patients with autosomal recessive
retinitis pigmentosa. Hum Mutat 2010, 31:1772e1800

32. Collin RWJ, Littink KW, Klevering BJ, van den Born LI,
Koenekoop RK, Zonneveld MN, Blokland EAW, Strom TM,
Hoyng CB, den Hollander AI, Cremers FPM: Identification of a 2 Mb
human ortholog of drosophila eyes shut/spacemaker that is mutated in
patients with retinitis pigmentosa. Am J Hum Genet 2008, 83:
594e603

33. Collin RWJ, Safieh C, Littink KW, Shalev SA, Garzozi HJ, Rizel L,
Abbasi AH, Cremers FPM, den Hollander AI, Klevering BJ, Ben-
Yosef T: Mutations in C2ORF71 cause autosomal-recessive retinitis
pigmentosa. Am J Hum Genet 2010, 86:783e788

34. Vervoort R, Lennon A, Bird AC, Tulloch B, Axton R, Miano MG,
Meindl A, Meitinger T, Ciccodicola A, Wright AF: Mutational hot
spot within a new RPGR exon in X-linked retinitis pigmentosa. Nat
Genet 2000, 25:462e466

35. Bernal S, Calaf M, Garcia-Hoyos M, Garcia-Sandoval B, Rosell J,
Adan A, Ayuso C, Baiget M: Study of the involvement of the RGR,
540
CRPB1, and CRB1 genes in the pathogenesis of autosomal recessive
retinitis pigmentosa. J Med 2003, 40:e89

36. Inglehearn CF, Keen TJ, Bashir R, Jay M, Fitzke F, Bird AC,
Crombie A, Bhattacharya S: A completed screen for mutations of the
rhodopsin gene in a panel of patients with autosomal dominant reti-
nitis pigmentosa. Hum Mol Genet 1992, 1:41e45

37. Allikmets R, Singh N, Sun H, Shroyer NF, Hutchinson A,
Chidambaram A, Gerrard B, Baird L, Stauffer D, Peiffer A,
Rattner A, Smallwood P, Li Y, Anderson KL, Lewis RA, Nathans J,
Leppert M, Dean M, Lupski JR: A photoreceptor cell-specific ATP-
binding transporter gene (ABCR) is mutated in recessive Stargardt
macular dystrophy. Nat Genet 1997, 15:236e246

38. Simpson DA, Clark GR, Alexander S, Silvestri G, Willoughby CE:
Molecular diagnosis for heterogeneous genetic diseases with targeted
high-throughput DNA sequencing applied to retinitis pigmentosa. J
Med Genet 2011, 48:145e151

39. Zobor D, Zobor G, Hipp S, Baumann B, Weisschuh N, Biskup S,
Sliesoraityte I, Zrenner E, Kohl S: Phenotype variations caused by
mutations in the RP1L1 gene in a large mainly german cohort. Invest
Opthalmol Vis Sci 2018, 59:3041e3052

40. Weigell-Weber M, Fokstuen S, Török B, Niemeyer G, Schinzel A,
Hergersberg M: Codons 837 and 838 in the retinal guanylate
cyclase gene on chromosome 17p: hot spots for mutations in
autosomal dominant cone-rod dystrophy? Arch Ophthalmol 2000,
118:300

41. McGee TL, Seyedahmadi BJ, Sweeney MO, Dryja TP, Berson EL:
Novel mutations in the long isoform of the USH2A gene in patients
with Usher syndrome type II or non-syndromic retinitis pigmentosa. J
Med Genet 2010, 47:499e506

42. Rivera A, White K, Stöhr H, Steiner K, Hemmrich N, Grimm T,
Jurklies B, Lorenz B, Scholl HPN, Apfelstedt-Sylla E, Weber BHF: A
comprehensive survey of sequence variation in the ABCA4 (ABCR)
gene in Stargardt disease and age-related macular degeneration. Am J
Hum Genet 2000, 67:800e813

43. Wiszniewski W, Lewis RA, Stockton DW, Peng J, Mardon G,
Chen R, Lupski JR: Potential involvement of more than one locus in
trait manifestation for individuals with Leber congenital amaurosis.
Hum Genet 2011, 129:319e327

44. Seyedahmadi BJ, Rivolta C, Keene JA, Berson EL, Dryja TP:
Comprehensive screening of the USH2A gene in Usher syndrome
type II and non-syndromic recessive retinitis pigmentosa. Exp Eye
Res 2004, 79:167e173

45. Maugeri A, van Driel MA, van de Pol DJR, Klevering BJ, van
Haren FJJ, Tijmes N, Bergen AAB, Rohrschneider K, Blankenagel A,
Pinckers AJLG, Dahl N, Brunner HG, Deutman AF, Hoyng CB,
Cremers FPM: The 2588G–>C mutation in the ABCR gene is a mild
frequent founder mutation in the Western European population and
allows the classification of ABCR mutations in patients with Stargardt
disease. Am J Hum Genet 1999, 64:1024e1035

