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PURPOSE. To provide a comprehensive overview of the molecular basis of autosomal dominant
retinitis pigmentosa (adRP) in Spanish families. Thus, we established the molecular
characterization rate, gene prevalence, and mutational spectrum in the largest European
cohort reported to date.

METHODS. A total of 258 unrelated Spanish families with a clinical diagnosis of RP and
suspected autosomal dominant inheritance were included. Clinical diagnosis was based on
complete ophthalmologic examination and family history. Retrospective and prospective
analysis of Spanish adRP families was carried out using a combined strategy consisting of
classic genetic techniques and next-generation sequencing (NGS) for single-nucleotide
variants and copy number variation (CNV) screening.

RESULTS. Overall, 60% of our families were genetically solved. Interestingly, 3.1% of the cohort
carried pathogenic CNVs. Disease-causing variants were found in an autosomal dominant
gene in 55% of the families; however, X-linked and autosomal recessive forms were also
identified in 3% and 2%, respectively. Four genes (RHO, PRPF31, RP1, and PRPH2) explained
up to 62% of the solved families. Missense changes were most frequently found in adRP-
associated genes; however, CNVs represented a relevant disease cause in PRPF31- and CRX-
associated forms.

CONCLUSIONS. Implementation of NGS technologies in the adRP study clearly increased the
diagnostic yield compared with classic approaches. Our study outcome expands the
spectrum of disease-causing variants, provides accurate data on mutation gene prevalence,
and highlights the implication of CNVs as important contributors to adRP etiology.
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Retinitis pigmentosa (RP) is the most prevalent form of

inherited retinal dystrophy (IRD), with an overall preva-

lence of 1:4000.1 RP is characterized by primary degeneration

and death of rod photoreceptor cells followed by secondary

loss of cone photoreceptors.2 Symptoms usually start with

night blindness, followed by progressive restriction of the

peripheral visual field, culminating in progressive visual acuity

loss.1 Ophthalmological examination shows pigment deposits

typically seen as bone spicules in the peripheral retina,

attenuation of blood vessels, and waxy pallor of the optic disc

evidenced on slit-lamp examination of the eye fundus, and

diminished or even nonrecordable signals on ERG.1,3 However,

clinical features, disease onset, and progression may vary

significantly between patients, even those belonging to the

same family.2

RP is characterized by its extreme genetic heterogeneity,

with all inheritance patterns described.3 Autosomal dominant

RP (adRP) accounts for approximately 15% of Spanish RP

families.4 Currently, adRP-causing variants have been described

in 28 genes (in the public domain, https://sph.uth.edu/retnet/

sum-dis.htm#B-diseases), with incomplete penetrance reported

in some specific genes.5 Given the underlying complexity of

adRP, identifying its genetic basis is a challenging task, although

one that may not only aid in clinical diagnosis and counseling,

but also contribute to the development of future gene-based

therapies.
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Different molecular approaches, such as indirect screening
methods and genotyping microarrays, have been developed to
improve the genetic testing of adRP.6,7 However, these costly
and laborious techniques cannot address the full spectrum of
disease-causing variants, thus leading to low diagnostic rates.
Nowadays, next-generation sequencing (NGS), mainly gene
panel–based strategies, represents the primary first-tier ap-
proach for all forms of IRD, yielding higher diagnostic rates.8

The application of NGS in patients with IRD allows for a
hypothesis-free analysis of the genes involved, regardless of the
phenotype or inheritance pattern.9–11 Although NGS is
expected to increase diagnostic rates in adRP,8 only the
exhaustive analysis of a large cohort of American patients has
been reported5; therefore, the actual performance of NGS on
adRP forms has not been yet fully explored.

Copy number variants (CNVs) also play a substantial role in
adRP12 and could explain, at least partially, some of the missing
heritability associated with adRP. Recently, it has been
demonstrated the capability to detect CNVs by read-depth
strategies using NGS data sets.13 However, the exact contribu-
tion of CNVs in adRP remains largely unknown due to lack of
comprehensive screening in most of the NGS studies.

In this work, we provide a comprehensive overview of the
molecular basis and mutational spectrum of adRP in the largest
cohort of European origin reported to date, comprising
Spanish families, using different genetic approaches, including
NGS and CNV screening.

SUBJECTS AND METHODS

Cohort Description

All subjects were selected by reviewing the database of IRD
patients at Fundación Jiménez D́ıaz University Hospital (FJD,
Madrid, Spain), spanning 27 years of collected data. The adRP
cohort includes 258 unrelated Spanish families with clinical
diagnosis of RP reached after a complete ophthalmologic
examination4,14 and at least two consecutive affected genera-
tions. Informed consent was signed by all the participating
subjects. DNA samples were collected from the FJD Biobank.
This study was reviewed and approved by the Ethics
Committee of our hospital, according to the tenets of the
Declaration of Helsinki and subsequent revisions.

