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Whole genome sequencing and in vitro splice assays reveal
genetic causes for inherited retinal diseases
Zeinab Fadaie 1,2,12, Laura Whelan 3,12, Tamar Ben-Yosef4, Adrian Dockery3, Zelia Corradi1,2, Christian Gilissen1,5,
Lonneke Haer-Wigman1, Jordi Corominas1,5, Galuh D. N. Astuti1,6, Laura de Rooij1, L. Ingeborgh van den Born7,
Caroline C. W. Klaver8,9,10, Carel B. Hoyng2,10, Niamh Wynne11, Emma S. Duignan11, Paul F. Kenna3,11, Frans P. M. Cremers1,2,
G. Jane Farrar3 and Susanne Roosing 1,2✉

Inherited retinal diseases (IRDs) are a major cause of visual impairment. These clinically heterogeneous disorders are caused by
pathogenic variants in more than 270 genes. As 30–40% of cases remain genetically unexplained following conventional genetic
testing, we aimed to obtain a genetic diagnosis in an IRD cohort in which the genetic cause was not found using whole-exome
sequencing or targeted capture sequencing. We performed whole-genome sequencing (WGS) to identify causative variants in 100
unresolved cases. After initial prioritization, we performed an in-depth interrogation of all noncoding and structural variants in
genes when one candidate variant was detected. In addition, functional analysis of putative splice-altering variants was performed
using in vitro splice assays. We identified the genetic cause of the disease in 24 patients. Causative coding variants were observed in
genes such as ATXN7, CEP78, EYS, FAM161A, and HGSNAT. Gene disrupting structural variants were also detected in ATXN7, PRPF31,
and RPGRIP1. In 14 monoallelic cases, we prioritized candidate noncanonical splice sites or deep-intronic variants that were
predicted to disrupt the splicing process based on in silico analyses. Of these, seven cases were resolved as they carried pathogenic
splice defects. WGS is a powerful tool to identify causative variants residing outside coding regions or heterozygous structural
variants. This approach was most efficient in cases with a distinct clinical diagnosis. In addition, in vitro splice assays provide
important evidence of the pathogenicity of rare variants.
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INTRODUCTION
Inherited retinal diseases (IRDs) are a group of conditions showing
dysfunction and/or degeneration of the neural retina or retinal
pigment epithelium, resulting in visual impairment. They affect
more than two million people worldwide and display a very high
degree of clinical and genetic heterogeneity1,2. Therefore, defining
the precise underlying genetic cause of the disease has a
profound impact on the potential to diagnose, counsel, and
provide accurate family risk assessment. Furthermore, genetic
diagnoses can enable the development of new therapeutic
approaches and access to these treatments2–4.
High-throughput DNA sequencing technologies are widely used

to investigate IRD pathogenesis as they display a high degree of
heterogeneity, with more than 270 genes and loci associated with
IRDs, encompassing all Mendelian inheritance patterns and
digenic inheritance (https://sph.uth.edu/retnet/). Next-generation
sequencing (NGS) facilitates the analysis of genetic variation in
multiple regions of the genome in a single experiment5. For many
years, the application of NGS in IRD molecular diagnostics had
been limited to target-capture sequencing (TCS) and whole-
exome sequencing (WES). TCS has been shown to be an effective
preliminary diagnostic technique, boasting cost effectiveness,
rapid data generation, and lower volumes of data interpretation
as major advantages6–8. Sequence analysis of only previously

IRD-associated genes is one of the major disadvantages of this
technique9,10. On the contrary, WES is not limited to IRD-
associated genes, as this approach also enables the analysis of
genes not yet associated with IRD. It is estimated that 85% of
pathogenic variants are located within protein-coding regions, the
primary focus of WES11,12. However, this may vary depending on
the particular disease entity. It is evident that sequencing
noncoding regions of the genome is required to also identify
causal deep-intronic variants and to improve the identification of
structural variants (SVs) and their breakpoints13–16.
An accurate splicing process requires highly conserved