46. Lewis RA, Shroyer NF, Singh N, Allikmets R, Hutchinson A, Li Y,
Lupski JR, Leppert M, Dean M: Genotype/Phenotype analysis of a
photoreceptor-specific ATP-binding cassette transporter gene, ABCR,
in Stargardt disease. Am J Hum Genet 1999, 64:422e434

47. Nassisi M, Mohand-Saïd S, Dhaenens C-M, Boyard F, Démontant V,
Andrieu C, Antonio A, Condroyer C, Foussard M, Méjécase C,
Eandi CM, Sahel J-A, Zeitz C, Audo I: Expanding the mutation
spectrum in ABCA4: sixty novel disease causing variants and their
associated phenotype in a large French Stargardt cohort. Int J Mol Sci
2018, 19:2196

48. Testa F, Marini V, Rossi S, Interlandi E, Nesti A, Rinaldi M,
Varano M, Garré C, Simonelli F: A novel mutation in the RDS gene
in an Italian family with pattern dystrophy. Br J Ophthalmol 2005, 89:
1066e1068

49. Chakarova CF, Hims MM, Bolz H, Abu-Safieh L, Patel RJ,
Papaioannou MG, Inglehearn CF, Keen TJ, Willis C, Moore AT,
Rosenberg T, Webster AR, Bird AC, Gal A, Hunt D, Vithana EN,
Bhattacharya SS: Mutations in HPRP3, a third member of pre-mRNA
jmd.amjpathol.org - The Journal of Molecular Diagnostics

http://refhub.elsevier.com/S1525-1578(20)30008-8/sref21
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref21
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref21
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref22
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref22
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref22
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref22
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref22
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref22
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref22
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref22
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref22
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref23
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref23
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref23
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref23
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref23
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref23
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref23
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref24
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref24
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref24
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref24
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref24
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref25
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref25
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref25
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref25
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref26
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref26
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref26
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref26
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref26
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref27
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref27
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref27
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref27
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref27
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref27
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref28
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref28
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref28
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref28
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref28
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref29
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref29
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref29
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref29
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref29
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref29
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref30
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref30
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref30
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref30
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref30
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref31
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref31
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref31
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref31
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref31
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref31
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref32
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref32
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref32
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref32
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref32
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref32
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref32
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref33
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref33
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref33
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref33
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref33
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref34
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref34
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref34
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref34
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref34
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref35
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref35
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref35
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref35
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref36
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref36
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref36
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref36
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref36
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref37
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref37
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref37
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref37
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref37
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref37
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref37
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref38
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref38
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref38
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref38
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref38
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref39
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref39
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref39
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref39
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref39
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref40
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref40
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref40
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref40
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref40
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref41
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref41
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref41
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref41
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref41
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref42
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref42
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref42
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref42
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref42
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref42
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref43
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref43
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref43
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref43
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref43
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref44
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref44
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref44
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref44
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref44
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref45
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref45
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref45
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref45
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref45
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref45
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref45
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref45
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref45
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref46
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref46
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref46
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref46
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref46
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref47
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref47
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref47
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref47
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref47
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref47
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref48
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref48
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref48
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref48
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref48
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref49
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref49
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref49
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref49
http://jmd.amjpathol.org


Targeted NGS for NS-IRD Diagnostics
splicing factor genes, implicated in autosomal dominant retinitis
pigmentosa. Hum Mol Genet 2002, 11:87e92

50. Nishiguchi KM, Sandberg MA, Gorji N, Berson EL, Dryja TP: Cone
cGMP-gated channel mutations and clinical findings in patients with
achromatopsia, macular degeneration, and other hereditary cone dis-
eases. Hum Mutat 2005, 25:248e258

51. Wada Y, Sandberg MA, McGee TL, Stillberger MA, Berson EL,
Dryja TP: Screen of the IMPDH1 gene among patients with dominant
retinitis pigmentosa and clinical features associated with the most
common mutation, Asp226Asn. Invest Ophthalmol Vis Sci 2005, 46:
1735e1741