Mutational Screening of Single-Nucleotide Variants

(SNVs)

Different genetic tools were used over time as first-tier
diagnostic approach (Table 1): (1) a ‘‘classical’’ algorithm
based on screening of the most prevalent adRP-associated
genes by single-strand conformation polymorphism (SSCP),
CG-clamped denaturing gradient gel electrophoresis (DGGE),6

Sanger sequencing, and/or commercial Arrayed Primer Exten-
sion (APEX)-based genotyping microarrays (Asper Biotech,
Tartu, Estonia) to detect previously known mutations in adRP
genes7; and (2) targeted NGS of 74 IRD-associated genes
(Supplementary Table S1) using the TruSightOne Sequencing
Panel (Illumina, San Diego, CA, USA). This targeted clinical
exome captures 12 Mb of genomic sequence enriched for
62,000 exons, spanning 4813 genes associated with known
inherited diseases in Online Mendelian Inheritance in Man (in
the public domain, https://www.omim.org/) and Human Gene
Mutation Database (HGMD; in the public domain, http://www.
hgmd.cf.ac.uk). Only coding exons and 10 bp of flanking 50

and 30 intronic sequence were covered with this approach.
Libraries were prepared according to the manufacturer’s
instructions and sequenced in groups of 24 samples on the
NextSeq500 platform (Illumina) using the NextSeq HighOutput
kit. Bioinformatic analysis was performed using the online
platform BaseSpace (Illumina) and, subsequently, variant
annotation and prioritization was made with the VariantStudio
software (Illumina). During this analysis, potentially pathogen-
ic variants were prioritized in a subpanel of 74 IRD-associated
genes.

A total of 105 index cases uncharacterized with the classical
algorithm were further analyzed by NGS using custom gene
panels or whole-exome sequencing (WES), as previously
reported.8,15,16

Pathogenicity of variants was established according to their
allele frequency in gnomAD (in the public domain, http://
gnomad.broadinstitute.org/), in silico prediction tools for novel
splicing and missense variants as implemented in the
commercial Alamut software (Interactive Biosoftware, Rouen,
France), and segregation in the family when other relatives
were available.8 Besides, all the variants were also manually
checked in HGMD and ClinVar databases (in the public
domain, https://www.ncbi.nlm.nih.gov/clinvar/), and in the

TABLE 1. Molecular Strategy Used in Our Cohort of Spanish Patients With adRP

The table shows the number of families characterized versus number of families screened using each technology. In bold: number of families
characterized including the eight CNVs found by MLPA or NGS.

* Classical techniques: SSCP/DGGE/Sanger and/or genotyping microarray.
† Näıve families screened by classical techniques.
‡ Non-näıve families in whom NGS was performed using a gene panel and/or WES.
§ TruSightOne Sequencing Panel in näıve families (not prescreened).
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literature. All identified variants classified as pathogenic or
likely to be pathogenic were confirmed by Sanger sequencing.

CNV Analysis

CNV analysis of adRP-associated genes was performed using
two different approaches. First, Multiplex Ligation-dependent
Probe Amplification (MLPA) using the P235 kit (MRC-Holland,
Amsterdam, The Netherlands) was conducted in 103 unchar-
acterized families after classical approach or custom NGS gene
panel.12

Additionally, in the cases with NGS data available, we
applied the open source CoNVading software (Copy Number
Variation Detection In Next-Generation Sequencing Gene
Panels, in the public domain, https://molgenis.gitbooks.io/
molgenis-pipelines/content/convading/CoNVaDING.html),
which uses a read-depth strategy that is capable of identifying
CNVs at the exon level. Default parameters were used. Final
results were obtained for each sample after manual and
bioinformatics data curation. Further validation of positive
CNV calls was carried out by MLPA using the P235 or P221 kit.

CNVs were further delimited by array-based comparative
genomic hybridization (aCGH).12 In cases of CRX deletions, a
commercial or a customized 60K aCGH was performed
(Agilent Technologies Inc, Santa Clara, CA, USA).

Haplotype Analysis

Three microsatellite markers with high heterozygosity
(D19S606, D19S596, and D19S879) flanking 1.5 Mb the CRX

gene and an intragenic polymorphic marker (D19S902) were
analyzed in two families with apparently the same causative
variant to determine a possible common ancestor.