sequences in the canonical splice donor site (SDS) and splice
acceptor site (SAS). All SASs contain AG at the canonical −1 and
−2 positions and 98.7% of SDSs contain GT in the canonical +1
and +2 positions. In addition, the first and last three nucleotides
of an exon as well as the −3 to −14 nucleotides from the SAS and
+3 to +6 of the SDS are conserved and ensure a precise splicing
process17. However, variants in intronic regions of the genome can
introduce or strengthen a cryptic splice site, which resembles a
canonical splice site, and in the presence of a nearby SAS or SDS,
may lead to pseudoexon insertion and potentially disrupt the
reading frame causing protein truncation17,18. In both TCS and
WES approaches, the analysis is restricted to genetic variations in
protein-coding and flanking splice site regions of the genome.
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Furthermore, these techniques are limited in their ability to detect
SVs such as deletions, duplications, or inversions when break-
points lie in intronic or intergenic regions19.
These limitations are less evident in WGS, which enables the

identification of most types of variation across the entire
genome2,20. TCS and WES are the most commonly employed
techniques for the genetic diagnosis of IRDs. However, because of
decreasing costs and increasing data interpretability, WGS is
becoming an attractive alternative albeit predominantly for
research purposes, as diagnostic laboratories are able to interpret
variants only in previously associated IRD genes with confidence
using the American College of Medical Genetics and Genomics
(ACMG) guidelines19. In addition, IRD cases are ideal candidates for
WGS analysis as they are largely presumed to be monogenic
diseases with a high degree of genetic heterogeneity.
In this study, we aimed to investigate the sensitivity and

accuracy of WGS in a cohort of 100 individuals with different IRDs.
All individuals were previously tested by TCS or WES, but a genetic
cause of disease remained undetermined. The study provides
insights into the increased resolution of IRD cases that can be
achieved by employing WGS.

RESULTS
Patient characterization
We performed WGS on 100 IRD cases with a suspected autosomal
recessive inheritance recruited in Ireland, Israel, and The Nether-
lands. Among these, TCS was previously performed on 38 Irish and
eight Israeli cases, which did not result in a complete genetic
diagnosis. The remaining 54 cases (43 Dutch and 11 Israeli) were
previously examined using WES and also remained genetically
unresolved. In 56/100 cases, a first plausible pathogenic variant

was selected from prior WES or TCS data based on a minor allele
frequency of <1% in the ExAC database21 and 5% in dbSNP as well
as <1% in an in-house database of 15,576 mostly Caucasian
individuals and <2% in an in-house database of 454 mostly Asian
individuals22. In the prior prioritization of monoallelic cases, all
coding and splice site variants (nucleotides −17 to −1 and +1 to
+6) were manually classified according to a five-class system
based on the ACMG-Association for Molecular Pathology (AMP)
classification system23, followed by evaluating the prioritized
variants using practice guidelines by Wallis et al.24. Therefore,
these were included as monoallelic cases in this study (Supple-
mentary Table 1).
A broad range of IRDs were included in this cohort (Table 1 and

Fig. 1). Retinitis pigmentosa (RP, OMIM: 268000) is the most
frequently listed phenotype (53%), followed by cone–rod dystro-
phy (9%, OMIM: 601777), macular dystrophy (8%, OMIM: 616152),
and Stargardt disease (STGD1, 6%, OMIM: 248200). Rare forms of
IRD such as Leber congenital amaurosis (LCA, OMIM: 204000),
Bardet–Biedl syndrome (OMIM: 209900), and Senior–Løken
syndrome (OMIM: 266900) were also included.

Identification of coding and noncoding candidate variants
after WGS data analysis
Following comprehensive WGS analysis and in vitro functional
assays, we identified a genetic cause of disease in 24 probands
(24%). Pathogenic variants were confirmed by Sanger sequencing
and segregation analysis when family members were available
(9/24) (Table 2 and Supplementary Table 2). Among these, 15
probands (55.5%) carried previously undetected pathogenic
variants in coding regions and three individuals (11.1%) carried
SVs in RPGRIP1 and PRPF31, or a triplet tandem repeat expansion
in ATXN7. In proband Pt-4, presenting with cone–rod dystrophy

Table 1. Phenotypic diversity of patients and the number of cases referred for TCS, WES, and WGS.