52. Lotery AJ, Jacobson SG, Fishman GA, Weleber RG, Fulton AB,
Namperumalsamy P, Héon E, Levin AV, Grover S, Rosenow JR,
Kopp KK, Sheffield VC, Stone EM: Mutations in the CRB1 gene cause
Leber congenital amaurosis. Arch Ophthalmol 2001, 119:415e420

53. Pras E, Abu A, Rotenstreich Y, Avni I, Reish O, Morad Y, Reznik-
Wolf H: Cone-rod dystrophy and a frameshift mutation in the
PROM1 gene. Mol Vis 2009, 15:1709e1716

54. Kohl S, Coppieters F, Meire F, Schaich S, Roosing S,
Brennenstuhl C, Bolz S, van Genderen MM, Riemslag FCC; Euro-
pean Retinal Disease Consortium, Lukowski R, den Hollander AI,
Cremers FPM, De Baere E, Hoyng CB, Wissinger B: A nonsense
mutation in PDE6H causes autosomal-recessive incomplete achro-
matopsia. Am J Hum Genet 2012, 91:527e532

55. Cicinelli MV, Manitto MP, Parodi MB, Bandello F: Regressive
retinal flecks in CRX-mutated early-onset retinal dystrophy. Optom
Vis Sci 2016, 93:1315e1318

56. Macke JP, Davenport CM, Jacobson SG, Hennessey JC, Gonzalez-
Fernandez F, Conway BP, Heckenlively J, Palmer R,
Maumenee IH, Sieving P: Identification of novel rhodopsin muta-
tions responsible for retinitis pigmentosa: implications for the
structure and function of rhodopsin. Am J Hum Genet 1993, 53:
80e89

57. Carss K, Arno G, Erwood M, Stephens J, Sanchis-Juan A, Hull S,
et al: Comprehensive rare variant analysis via whole-genome
sequencing to determine the molecular pathology of inherited
retinal disease. Am J Hum Genet 2017, 100:75e90

58. Nikopoulos K, Avila-Fernandez A, Corton M, Lopez-Molina MI,
Perez-Carro R, Bontadelli L, Di Gioia SA, Zurita O, Garcia-
Sandoval B, Rivolta C, Ayuso C: Identification of two novel muta-
tions in CDHR1 in consanguineous Spanish families with autosomal
recessive retinal dystrophy. Sci Rep 2015, 5:13902

59. de Castro-Miró M, Pomares E, Lorés-Motta L, Tonda R, Dopazo J,
Marfany G, Gonzàlez-Duarte R: Combined genetic and high-
throughput strategies for molecular diagnosis of inherited retinal
dystrophies. PLoS One 2014, 9:e88410

60. Testa F, Rossi S, Sodi A, Passerini I, Di Iorio V, Della Corte M,
Banfi S, Surace EM, Menchini U, Auricchio A, Simonelli F: Corre-
lation between photoreceptor layer integrity and visual function in
patients with Stargardt disease: implications for gene therapy. Invest
Ophthalmol Vis Sci 2012, 53:4409e4415

61. Marchant D, Yu K, Bigot K, Roche O, Germain A, Bonneau D,
Drouin-Garraud V, Schorderet DF, Munier F, Schmidt D, Le
Neindre P, Marsac C, Menasche M, Dufier JL, Fischmeister R,
Hartzell C, Abitbol M: New VMD2 gene mutations identified in
patients affected by Best vitelliform macular dystrophy. J Med Genet
2007, 44:e70

62. Gerber S, Rozet JM, van de Pol TJR, Hoyng CB, Munnich A,
Blankenagel A, Kaplan J, Cremers FPM: Complete exon-intron
structure of the retina-specific ATP binding transporter gene
(ABCR) allows the identification of novel mutations underlying
Stargardt disease. Genomics 1998, 48:139e142

63. Bowne SJ, Sullivan LS, Blanton SH, Cepko CL, Blackshaw S,
Birch DG, Hughbanks-Wheaton D, Heckenlively JR, Daiger SP:
Mutations in the inosine monophosphate dehydrogenase 1 gene
(IMPDH1) cause the RP10 form of autosomal dominant retinitis
pigmentosa. Hum Mol Genet 2002, 11:559e568
The Journal of Molecular Diagnostics - jmd.amjpathol.org
64. Pras E, Pras E, Reznik-Wolf H, Sharon D, Raivech S, Barkana Y,
Abu-Horowitz A, Ygal R, Banin E: Fundus albipunctatus: novel
mutations and phenotypic description of Israeli patients. Mol Vis
2012, 18:1712e1718

65. Riveiro-Alvarez R, Aguirre-Lamban J, Lopez-Martinez MA, Trujillo-
Tiebas MJ, Cantalapiedra D, Vallespin E, Avila-Fernandez A,
Ramos C, Ayuso C: Frequency of ABCA4 mutations in 278 Spanish
controls: an insight into the prevalence of autosomal recessive Star-
gardt disease. Br J Ophthalmol 2009, 93:1359e1364