RESULTS

Mutation Detection Rate

The overall diagnostic detection rate in our Spanish adRP
cohort was 60% (155/258) after applying sequential SNV and
CNV screening over the past 27 years. Overall, our families
have been analyzed using several molecular approaches, each
obtaining different molecular diagnostic yields (Table 1): a
classical approach in 226 families, NGS in 32 families, or both
approaches in 105 families. The diagnostic rate has clearly
increased over time with the implementation of new high-
throughput approaches, from approximately 38% (87/226)
obtained with classical molecular screening to 66% (21/32) of
current characterization yield for ‘‘näıve’’ patients analyzed by
NGS, the first-tier approach used since 2015. Additionally, NGS
analysis allowed us to characterize 47 of 105 retrospective
negative adRP cases. More specifically, disease-causing variants
were detected by the following: initial direct (Sanger) or
indirect (SSCP/DGGE) screening of the most prevalent genes in
46 families; screening of known mutations through an adRP
mutation chip in 41 families; NGS in 60 cases; and MLPA or
CNV analysis in 8 families. A total of 103 (40%) families remain
unsolved; however, 34 of them could not be analyzed by the
most recent NGS studies.

Mutational Spectrum

Our cohort showed high allelic and genetic heterogeneity. A
total of 114 different, likely causal SNVs and CNVs were found
(Tables 2, 3). Fifty-three of them have been identified in our
adRP cohort for the first time. Eighteen variants showed
recurrence in two families, and only seven variants in the RHO,
NR2E3, C1QTNF5, and PRPF3 genes can be considered as

common, being present in three or more unrelated families and
accounting for 13.6% (35/258) of the families (Supplementary
Table S2). The most prevalent mutations seen in our cohort
were p.(Pro347Leu) in the RHO gene, followed by
p.(Gly56Arg) in the NR2E3 gene.

Mutations in 26 different genes were identified in our study
(Table 4): 17 adRP-related genes in 138 families (53.5%), 1
autosomal dominant late-onset retinal degeneration gene in 4
different families (1.6%), 3 X-linked RP associated genes in 8
families (3.1%), and 5 different autosomal recessive IRD-
associated genes in 5 families (1.9%). Pedigree and segregation
analysis for these reclassified families are shown in Supple-
mentary Figure S1.

Four adRP-associated genes accounted for 62% (96/155) of
the characterized families, with RHO being the most prevalent
gene, followed by PRPF31, RP1, and PRPH2. In general, most
of the adRP-associated causal variants were missense, except
for PRPF31, RP1, CRX, and TOPORS, in which loss-of-function
variants were the most prevalent (Table 4).

Copy Number Variation

We identified eight CNVs affecting three different adRP genes
in seven unrelated families (Table 3) using a combination of
MLPA and bioinformatic analysis of NGS data. The prevalence
of CNVs in our adRP cohort was 3.1% (8/258), and this type of
mutational event accounted for 5% (8/160) of all the identified
variants.

PRPF31 had the highest prevalence of CNVs in our series,
with five different variations identified in four families (1.9%: 5/
258), including two contiguous gene deletions, two partial
deletions involving a single exon, and one partial multi-exon
duplication. In a particularly noteworthy finding, we report a
novel partial deletion spanning exon 9 in family RP-0076
identified using NGS data (Fig.); all remaining deletions have
been previously described.12

A partial deletion in the CRX gene encompassing exons 3
and 4 was identified in two adRP families (RP-1092 and RP-
1192) by NGS (Fig.). Further MLPA and aCGH analysis allowed
us to confirm, segregate, and refine descriptions of these
deletions. Both probands had an overlapping genomic region
spanning from intron 2 to the 30 untranslated region of CRX;
however, we could not delimit the exact breakpoints. No other
genes were involved in the distal 30 region of either deletion.
Haplotype analysis ruled out a possible founder effect for this
CNV (Supplementary Figure S2).

Clinical and Genetic Reclassification of X-linked
and Recessive Families

NGS analysis revealed that 13 families (5%) had been
misclassified as autosomal dominant (Supplementary Figure
S1). A closer analysis of these families showed likely disease-
causing X-linked variants in RPGR (four families), RP2 (two
families), and CHM (two families). Similarly, we identified
biallelic pathogenic variants compatible with autosomal
recessive inheritance in five families, including a homozygous
splice-site variant in EYS, and compound heterozygous variants
for ABCA4, CNGA1, RDH5, and USH2A. The families carrying
the RDH5 and USH2A variants were only partially solved and,
to date, additional variants explaining pseudo-dominant
inheritance have not yet been identified.