Clinical diagnosis No. of cases previously
tested by WES

No. of cases previously
tested by TCS

No. of cases tested by WGS

Retinitis pigmentosa 21 32 53

Cone dystrophy 2 1 3

Rod–cone dystrophy 3 0 3

Cone–rod dystrophy 7 2 9

Alström syndrome 0 1 1

Bardet–Biedl syndrome 1 0 1

Leber congenital amaurosis 2 0 2

Macular dystrophy 8 1 9

Oguchi disease 1 0 1

Central areolar choroidal dystrophy 1 0 1

Fundus albipunctatus 1 0 1

Usher syndrome type III 1 0 1

Senior–Løken syndrome 1 0 1

Nystagmus 1 0 1

Stargardt disease 0 7 7

Clumped pigmentary retinal dystrophy 1 0 1

Cone–rod dystrophy with progressive
neurodegeneration

1 0 1

Retinitis pigmentosa with hypogonadism 1 0 1

Bietti crystalline corneoretina dystrofie 1 0 1

Congenital stationary night blindness 0 1 1

Achromatopsia 0 1 1

Total number 54 46 100

WES whole-exome sequencing, TCS target-capture sequencing, WGS whole-genome sequencing.
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and progressive neurodegeneration (OMIM: 164500), we identified
a pathogenic CAG repeat expansion in exon 3 of ATXN7
(NG_008227.1, p.(Gln30[70])) (Table 2 and Supplementary Fig.
1A). While the wild-type allele carries 3–19 CAG repeats in ATXN7,
the pathogenic allele can be between 37 and 460 repeats25.
The second proband (Pt-22) illustrates the strength of WGS

for SV detection compared to WES. The patient was diagnosed
with LCA (MIM: 605446), with one pathogenic allele in CEP290
(p.(Arg360Gln)), PDE6A (p.(Val685Met)), and RPE65 (p.(Val226Ile))
(Supplementary Table 1). However, WGS data revealed—and
segregation analysis confirmed—a homozygous RPGRIP1
(NG_008933.1) exon 20 deletion (p.(Asp1080Glyfs*6)), missed
previously due to incapability of WES analysis tools to detect
copy number variants (CNVs) using the SureSelect XT Human All
Exon V4 (SOLiD 5500xl sequencer in 2012). While we cannot rule
out that a more recent WES strategy would have detected this
single exon deletion, this approach would not have revealed the
breakpoints. A 12-bp microhomology region was identified in
the breakpoint boundaries (Table 2 and Supplementary Fig. 1D).
Completing the variant analysis, the noncoding regions of
CEP290, RPE65, and PDE6A did not contain additional potential
pathogenic variants. The third proband (Pt-23) had a 26.68-kb
heterozygous deletion on chromosome 19, encompassing
PRPF31, TFPT, and the promoter region of NDUFA3. This large
deletion was not detected previously using TCS assessment
(Table 2 and Supplementary Fig. 1B).
Furthermore, we prioritized ten deep-intronic variants and three

noncanonical splice site (NCSS) variants in 14 individuals using
criteria in Alamut and SpliceAI (Supplementary Tables 3 and 4)
outlined in the variant frequency and pathogenicity prediction
parameters section of the methods. For the indel variants
detected in ABCA4 (NG_009073.1, in Pt-28, Pt-29, and Pt-30),
CYP4V2 (NG_007965.1, in Pt-52), and RLBP1 (NG_008116.1, in Pt-
65), no SpliceAI scores were provided due to the nature of these
variants. Therefore, inclusion of these three variants for in vitro
splice assays was based on Alamut prediction scores only. The
pathogenicity of noncoding variants was determined in seven
cases (46.6%) after in vitro splice assays (see below) (Table 2 and
Fig. 1). While employing WGS, significant progress was made in
defining the genetic pathogenesis of IRDs in this prescreened IRD
cohort; 76% of cases remained genetically unexplained.

Splice defects due to NCSS variants in CDHR1, HGSNAT, and
USH2A
In Pt-7, we identified a homozygous synonymous variant in the
last nucleotide of CDHR1 exon 8, c.783G>A (NG_028034.1). In
2017, Stingl et al. reported that a patient was homozygous for the
same variant. A midigene splice assay encompassing exons 7, 8,
and 9 demonstrated that this variant causes in-frame skipping of
exon 8 (p.Asp214_Pro261del)26. Likewise, a similar defect was
identified in messenger RNA (mRNA) from the retina of an
individual heterozygous for this variant. The authors suggest that
this variant is associated with a relatively mild form of IRD, based
on clinical examination of a patient homozygous for this variant26.
Similarly, our patient displays a mild phenotype and late age-at-
onset as previously described26.
In Pt-17, a pathogenic missense variant (c.1843G>A) was