66. Martin-Merida I, Aguilera-Garcia D, Fernandez-San Jose P, Blanco-
Kelly F, Zurita O, Almoguera B, Garcia-Sandoval B, Avila-
Fernandez A, Arteche A, Minguez P, Carballo M, Corton M,
Ayuso C: Toward the mutational landscape of autosomal dominant
retinitis pigmentosa: a comprehensive analysis of 258 Spanish fam-
ilies. Invest Ophthalmol Vis Sci 2018, 59:2345e2354

67. Meunier I, Sénéchal A, Dhaenens CM, Arndt C, Puech B, Defoort-
Dhellemmes S, Manes G, Chazalette D, Mazoir E, Bocquet B,
Hamel CP: Systematic screening of BEST1 and PRPH2 in juvenile
and adult vitelliform macular dystrophies: a rationale for molecular
analysis. Ophthalmology 2011, 118:1130e1136

68. Wheway G, Schmidts M, Mans DA, Szymanska K, Nguyen T-MT,
Racher H, et al: An siRNA-based functional genomics screen for the
identification of regulators of ciliogenesis and ciliopathy genes. Nat
Cell Biol 2015, 17:1074e1087

69. Siemiatkowska AM, van den Born LI, van Hagen PM, Stoffels M,
Neveling K, Henkes A, Kipping-Geertsema M, Hoefsloot LH,
Hoyng CB, Simon A, den Hollander AI, Cremers FPM, Collin RWJ:
Mutations in the mevalonate kinase (MVK) gene cause nonsyndromic
retinitis pigmentosa. Ophthalmology 2013, 120:2697e2705

70. Gonzalez-Fernandez F, Kurz D, Bao Y, Newman S, Conway BP,
Young JE, Han DP, Khani SC: 11-Cis retinol dehydrogenase muta-
tions as a major cause of the congenital night-blindness disorder
known as fundus albipunctatus. Mol Vis 1999, 5:41

71. Berson EL, Grimsby JL, Adams SM, McGee TL, Sweklo E,
Pierce EA, Sandberg MA, Dryja TP: Clinical features and mutations
in patients with dominant retinitis pigmentosa-1 (RP1). Invest Oph-
thalmol Vis Sci 2001, 42:2217e2224

72. Fujinami K, Zernant J, Chana RK, Wright GA, Tsunoda K,
Ozawa Y, Tsubota K, Webster AR, Moore AT, Allikmets R,
Michaelides M: ABCA4 gene screening by next-generation
sequencing in a British cohort. Invest Ophthalmol Vis Sci
2013, 54:6662e6674

73. 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,
42:1179e1189

74. Hanein S, Perrault I, Gerber S, Tanguy G, Barbet F, Ducroq D,
Calvas P, Dollfus H, Hamel C, Lopponen T, Munier F, Santos L,
Shalev S, Zafeiriou D, Dufier JL, Munnich A, Rozet JM, Kaplan J:
Leber congenital amaurosis: comprehensive survey of the genetic
heterogeneity, refinement of the clinical definition, and genotype-
phenotype correlations as a strategy for molecular diagnosis. Hum
Mutat 2004, 23:306e317

75. Michaelides M, Chen LL, Brantley MA Jr, Andorf JL, Isaak EM,
Jenkins SA, Holder GE, Bird AC, Stone EM, Webster AR: ABCA4
mutations and discordant ABCA4 alleles in patients and siblings with
bull’s-eye maculopathy. Br J Ophthalmol 2007, 91:1650e1655

76. Eisenberger T, Neuhaus C, Khan AO, Decker C, Preising MN,
Friedburg C, et al: Increasing the yield in targeted next-generation
sequencing by implicating CNV analysis, non-coding exons and the
overall variant load: the example of retinal dystrophies. PLoS One
2013, 8:e78496

77. Messchaert M, Haer-Wigman L, Khan MI, Cremers FPM,
Collin RWJ: EYS mutation update: in silico assessment of 271 re-
ported and 26 novel variants in patients with retinitis pigmentosa.
Hum Mutat 2018, 39:177e186
541