Ophthalmologic reevaluation was performed in those
recessive cases in which the respective genes were associated
with a clinical diagnosis other than RP. In the RDH5 case, the
proband had night blindness, nonrecordable scotopic ERG,
normal disc and retina vessels, small white dots in the
midperiphery to the posterior pole, and no macular involve-
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TABLE 2. Spectrum of Likely Pathogenic SNVs Identified in Our Cohort of 258 adRP Spanish Families

Gene Exon

Nucleotide

Change

Protein

Change

No.

Families Reference

BEST1 6 c.682G>A p.(Asp228Asn) 2 Davidson, 200929

CRX 3 c.122G>A p.(Arg41Gln) 1 Swain, 199730

CRX 4 c.429del p.(Pro145Leufs*42) 1 This study

CRX 4 c.590dup p.(Ala198Glyfs*38) 1 Sohocki, 199831

GUCA1B 1 c.131G>A p.(Arg44His) 1 Fernandez-San Jose, 20158

HK1 20 c.2551G>A p.(Glu851Lys) 1 Sullivan, 201432

IMPDH1 8 c.585T>G p.(Phe195Leu) 1 This study

IMPDH1 9 c.809T>G p.(Leu270Arg) 1 Borras, 201333

IMPDH1 10 c.926G>C p.(Arg309Pro) 2 Kennan, 200234

IMPDH1 10 c.931G>A p.(Asp311Asn) 1 Bowne, 200235

IMPDH1 10 c.962C>T p.(Ala321Val) 1 Fernandez-San Jose, 20158

NR2E3 2 c.166G>A p.(Gly56Arg) 7 Coppieters, 200736

NRL 2 c.152C>T p.(Pro51Leu) 2 Martinez-Gimeno, 200137

NRL 2 c.287T>C p.(Met96Thr) 1 Hernan, 201238

PROM1 12 c.1117C>T p.(Arg373Cys) 1 Yang, 200839

PRPF3 11 c.1481C>T p.(Thr494Met) 3 Chakarova, 200240

PRPF31 2 c.55del p.(Glu19Lysfs*46) 1 This study

PRPF31 4 c.322þ4_322þ7del p.(?) 2 Zhang, 201641

PRPF31 5 c.328_330del p.(Ile110del) 1 de Sousa Dias, 201315

PRPF31 IVS6þ1 c.527þ1G>T p.(?) 1 Chakarova, 200642

PRPF31 7 c.541G>T p.(Glu181*) 2 Pomares, 201043

PRPF31 8 c.736G>A p.(Ala246Thr) 1 Xu, 201444

PRPF31 8 c.770dup p.(Thr258Aspfs*21) 1 Vithana, 200145

PRPF31 8 c.828_829del p.(His276Glnfs*2) 1 Martinez-Gimeno, 20036

PRPF31 9 c.895T>C p.(Cys299Arg) 1 Sullivan, 200646

PRPF31 9 c.939dup p.(Gly314Argfs*10) 1 Fernandez-San Jose, 20158

PRPF31 IVS10–1 c.1074–1G>T p.(?) 1 Martin-Merida, 201712

PRPF31 IVS11þ2 c.1146þ2T>C p.(?) 1 Waseen, 200747

PRPF31 IVS11þ2 c.1146þ2T>A p.(?) 1 Martin-Merida, 201712

PRPF31 14 c.1462_1472del p.(Lys488Argfs*75) 1 This study

PRPF6 IVS17þ1 c.2339þ1G>A p.(?) 1 This study

PRPF8 43 c.6893_6896delinsCCATAGA p.(Leu2298_Ala2299delinsProIleGlu) 1 Martinez-Gimeno, 20036