identified in HGSNAT (NG_009552.1) as the first allele. Through
WGS analysis, a NCSS variant, c.493+5G>A, was identified in the
same gene, resulting in exon 4 skipping (p.Arg124Serfs*25) as
evaluated using a midigene splice assay spanning exons 3, 4, and
5 (Fig. 2a). The variant was classified as severe due to the absence
of remaining wild-type mRNA when testing the mutant construct.
Individual Pt-24 with autosomal recessive RP carried a

heterozygous variant, c.4758+3A>G in USH2A (NG_009497.2)
together with a deep-intronic variant, c.784+14389G>T, in the
same gene. The NCSS variant was found to be pathogenic after
performing a midigene splice assay showing exon elongation
(p.Gln1586_Gly1587ins5*) (Fig. 2b). Two fragments were
observed upon transfection of the mutant midigene in human
embryonic kidney 293 T (HEK293T) cells. After quantification,
we observed 78.9% of a larger fragment (332 nt) corresponding
to 107-bp elongation of exon 22 and 21.1% of the wild-type
fragment (225 nt) enabling classification of this variant as
severe (Supplementary Table 5).

Splice defects due to deep-intronic variants in ABCA4, EYS,
GRM6, and USH2A
In the aforementioned Pt-24, after confirming the pathogenicity of
the c.4758+3A>G NCSS variant in USH2A, an extensive analysis of
the intronic regions of this gene was performed and a deep-
intronic variant, c.784+14389G>T, was detected in trans in USH2A

Fig. 1 Sunburst diagrams illustrating diagnostic yield, phenotypic diversity and variants contributing to increased diagnostic yield in
this study. a Diagnostic yield and phenotypic diversity. The inner rings represent solved (green) and unresolved (gray) cases following whole-
genome sequencing. The outer ring encompasses the phenotypic presentation of patients in these groups. b Variant types contributing to
increased diagnostic yield. The types of variants contributing to increased diagnostic yield are illustrated on the outer ring, with their
corresponding clinical phenotypes on the inner ring. ACHM achromatopsia, AS Alström syndrome, BBS Bardet–Biedl syndrome, CACD central
areolar choroidal dystrophy, CD cone dystrophy, CRD cone–rod dystrophy, CSNB congenital stationary night blindness, FAP fundus
albipunctatus, LCA Leber congenital amaurosis, MD macular dystrophy, NCSS noncanonical splice site, RCD rod–cone dystrophy, RP retinitis
pigmentosa, SLS Senior–Loken syndrome, STGD1 Stargardt disease type 1, USH III Usher syndrome type III. Small insertions include insertions
<4-bp in length. Small deletions include deletions <4-bp in length.
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that led to a pseudoexon insertion (p.Gly262Aspfs*26) (Fig. 3c).
Using the mutant construct for midigene analysis, 77.1% of the
mutant fragment (371 nt) corresponding to the presence of a
pseudoexon in mature mRNA was observed and 22.9% of the
wild-type fragment (274 nt). Therefore, this allele was classified as
severe (Supplemental File 1: Table 5). This patient also carried a
frameshift variant in PCARE (p.(Lys919Thrfs*2)), which was
detected previously by TCS. However, WGS analysis did not reveal
any plausible second candidate variant in intronic regions of the
PCARE gene (Supplemental File 1: Table 1).
Two STGD1 cases (Pt-1 and Pt-2) carried c.6079C>T and

c.674T>C missense variants, individually, as pathogenic alleles
(Supplementary Table 1). Upon WGS analysis, we identified
previously published pathogenic deep-intronic ABCA4 variants in
these probands, c.4539+2028C>T and c.5196+1137G>A, respec-
tively27. The c.4539+2028C>T variant did not show a splice defect
in fibroblast cells, but revealed a retina-specific 345-nt pseu-
doexon insertion in a proportion of the mRNA (p.[=,Arg1514Le-
ufs*36]) extracted from patient-derived photoreceptor precursor
cells4. The variant c.5196+1137G>A showed a 73-nt pseudoexon
insertion in a small fraction of mRNA in a HEK293T cell–midigene-
based splice assay. This effect was stronger in patient-derived
photoreceptor precursor cells (p.[=,Met1733Glufs*78])28. Based on
genotype–phenotype correlations, variants c.4539+2028C>T and
c.5196+1137G>A were deemed moderately severe27,28.
EYS c.5644+70912A>G (NG_023443.2) was identified in Pt-9,