http://refhub.elsevier.com/S1525-1578(20)30008-8/sref49
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref49
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref49
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref50
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref50
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref50
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref50
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref50
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref51
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref51
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref51
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref51
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref51
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref51
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref52
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref52
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref52
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref52
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref52
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref53
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref53
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref53
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref53
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref54
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref54
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref54
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref54
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref54
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref54
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref54
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref55
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref55
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref55
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref55
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref56
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref56
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref56
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref56
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref56
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref56
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref56
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref57
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref57
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref57
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref57
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref57
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref58
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref58
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref58
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref58
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref58
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref59
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref59
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref59
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref59
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref60
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref60
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref60
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref60
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref60
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref60
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref61
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref61
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref61
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref61
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref61
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref61
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref62
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref62
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref62
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref62
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref62
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref62
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref63
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref63
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref63
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref63
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref63
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref63
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref64
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref64
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref64
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref64
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref64
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref65
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref65
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref65
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref65
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref65
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref65
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref66
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref66
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref66
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref66
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref66
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref66
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref66
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref67
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref67
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref67
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref67
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref67
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref67
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref68
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref68
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref68
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref68
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref68
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref69
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref69
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref69
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref69
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref69
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref69
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref70
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref70
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref70
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref70
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref71
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref71
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref71
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref71
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref71
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref72
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref72
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref72
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref72
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref72
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref72
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref73
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref73
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref73
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref73
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref73
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref73
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref74
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref74
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref74
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref74
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref74
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref74
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref74
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref74
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref75
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref75
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref75
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref75
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref75
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref76
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref76
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref76
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref76
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref76
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref77
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref77
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref77
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref77
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref77
http://jmd.amjpathol.org


Rodríguez-Muñoz et al
78. Schatz P, Preising M, Lorenz B, Sander B, Larsen M, Eckstein C,
Rosenberg T: Lack of autofluorescence in fundus albipunctatus
associated with mutations in RDH5. Retina 2010, 30:1704e1713

79. Dreyer B, Tranebjærg L, Brox V, Rosenberg T, Möller C,
Beneyto M, Weston MD, Kimberling WJ, Cremers CW, Liu XZ,
Nilssen Ø: A common ancestral origin of the frequent and widespread
2299delG USH2A mutation. Am J Hum Genet 2001, 69:228e234

80. Aller E, Jaijo T, Beneyto M, Nájera C, Oltra S, Ayuso C, Baiget M,
Carballo M, Antiñolo G, Valverde D, Moreno F, Vilela C, Collado D,
Pérez-Garrigues H, Navea A, Millán JM: Identification of 14 novel
mutations in the long isoform of USH2A in Spanish patients with
Usher syndrome type II. J Med Genet 2006, 43:e55

81. Bernal S, Ayuso C, Antiñolo G, Gimenez A, Borrego S, Trujillo MJ,
Marcos I, Calaf M, Del Rio E, Baiget M: Mutations in USH2A in
Spanish patients with autosomal recessive retinitis pigmentosa: high
prevalence and phenotypic variation. J Med Genet 2003, 40:e8

82. Tian R, Yang G, Wang J, Chen Y: Screening for BEST1 gene mu-
tations in Chinese patients with bestrophinopathy. Mol Vis 2014, 20:
1594e1604

83. Nakanishi H, Ohtsubo M, Iwasaki S, Hotta Y, Usami S-I, Mizuta K,
Mineta H, Minoshima S: Novel USH2A mutations in Japanese Usher
syndrome type 2 patients: marked differences in the mutation spec-
trum between the Japanese and other populations. J Hum Genet 2011,
56:484e490

84. Kaiserman N, Obolensky A, Banin E, Sharon D: Novel USH2A
mutations in Israeli patients with retinitis pigmentosa and Usher
syndrome type 2. Arch Ophthalmol 2007, 125:219e224

85. Rozet JM, Gerber S, Souied E, Perrault I, Châtelin S, Ghazi I,
Leowski C, Dufier JL, Munnich A, Kaplan J: Spectrum of ABCR
gene mutations in autosomal recessive macular dystrophies. Eur J
Hum Genet 1998, 6:291e295

86. Kohl S, Marx T, Giddings I, Jägle H, Jacobson SG, Apfelstedt-
Sylla E, Zrenner E, Sharpe LT, Wissinger B: Total colourblindness is
caused by mutations in the gene encoding the a-subunit of the cone
photoreceptor cGMP-gated cation channel. Nat Genet 1998, 19:
257e259

87. Nishiguchi KM, Tearle RG, Liu YP, Oh EC, Miyake N, Benaglio P,
Harper S, Koskiniemi-Kuendig H, Venturini G, Sharon D,
Koenekoop RK, Nakamura M, Kondo M, Ueno S, Yasuma TR,
Beckmann JS, Ikegawa S, Matsumoto N, Terasaki H, Berson EL,
Katsanis N, Rivolta C: Whole genome sequencing in patients with
retinitis pigmentosa reveals pathogenic DNA structural changes and
NEK2 as a new disease gene. Proc Natl Acad Sci U S A 2013, 110:
16139e16144