PRPF8 43 c.6974_6994del p.(Val2325_Glu2331del) 1 Martinez-Gimeno, 20036

PRPF8 43 c.6928A>G p.(Arg2310Gly) 1 McKie, 200148

PRPH2 1 c.536G>T p.(Trp179Leu) 1 Kitiratschky, 201149

PRPH2 1 c.556G>A p.(Asp186Asn) 1 Fernandez-San Jose, 20158

PRPH2 IVS1–1 c.582–1G>A p.(?) 2 Fernandez-San Jose, 20158

PRPH2 2 c.584G>T p.(Arg195Leu) 1 Yanagihashi, 200350

PRPH2 2 c.623G>A p.(Gly208Asp) 1 Kohl, 199751

PRPH2 2 c.634A>G p.(Ser212Gly) 2 Farrar, 199252

PRPH2 2 c.643A>T p.(Asn215Tyr) 1 This study

PRPH2 2 c.646C>T p.(Pro216Ser) 1 Fishman, 199453

RHO 1 c.44A>G p.(Asn15Ser) 1 Kranich, 199354

RHO 1 c.50C>T p.(Thr17Met) 2 Sheffield, 199155

RHO 1 c.84G>C p.(Gln28His) 2 Fernandez-San Jose, 201514

RHO 1 c.131T>C p.(Met44Thr) 1 Reig, 199456

RHO 1 c.173C>G p.(Thr58Arg) 2 Dryja, 199057

RHO 1 c.180C>A p.(Tyr60*) 1 Eisenberger, 201358

RHO 1 c.236T>C p.(Leu79Pro) 1 Fernandez-San Jose, 201514

RHO 1 c.290C>T p.(Thr97Ile) 1 Fernandez-San Jose, 201514

RHO 1 c.316G>A p.(Gly106Arg) 2 Inglehearn, 199259

RHO 2 c.378G>A p.(Tyr126*) 1 Fernandez-San Jose, 201514

RHO 2 c.404G>T p.(Arg135Leu) 2 Andreasson, 199260

RHO 2 c.403C>T p.(Arg135Trp) 5 Sung, 199161

RHO 2 c.491C>A p.(Ala164Glu) 3 Vaithinathan, 199462

RHO 2 c.488T>C p.(Met163Thr) 1 Fernandez-San Jose, 201514

RHO 2 c.500G>A p.(Cys167Tyr) 2 Fernandez-San Jose, 201514

RHO 2 c.509C>G p.(Pro170Arg) 1 Sohocki, 200163

RHO 2 c.512C>T p.(Pro171Leu) 1 Dryja, 199164

RHO IVS2–2 c.531–2A>G p.(?) 1 Martinez-Gimeno, 200065

RHO 3 c.533A>G p.(Tyr178Cys) 1 Sung, 199161

RHO 3 c.541G>A p.(Glu181Lys) 2 Dryja, 199164

RHO 3 c.544G>A p.(Gly182Ser) 3 Sheffield, 199155
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ment on fundus examination. As with the genetic findings,
these symptoms were compatible with the features of retinitis
punctata albescens. The proband with variants in USH2A, did
not have hearing loss, and no such symptom was reported in
the family history. Therefore, the phenotype was suggestive of
RP rather than Usher syndrome. In the family carrying ABCA4

mutations, the phenotype was compatible with a cone-rod
dystrophy, with progressive loss of visual acuity followed by
visual field constriction and total blindness at 45 years of age.

DISCUSSION

We present the largest mutational screening carried out in an
adRP cohort with European ancestry, specifically constituted of
Spanish families. Therefore, our study provides an accurate
overview of the prevalence of adRP-associated genes and

mutational events. This cohort has been screened for more
than 25 years by means of the molecular strategies available at
the time, which gives us an interesting insight into how
diagnostic rates for adRP have changed over time with the
development of more innovative and high-throughput tech-
niques. Direct or indirect screening of the most frequently
mutated genes in combination with genotyping microarrays
achieved a significant diagnostic rate of 38%. After NGS and
CNV analysis, the overall detection rate in our cohort increased
to 60%. This is higher than that found in the German (41%)10

and Belgian cohorts (56%),17 but lower than the 78.5%
reported by the most comprehensive study to date, performed
on a large North American cohort.5 The presence of the
founder p.Pro23His mutation in RHO, which is almost
exclusively from the United States, in 13.2% of American adRP
families5 could explain the difference in detection rates
between the two cohorts. Additionally, our cohort had greater

TABLE 2. Continued

Gene Exon

Nucleotide

Change

Protein

Change

No.