who carried c.[3906C>A;9468T>A] (p.[His1302Gln;Tyr3156*],
NM_001292009.1) in EYS as the first pathogenic allele for which
the truncating variant is mostly reported as c.9405T>A (p.
(Tyr3135*), NM_001142800.1) (Supplementary Table 1). Due to
the large size of intron 26 (150.8 kb), c.5644+70912A>G was
tested in a minigene with a small genomic DNA insert (0.97 kb;
Fig. 3a). Reverse transcription-polymerase chain reaction (RT-
PCR) analysis of the mRNA resulting from the wild-type EYS
minigene revealed the expected wild-type fragment of 274 nt
(76.0% of the total product) and a larger fragment of 378 nt
(24.0% of the total product) corresponding to the presence of a
104-nt pseudoexon, which leads to frameshift variant after 18
amino acids (p.Asp1882Glyfs*18). mRNA products from the
mutant EYS c.5644+70912A>G minigene only contained the
larger fragment (378 nt), with no remaining wild-type mRNA,

and therefore the allele was classified as severe (Fig. 3a and
Supplementary Table 5).
In Pt-14, who was monoallelic for GRM6, c.1732C>T

(NG_008105.1; Supplementary Table 1), GRM6 c.1355-587dup
was identified, which resulted in the insertion of an in-frame
pseudoexon encoding 25 amino acids (p.Asn451_Ala452ins25)
(Fig. 3b). Surprisingly, a 97-nt partial deletion of exon 6 (359 nt) in
both wild-type and mutant midigene assays was observed, which
was calculated to be 54.4% and 37.0% of total RNA molecules,
respectively. In the GRM6 mutant midigene assay, the 567-nt
fragment corresponding to the presence of a pseudoexon was
quantified as 21.0% of total mRNA molecules. The percentage of
full-length wild-type fragments (492 nt) for wild-type and mutant
GRM6 midigene assays were 45.6% and 42.0%, respectively.
Therefore, we normalized the percentage of wild-type fragment in
the assays using the mutant construct (42.0%) to the wild-type
construct (46.0%). GRM6 c.1355-587dup was classified as a mild
allele due to the remaining 91.0% of the wild-type fragment (42/
46 × 100) (Supplementary Table 5).
Finally, five noncoding variants in seven cases did not show any

splice defects after midi- or midigene in vitro splice assays and we
therefore classify these as likely benign (Supplementary Fig.
2A–D): ABCA4, c.6148-89G>A in Pt-27; ABCA4, c.5460+1315_5460
+1317delinsTA in three cases (Pt-28–30); CYP4V2, c.214+879_214
+882delinsG in Pt-52; PDE6B c. 469-776C>G in Pt-61; RLBP1 c.525
+425_525+433delinsATA in Pt-65. These patients were included
in this study as monoallelic cases having the first pathogenic allele
in ABCA4, CYP4V2, PDE6B, and RLBP1, respectively (Supplementary
Table 1). However, all seven probands remained genetically
unresolved given that a potential pathogenic second allele was
not identified.

DISCUSSION
The sophistication of sequencing methods employed for the
detection of disease-causing variants in the human genome has
increased rapidly over the past decade, from targeted approaches
such as panel sequencing to more comprehensive diagnostic
methods such as WES and WGS. TCS and WES have undoubtedly
played a valuable role in the genetic diagnosis of IRDs. For
genetically undiagnosed cases following TCS and WES, it has
become clear that more comprehensive sequencing procedures