88. Bernardis I, Chiesi L, Tenedini E, Artuso L, Percesepe A, Artusi V,
Simone ML, Manfredini R, Camparini M, Rinaldi C, Ciardella A,
Graziano C, Balducci N, Tranchina A, Cavallini GM, Pietrangelo A,
Marigo V, Tagliafico E: Unravelling the complexity of inherited
retinal dystrophies molecular testing: added value of targeted next-
generation sequencing. Biomed Res Int 2016, 2016:6341870

89. Morimura H, Fishman GA, Grover SA, Fulton AB, Berson EL,
Dryja TP: Mutations in the RPE65 gene in patients with autosomal
recessive retinitis pigmentosa or Leber congenital amaurosis. Proc
Natl Acad Sci U S A 1998, 95:3088e3093

90. Wells J, Wroblewski J, Keen J, Inglehearn C, Jubb C, Eckstein A,
Jay M, Arden G, Bhattacharya S, Fitzke F, Bird A: Mutations in the
human retinal degeneration slow (RDS) gene can cause either retinitis
pigmentosa or macular dystrophy. Nat Genet 1993, 3:213e218

91. Langmann T, Di Gioia SA, Rau I, Stöhr H, Maksimovic NS,
Corbo JC, Renner AB, Zrenner E, Kumaramanickavel G,
Karlstetter M, Arsenijevic Y, Weber BHF, Gal A, Rivolta C:
Nonsense mutations in FAM161A cause RP28-associated recessive
retinitis pigmentosa. Am J Hum Genet 2010, 87:376e381

92. González-del Pozo M, Borrego S, Barragán I, Pieras JI, Santoyo J,
Matamala N, Naranjo B, Dopazo J, Antiñolo G: Mutation screening
of multiple genes in Spanish patients with autosomal recessive reti-
nitis pigmentosa by targeted resequencing. PLoS One 2011, 6:e27894
542
93. Audo I, Sahel J-A, Mohand-Saïd S, Lancelot M-E, Antonio A,
Moskova-Doumanova V, Nandrot EF, Doumanov J, Barragan I,
Antinolo G, Bhattacharya SS, Zeitz C: EYS is a major gene for
rod-cone dystrophies in France. Hum Mutat 2010, 31:
E1406eE1435

94. Wang L, Zhang J, Chen N, Wang L, Zhang F, Ma Z, Li G, Yang L:
Application of whole exome and targeted panel sequencing in the
clinical molecular diagnosis of 319 Chinese families with inherited
retinal dystrophy and comparison study. Genes (Basel) 2018, 9:360

95. Tiwari A, Bahr A, Bähr L, Fleischhauer J, Zinkernagel MS,
Winkler N, Barthelmes D, Berger L, Gerth-Kahlert C, Neidhardt J,
Berger W: Next generation sequencing based identification of
disease-associated mutations in Swiss patients with retinal dystro-
phies. Sci Rep 2016, 6:28755

96. Birtel J, Gliem M, Mangold E, Müller PL, Holz FG, Neuhaus C,
Lenzner S, Zahnleiter D, Betz C, Eisenberger T, Bolz HJ, Charbel
Issa P: Next-generation sequencing identifies unexpected genotype-
phenotype correlations in patients with retinitis pigmentosa. PLoS
One 2018, 13:e0207958

97. Martin-Merida I, Sanchez-Alcudia R, Fernandez-San Jose P, Blanco-
Kelly F, Perez-Carro R, Rodriguez-Jacy da Silva L, Almoguera B,
Garcia-Sandoval B, Lopez-MolinaMI, Avila-Fernandez A, CarballoM,
CortonM,Ayuso C:Analysis of the PRPF31 gene in Spanish autosomal
dominant retinitis pigmentosa patients: a novel genomic rearrangement.
Invest Ophthalmol Vis Sci 2017, 58:1045e1053

98. Rose AM, Shah AZ, Venturini G, Krishna A, Chakravarti A,
Rivolta C, Bhattacharya SS: Transcriptional regulation of PRPF31
gene expression by MSR1 repeat elements causes incomplete pene-
trance in retinitis pigmentosa. Sci Rep 2016, 6:19450

99. Van Schil K, Naessens S, Van de Sompele S, Carron M, Aslanidis A,
Van Cauwenbergh C, Mayer AK, 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; CNV Study
Group, De Baere E: Mapping the genomic landscape of inherited
retinal disease genes prioritizes genes prone to coding and noncoding
copy-number variations. Genet Med 2018, 20:202e213