Families Reference

RHO 3 c.545G>T p.(Gly182Val) 1 Yang, 201466

RHO 3 c.556T>C p.(Ser186Pro) 1 Dryja, 199164

RHO 3 c.562G>A p.(Gly188Arg) 1 Dryja, 199164

RHO 3 c.568G>T p.(Asp190Tyr) 2 al-Maghtheh, 199367

RHO 3 c.644C>T p.(Pro215Leu) 1 Martinez-Gimeno, 200065

RHO 4 c.865A>C p.(Thr289Pro) 1 Martinez-Gimeno, 200065

RHO 5 c.1040C>T p.(Pro347Leu) 10 Dryja, 199057

RP1 4 c.1981G>T p.(Glu661*) 1 Fernandez-San Jose, 20158

RP1 4 c.2029C>T p.(Arg677*) 1 Pierce, 199968

RP1 4 c.2056 C>T p.(Gln686*) 1 Gamundi, 200669

RP1 4 c.2080G>T p.(Gly694*) 1 This study

RP1 4 c.2115delA p.(Gly706Valfs*7) 1 Gamundi, 200669

RP1 4 c.2164_2165delinsG p.(Lys722Glufs*16) 1 This study

RP1 4 c.2232T>A p.(Cys744*) 1 Bowne, 199970

RP1 4 c.2288del p.(Asn763Ilefs*12) 1 Fernandez-San Jose, 20158

RP1 4 c.2289_2299del p.(Asn763Lysfs*14) 1 This study

RP1 4 c.2745_2749del p.(Tyr915*) 1 Fernandez-San Jose, 20158

RP1 4 c.4328G>A p.(Arg1443Gln) 1 Fernandez-San Jose, 20158

SNRNP200 16 c.2041C>T p.(Arg681Cys) 2 Benaglio, 201171

SNRNP200 16 c.2042G>A p.(Arg681His) 1 Benaglio, 201171

SNRNP200 18 c.2359G>A p.(Ala787Thr) 1 Xu, 201444

SNRNP200 25 c.3260C>T p.(Ser1087Leu) 2 Zhao, 200972

TOPORS 3 c.2518_2519del p.(Ser840*) 2 This study

TOPORS 3 c.2524dup p.(Thr842Asnfs*31) 1 This study

C1QTNF5 15 c.489C>A p.(Ser163Arg) 4 Hayward, 200322

RPGR 6 c.485_486del p.(Phe162Tyrfs*4) 1 Sharon, 200073

RPGR 8 c.888_889del p.(Ile297Lysfs*48) 1 This study

RPGR 15 c.2405_2406del p.(Glu802Glyfs*32) 1 Vervoort, 200074

RPGR 15 c.2296_2299del p.(Gly766Asnfs*48) 1 This study

CHM 5 c.340G>T p.(Glu114*) 1 This study

CHM 6 c.757C>T p.(Arg253*) 1 Hayakawa, 199975

RP2 1 c.1A>G p.(Met1?) 1 This study

RP2 1 c.14_16del p.(Phe5del) 1 Neidhardt, 200876

ABCA4 8 c.950del p.(Gly317Alafs*57) 1 Corton, 201377

19 c.2888del p.(Gly963Alafs*14) 1 Paloma, 200178

48 c.6688del p.(Leu2230Serfs*17) 1 This study

CNGA1 5 c.94C>T p.(Arg32*) 1 Paloma, 200279

6 c.131del p.(Glu44Glyfs*49) 1 This study

EYS IVS28 c.5928–2A>G p.(?) 1 Gonzalez-del Pozo, 201180

RDH5 4 c.625C>T p.(Arg209*) 1 Schatz, 201081

5 c.776C>T p.(Pro259Leu) 1 This study

USH2A 13 c.2299del p.(Glu767Serfs*21) 1 Eudy, 199882

62 c.12094G>A p.(Gly4032Arg) 1 Ge, 201583

In bold: mutations described in our cohort for the first time.
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allelic diversity. Our study is also somewhat biased, as 34
(13.2%) of our 258 adRP families could not be studied by NGS;
therefore, it is likely that the rate of characterized families has
been slightly underestimated. Taking into account that 66% of
näıve cases were characterized when NGS was applied as a
first-tier approach, the actual diagnostic yield for adRP is
expected to be between 60% and 70%.

In our cohort, mutations in RHO and PRPF31 were the
most prevalent, explaining 21% and 8% of our families,
respectively, followed by RP1 and PRPH2. Supplementary
Table S3 shows the characterization rate and the percentage of
mutations in these genes in different adRP populations. The
frequency of involvement of the adRP-associated genes is quite
similar to that reported for adRP in the US population,5 with
the exception of RP1, which is the fifth most prevalent
mutated gene after PRPH2 and RPGR.5 RHO is known to be
the most prevalent adRP-associated gene worldwide; however,
the prevalence and mutational spectrum of this gene seem to
vary according to the population studied, ranging from 7% in
South Africa18 to 31% in American cohorts.5

Most of the variants (89 variants) identified in our
population were private mutations for their respective family,
18 mutations were seen twice, and 7 different mutations in the
RHO, NR2E3, C1QTNF5, and PRPF3 genes were found in three
or more families, accounting for 13.6% of the solved families.
Among them, the most prevalent mutations seen in our cohort
were the p.(Pro347Leu) in the RHO gene, described as aT
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TABLE 4. Prevalence of Disease-Causing Mutation in 258 adRP Spanish
Families, Including Types of Mutation in Each Gene

Gene

No.