Fig. 2 Splice defects due to noncanonical splice site variants. For HGSNAT c.493+5G > A (a) and USH2A, c.4758+3A>G (b), the left panels are
schematic representations of the gene segments of interest containing the corresponding variants in the wild-type (WT) and mutant (Mut)
sequences. The SpliceSiteFinder‐like (SSFL, range 0–100), and Human Splicing Finder (HSF, range 0–100) or NNSPLICE (NNS, range 0–1) scores
for the splice sites are indicated below each sequence. The blue triangles indicate the position of splice donor sites in both wild-type and
mutant sequences. The red highlighted nucleotides indicate the variants in the mutant sequence. The second panels show the mutant pCI‐
NEO‐RHO vectors. They contain the variants and flanking exons 3, 4, and 5 in HGSNAT and exons 22 and 23 in USH2A flanked by RHO exons 3
and 5. Wild-type and mutant constructs were used to transfect HEK293T cells. The next panels show the gel images of RT-PCR products in
wild-type and mutant midigenes. RT‐PCR analysis of RHO exon 5 was performed as a control for transfection efficiencies. In the last panels, the
Sanger sequence analysis of the RT‐PCR fragments confirmed the exon 4 skipping in HGSNAT, c.493+5G>A (a) and 107-nt exon elongation in
USH2A c.4758+3A>G (b). The red “X” in a red box indicates the stop codon in each schematic chromatogram. For each variant, both WT and
mutant variants were examined in parallel in the same experiment and processed in parallel.
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are required. Importantly, WGS facilitates the identification of
noncoding variants, now widely considered a prominent cause of
a wide spectrum of IRDs18,19,29–33. In order to investigate these
possible advantages, we performed WGS for 100 probands with
clinical indications of IRD who had received inconclusive results
from TCS and WES previously.
This study cohort consisted of 56 monoallelic individuals who

carried one candidate pathogenic variant and 44 individuals with
no candidate pathogenic variants previously identified in an IRD-
associated gene via WES or TCS (Supplementary Table 1).
Following extensive WGS data analysis and employment of
in vitro splice assays, we identified the genetic cause of disease
in 24 cases. These findings demonstrate that WGS is a more
comprehensive sequencing method than TCS and WES for IRDs.
As previously described in the literature, we have also observed a
higher detection rate of pathogenic variants in WGS compared to
WES and TCS in the coding and NCSS regions2,20. For instance, in
seven of 24 solved cases (29.2%), one or both pathogenic alleles in
the coding regions of EYS and HGSNAT were not detected or
remained unrecognized as pathogenic in the previous genetic
testing methods. This is due to incomplete gene panels (previous
absence of HGSNAT), flaws in the annotation pipeline, or a lack of
evidence or knowledge regarding the implication of these variants
as IRD-associated at the time of WES or TCS data analysis. In one
case (Pt-12), we have identified a missense variant in EYS,
c.5044G>T, which was assigned previously as “variant with
unknown significance”34. However, due the strong in silico

predictions for this missense variant and the highly conserved
amino acid and nucleotide, we categorized this patient as likely
solved. We have identified the hypomorphic allele p.Ala615Thr in
HGSNAT in two homozygous (Pt-15 and Pt-18) and three
heterozygous (Pt-16, Pt-17, and Pt-19) patients. After extensive
analysis of IRD- and ciliopathies-associated genes as well as the
complete sequence of HGSNAT, no other candidate variant was
identified in these probands. Recently, Schiff et al. investigated the
enzymatic activity of the HGSNAT protein and showed the
decreased enzyme activity and urinary GAG/creatinine ratio in
patients homozygous for p.Ala615Thr. They suggested that this
allele is associated with non-syndromic retinal disease with the
influence of transacting genetic and/or environmental modifiers
on the retina35. Currently, our cases have non-syndromic RP;
however, we suggest monitoring as a protracted syndromic
phenotype may arise.
In addition, WGS facilitated the discovery of pathogenic

noncoding variants that were not previously captured by TCS
and WES. Two NCSS variants, i.e. HGSNAT, c.493+5G>A and USH2A,
c.4758+3A>G, were detected using WGS. These noncoding
variants were overlooked in earlier testing methods due to the
lack of evidence for pathogenicity at the time of sequencing. After
in vitro splice assays of these variants, they were both classified as
severe due to the presence of <25% of the wild-type fragment in
the total mRNA18 (Fig. 2 and Supplementary Table 5).
In Pt-7, we identified CDHR1 c.783G>A in a homozygous state,