100. Chakraborty D, Conley SM, Nash Z, Ding X-Q, Naash MI: Over-
expression of ROM-1 in the cone-dominant retina. Edited by LaVail M,
Ash J, Anderson R, Hollyfield J, Grimm C: Retinal Degenerative Dis-
eases. Advances in Experimental Medicine and Biology, vol 723. Bos-
ton, MA: Springer, 2012. pp. 633e639

101. Conley SM, Stuck MW, Watson JN, Zulliger R, Burnett JL,
Naash MI: Prph2 initiates outer segment morphogenesis but matu-
ration requires Prph2/Rom1 oligomerization. Hum Mol Genet 2018,
28:459e475

102. Tan E, Wang Q, Quiambao AB, Xu X, Qtaishat NM, Peachey NS,
Lem J, Fliesler SJ, Pepperberg DR, Naash MI, Al-Ubaidi MR: The
relationship between opsin overexpression and photoreceptor
degeneration. Invest Ophthalmol Vis Sci 2001, 42:589e600

103. Wen XH, Shen L, Brush RS, Michaud N, Al-Ubaidi MR,
Gurevich VV, Hamm HE, Lem J, Dibenedetto E, Anderson RE,
Makino CL: Overexpression of rhodopsin alters the structure and
photoresponse of rod photoreceptors. Biophys J 2009, 96:939e950

104. Hayward C, Shu X, Cideciyan AV, Lennon A, Barran P, Zareparsi S,
Sawyer L, Hendry G, Dhillon B, Milam AH, Luthert PJ, Swaroop A,
Hastie ND, Jacobson SG, Wright AF: Mutation in a short-chain
collagen gene, CTRP5, results in extracellular deposit formation in
late-onset retinal degeneration: a genetic model for age-related mac-
ular degeneration. Hum Mol Genet 2003, 12:2657e2667

105. Stanton CM, Borooah S, Drake C, Marsh JA, Campbell S, Lennon A,
Soares DC, Vallabh NA, Sahni J, Cideciyan AV, Dhillon B, Vitart V,
Jacobson SG, Wright AF, Hayward C: Novel pathogenic mutations in
C1QTNF5 support a dominant negative disease mechanism in late-
onset retinal degeneration. Sci Rep 2017, 7:12147

106. Borooah S, Stanton CM, Marsh J, Carss KJ, Waseem N, Biswas P,
Agorogiannis G, Raymond L, Arno G, Webster AR: Whole genome
sequencing reveals novel mutations causing autosomal dominant
jmd.amjpathol.org - The Journal of Molecular Diagnostics

http://refhub.elsevier.com/S1525-1578(20)30008-8/sref78
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref78
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref78
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref78
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref79
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref79
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref79
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref79
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref79
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref80
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref80
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref80
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref80
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref80
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref81
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref81
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref81
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref81
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref82
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref82
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref82
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref82
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref83
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref83
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref83
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref83
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref83
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref83
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref84
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref84
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref84
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref84
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref85
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref85
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref85
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref85
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref85
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref86
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref86
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref86
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref86
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref86
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref86
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref87
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref87
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref87
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref87
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref87
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref87
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref87
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref87
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref87
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref88
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref88
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref88
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref88
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref88
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref88
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref89
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref89
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref89
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref89
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref89
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref90
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref90
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref90
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref90
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref90
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref91
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref91
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref91
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref91
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref91
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref91
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref92
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref92
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref92
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref92
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref93
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref93
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref93
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref93
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref93
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref93
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref94
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref94
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref94
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref94
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref95
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref95
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref95
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref95
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref95
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref96
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref96
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref96
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref96
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref96
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref97
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref97
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref97
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref97
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref97
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref97
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref97
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref98
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref98
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref98
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref98
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref99
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref99
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref99
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref99
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref99
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref99
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref99
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref99
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref100
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref100
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref100
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref100
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref100
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref100
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref101
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref101
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref101
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref101
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref101
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref102
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref102
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref102
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref102
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref102
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref103
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref103
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref103
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref103
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref103
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref104
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref104
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref104
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref104
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref104
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref104
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref104
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref105
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref105
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref105
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref105
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref105
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref106
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref106
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref106
http://jmd.amjpathol.org


Targeted NGS for NS-IRD Diagnostics
inherited macular degeneration. Ophthalmic Genet 2018, 39:
763e770