Families % MS FS NS SP CNV Other

ad gene

RHO 54 20.9 50 0 2 1 1 0

PRPF31 21 8.1 2 5 2 6 5 1

RP1 11 4.3 1 4 6 0 0 0

PRPH2 10 3.9 8 0 0 2 0 0

NR2E3 7 2.7 7 0 0 0 0 0

SNRNP200 6 2.3 6 0 0 0 0 0

IMPDH1 6 2.3 6 0 0 0 0 0

CRX 5 1.9 1 2 0 0 2 0

NRL 3 1.2 3 0 0 0 0 0

PRPF8 3 1.2 1 0 0 0 0 2

PRPF3 3 1.2 3 0 0 0 0 0

TOPORS 3 1.2 0 1 2 0 0 0

BEST1 2 0.8 1 0 0 0 0 0

GUCA1B 1 0.4 1 0 0 0 0 0

HK1 1 0.4 1 0 0 0 0 0

PROM1 1 0.4 1 0 0 0 0 0

PRPF6 1 0.4 0 0 0 1 0 0

adRD gene

C1QTNF5 4 1.6 4 0 0 0 0 0

Other inheritance patterns

RPGR 4 1.6 0 4 0 0 0 0

CHM 2 0.8 0 0 2 0 0 0

RP2 2 0.8 0 0 0 0 0 2

ABCA4 1 0.4 0 3 0 0 0 0

CNGA1 1 0.4 0 1 1 0 0 0

EYS 1 0.4 0 0 0 2 0 0

RDH5 1 0.4 1 0 1 0 0 0

USH2A 1 0.4 1 1 0 0 0 0

Not solved 103 39.9

Total 258 100

ad, autosomal dominant; FS, frameshift; MS, missense; NS,
nonsense; Other, start loss, and in-frame variants; SP, splicing.
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hotspot,11 followed by the founder mutation p.(Gly56Arg) in
the NR2E3 gene in our population.19 For the other five variants
p.(Arg135Trp), p.(Ala164Glu), and p.(Gly182Ser) in RHO,
p.(Ser163Arg) in C1QTNF5, and p.(Thr494Met) in the PRPF3

gene, it would be necessary to perform haplotype analyses in
these families to determinate if these variants are founder
mutations in our population.

Recently, pathogenic CNVs have been found to be an
important and underestimated cause of human retinal dystro-
phies.13 Multi-exon deletions have been described in several
IRD-associated genes, accounting for an increasing percentage
of uncharacterized patients.13 Our study was pioneering in the
implementation of comprehensive CNV analysis for molecular
characterization of adRP, using both MLPA and/or read-depth
NGS analysis, highlighting the important role of structural
variants in the etiology of adRP. Remarkably, up to 3.1% of our
patients carried this type of underestimated variant, mainly in
PRPF31 and CRX. The high frequency of CNVs for both genes
could be related to their genomic location on chromosome 19,
which is a well-known enriched region in Alu repeats.20 Similar
to that described for genomic PRPF31 rearrangements,21 the
most plausible mechanism underlying gross CRX deletions
seems to be a nonallelic homologous recombination between
nearly identical Alu repeats, which are present at both 50 and 30

boundaries of the deleted regions (Fig.). Interestingly, the
proportion of structural variants in both genes was similar to
that obtained for truncated variants. However, with the
exception of the CRX, PRPF31, RP1, and TOPORS genes,

missense variants were the most prevalent cause of adRP in our
cohort, presumably due to a mechanism different from
haploinsufficiency. Thus, the adRP-associated disease mecha-
nism seems to be gene-specific, but also it may also be related
to the type of defect and gene localization.

We carried out a hypothesis-free analysis using different
targeted NGS approaches that include genes not only
associated with RP but also with other rare forms of IRD,
which allowed us to perform clinical and genetic reclassifica-
tion of some families. In four families, we found the pathogenic
variant p.(Ser163Arg) in the C1QTNF5 gene that has been
previously associated with a characteristic phenotype of late-
onset retinal degeneration (LORD).16,22 This retinal form is an
autosomal dominant ocular disease characterized mainly by
night blindness in the fifth and sixth decades of life, in which
patients showed mottled yellow-white deposits, central and
peripheral degeneration, and choroidal neovascularization on
eye fundus.22 Index cases from these four families noticed
night blindness as the first symptom at 50 to 60 years and were
referred to our center with an initial diagnosis of late-onset RP,
some of them presented with macular alterations and drusoid
material on fundus examination. LORD can be easily misdiag-
nosed as AMD or classical RP in early or later stages of disease,
respectively.16 In view of the relative high frequency of this
variant in our cohort and the inherent difficulty of LORD
clinical diagnosis, we believe that this gene should be taken
into consideration during NGS screening of cases with
suspected clinical diagnosis of late-onset RP.

FIGURE. Overview of novel CNVs identified in this study. (A) Schematic representation of deletions in the CRX and PRPF31 genes in three patients
by read-depth NGS data analysis. Each exon is represented by a circle. Normal exons are indicated in black and deleted exons are indicated in red.
(B) Refinement by aCGH analysis of CRX deletions on chromosome 19 in families RP-1192 and RP-1092. Red bar represents the genomic positions
of the minimum and maximum deletion size of 8010 bp (chr19:48339345–48347355) and 11905 bp (chr19:48338052–48349957), respectively, in
family RP-1192. Green bar represents the genomic positions of the minimum and maximum deletion size of 6313 bp (chr19:48339216–48345529)
and 12007 bp (chr19:48336134–48348141), respectively, in family RP-1092. The intragenic marker D19S902 is represented by a black rectangle.
Schematic representation of the complete intron-exon structure of CRX in blue and the repeat element (SINE) in black are shown. Exons are
indicated by rectangles. (C) Validation of the deletion in the PRPF31 gene by MLPA and segregation analysis in the RP-0076 family. The segregation
analysis showed incomplete penetrance, as individual III:3 was an asymptomatic carrier.
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Eight families carrying pathogenic variants on X-linked genes
were initially misclassified as adRP due the presence of affected
females. Mutations in the X-linked RP genes, RPGR and RP2,

have been previously described in up to 8.5% of families with
initial diagnosis of adRP and affected carrier females.23 It is well
known that there is a large proportion of causal mutations at the
30 end of RPGR, a highly repetitive region of exon open reading
frame 15 (ORF15), that is poorly covered in the NGS assays.22

Our proportion of characterized adRP families with disease-
causing mutation in RPGR and RP2 is lower (2.4%) than
reported by Churchill et al.,23 and it could be because some
mutations in this region could be missed by capture-based NGS
approaches. This highlights the need of ORF15 screening by
alternative Sanger sequencing in all uncharacterized adRP
families with no male-to-male transmission.

Although carrier females of CHM mutations are usually
asymptomatic,24 there are some previously reported cases of
females fully affected by choroideremia.25 This complete
penetrance of heterozygous CHM variants could be explained
by nonrandom lyonization of chromosome X, inactivating the
wild-type allele.26 Choroideremia is generally a clinical
diagnosis made by eye-fundus examination and family history,27

although in our two families the available phenotypic and
pedigree data were scarce, and therefore the diagnosis mainly
relied on the results of molecular genetic testing. Therefore, it
would be highly recommended to perform an ophthalmologic
examination in these families.

In five additional cases, unexpected biallelic pathogenic
variants for known recessive genes were identified. In the RP-
1217 family, the observed pseudo-dominant pattern was
explained by the segregation of a homozygous variant in
several consecutive generations in a context of high inbreed-
ing. Additionally, pseudo-dominant inheritance in other fami-
lies may also be justified by the relatively high carrier
frequency of some mutations in the Spanish population for
some IRD genes with high allelic heterogeneity.28 This is the
case of family RP-1455, with three different pathogenic ABCA4

variants segregating over several generations.
There are several reasons that would explain the lack of

causative variants in the noncharacterized studied patients.
First, some families could carry disease-causing variants in
regions not targeted by our NGS approaches, such as deep
intronic regions of the studied genes, recently identified adRP-
associated genes (ADIPOR1, ARL3, PRPF4, and SPP2), or novel
genes not yet discovered. Second, despite the successful
identification of genomic rearrangements in this study, we
could not rule out the possibility that there may be additional
CNVs involving partially covered regions by the NGS
approaches used here. Therefore, further WES and/or whole-
genome sequencing studies in these uncharacterized patients
could help us to identify novel adRP genes.

In conclusion, the combination of different strategies in
adRP molecular testing over time has allowed us to achieve
high diagnostic rates in our Spanish cohort. Our study confirms
the great diagnostic value of gene panel–based NGS tools,
which currently represent the most reliable, cost-effective, and
efficient approaches for identifying not only disease-causing
SNVs, but also CNVs in adRP families. It was also evidenced
that the use of a hypothesis-free approach allows for the
genetic and/or phenotypic reclassification of a relevant
number of families, which could have a huge impact on family
counseling, clinical follow-up, and future enrollment in gene
therapy–based treatments.
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