107. Vaclavik V, Tran HV, Gaillard M-C, Schorderet DF, Munier FL:
Pattern dystrophy with high intrafamilial variability associated with
Y141C mutation in the peripherin/RDS gene and successful treatment
of subfoveal CNV related to multifocal pattern type with anti-VEGF
(ranibizumab) intravitreal injections. Retina 2012, 32:1942e1949

108. Tee JJL, Smith AJ, Hardcastle AJ, Michaelides M: RPGR-associated
retinopathy: clinical features, molecular genetics, animal models and
therapeutic options. Br J Ophthalmol 2016, 100:1022e1027

109. Flaxel CJ, Jay M, Thiselton DL, Nayudu M, Hardcastle AJ,
Wright A, Bird AC: Difference between RP2 and RP3 phenotypes in
X linked retinitis pigmentosa. Br J Ophthalmol 1999, 83:1144e1148

110. Comander J, Weigel-Difranco C, Sandberg MA, Berson EL: Visual
function in carriers of X-linked retinitis pigmentosa. Ophthalmology
2015, 122:1899e1906

111. Nanda A, Salvetti AP, Clouston P, Downes SM, MacLaren RE:
Exploring the variable phenotypes of RPGR carrier females in assessing
their potential for retinal gene therapy. Genes (Basel) 2018, 9:643

112. Churchill JD, Bowne SJ, Sullivan LS, Lewis RA, Wheaton DK,
Birch DG, Branham KE, Heckenlively JR, Daiger SP: Mutations in
the X-linked retinitis pigmentosa genes RPGR and RP2 found in
The Journal of Molecular Diagnostics - jmd.amjpathol.org
8.5% of families with a provisional diagnosis of autosomal dominant
retinitis pigmentosa. Invest Ophthalmol Vis Sci 2013, 54:1411e1416

113. Jacobson SG, Yagasaki K, Feuer WJ, Román AJ: Interocular asym-
metry of visual function in heterozygotes of X-linked retinitis pig-
mentosa. Exp Eye Res 1989, 48:679e691

114. Acton JH, Greenberg JP, Greenstein VC, Marsiglia M, Tabacaru M,
Theodore Smith R, Tsang SH: Evaluation of multimodal imaging in
carriers of X-linked retinitis pigmentosa. Exp Eye Res 2013, 113:
41e48

115. Lyon MF: Gene action in the X-chromosome of the mouse (Mus
musculus L.). Nature 1961, 190:372e373

116. Wu H, Luo J, Yu H, Rattner A, Mo A, Wang Y, Smallwood PM,
Erlanger B, Wheelan SJ, Nathans J: Cellular resolution maps of X
chromosome inactivation: implications for neural development,
function, and disease. Neuron 2014, 81:103e119

117. Cornelis SS, Bax NM, Zernant J, Allikmets R, Fritsche LG, den
Dunnen JT, Ajmal M, Hoyng CB, Cremers FPM: In silico functional
meta-analysis of 5,962 ABCA4 variants in 3,928 retinal dystrophy
cases. Hum Mutat 2017, 38:400e408

118. Kim MS, Joo K, Seong MW, Kim MJ, Park KH, Park SS, Woo SJ:
Genetic mutation profiles in Korean patients with inherited retinal
diseases. J Korean Med Sci 2019, 34:e161
543

http://refhub.elsevier.com/S1525-1578(20)30008-8/sref106
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref106
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref106
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref107
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref107
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref107
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref107
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref107
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref107
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref108
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref108
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref108
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref108
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref109
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref109
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref109
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref109
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref110
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref110
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref110
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref110
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref111
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref111
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref111
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref112
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref112
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref112
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref112
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref112
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref112
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref113
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref113
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref113
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref113
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref114
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref114
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref114
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref114
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref114
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref115
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref115
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref115
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref116
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref116
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref116
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref116
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref116
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref117
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref117
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref117
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref117
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref117
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref118
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref118
http://refhub.elsevier.com/S1525-1578(20)30008-8/sref118
http://jmd.amjpathol.org

	Expanding the Clinical and Molecular Heterogeneity of Nonsyndromic Inherited Retinal Dystrophies
	Materials and Methods
	Subjects and Clinical Classification
	NGS Panel Design
	Library Preparation and Sequencing
	Data Analysis and Variant Interpretation
	CNV Analysis

	Results
	Validation of the NGS Panel
	Clinical Assessment
	Molecular Findings
	Genotype–Phenotype Correlation
	Phenotypic Intra- and Interfamilial Variability
	RPGR
	ABCA4

	Partially Diagnosed

	Discussion
	ROM1
	Phenotypic Intrafamilial Variability
	RPGR
	ABCA4
	Partially Diagnosed

	Conclusions
	Supplemental Data
	References