which previously was determined to lead to in-frame skipping of

Fig. 3 Splice defects due to deep-intronic variants. For each variant, i.e., a EYS, c.5644+70912A>G, b GRM6, c.1355-587dup, and c USH2A,
c.784+14389G>T, the left panels are schematic representations of the gene segments of interest containing the corresponding variants in the
wild-type (WT) and mutant (Mut) sequences. The SpliceSiteFinder‐like (SSFL, range 0–100), and Human Splicing Finder (HSF, range 0–100)
scores for the splice sites are indicated below each sequence. The green and blue triangles indicate the position of splice acceptor sites and
splice donor sites in both wild-type and mutant sequences. The red highlighted nucleotides indicate the variants in the mutant sequence. The
second panels show the mutant pCI‐NEO‐RHO vectors. They contain the variants and flanking exons (except for EYS, as c.5644+70912A>G is in
a minigene construct) flanked by RHO exons 3 and 5. Wild-type and mutant constructs were used to transfect HEK293T cells. The next panels
show the gel images of RT-PCR products in wild-type and mutant midi- or minigenes. RT‐PCR analysis of RHO exon 5 was performed as a
control for transfection efficiencies. For the GRM6 c.1355-587dup variant, the asterisks in the gel image indicate the heteroduplex fragments.
For the USH2A c.784+14389G>T variant, the “^” in the wild-type construct indicates an artifact product. In the last panels, the Sanger
sequence analysis of the RT‐PCR fragments confirmed the predicted splice defects for each variant. For GRM6 c.1355-587dup, the sequence of
fragment 2 in both midigenes showed the 97-bp deletion of exon 6, which led to the frameshift variant. The third fragment was only observed
in the mutant construct and corresponded to the insertion of an in-frame pseudoexon in intron 6. The red “X” in a red box indicates the stop
codon in each schematic chromatogram. For each variant, both WT and mutant variants were examined in parallel in the same experiment
and processed in parallel.
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exon 8 (p.Asp214_Pro261del)26. No other potentially causative
variants were identified as part of our analysis. The allele
frequency of this variant (total allele frequency of 0.003052 and
allele frequency of 0.004903 in non-Finnish Europeans; Supple-
mentary Table 6) indicates that this variant may not be fully
penetrant or acts as a hypomorphic allele. The splice defect is in-
frame and may confer a subtle change in protein function.
Additionally, Stingl et al. showed reduced expression of the
mutant allele by comparison with the wild type26. In line with this,
Pt-7 displays a mild phenotype consistent with previously
described CDHR1-related disease and late age at disease onset26.
It is also possible that other genetic factors affect the penetrance
of this variant, potentially explaining the relatively high allele
frequency35.
Importantly, WGS identified pathogenic coding variants in IRD-

associated genes that did not reside in the TCS panels. Genes such
as FAM161A (NG_028125.1), RGS9BP (NG_016751.1), C21ORF2
(NG_032952.1), and CDHR1 had not been included in the TCS
panels at the time of sequencing (Table 2). These findings prompt
redesign of TCS panels to include these genes where WES and
WGS remain too costly to apply on a wider scale.
In seven out of 24 (29.2%) resolved cases, we identified five

incidents of deep-intronic variants that could not be detected with
previous sequencing techniques. The tested deep-intronic variants
in this study led to frameshift variants, except for GRM6, c.1355-
587dup, and were classified as severe alleles with <25% of
remaining wild-type mRNA18. We observed the insertion of a 75-nt
pseudoexon in GRM6 midigene assays using the mutant construct
(21%), which encodes 25 amino acids. In addition, a partial
deletion of exon 6 in wild-type and mutant midigene assays was
identified, which was more abundant in products from the wild-
type midigene compared to those from the mutant midigene
(54% compared to 37% in the mutant) (Fig. 3b). Of note, the
partial exon 6 deletion in GRM6 was not reported previously, and
further research needs to be undertaken to investigate this
phenomenon in a retina-specific cell model. The deletion of part
of exon 30 in ABCA4 has previously been reported in normal
retinal mRNA4,36. In addition, we classified GRM6 c.1355-587dup as
a mild allele in this study, although a stronger effect on splicing in
retina-specific cells cannot be discarded as a similar effect was
previously observed for the ABCA4 c.4539+2028C>T and c.5196
+1137G>A variants. These findings highlight the importance of
functional analyses in proving intronic variant pathogenicity, the
contribution of such variants to IRD pathogenesis, and the
diagnostic imperative imposed by them.
No splice defects were observed as a result of ABCA4, c.6148-

89G>A (Pt-27); ABCA4, c.5460+1315_5460+1317delinsTA (Pt-28-
30); CYP4V2, c.214+879_214+882delinsG (Pt-52); PDE6B c. 469-
776C>G (Pt-61); and RLBP1 c.525+425_525+433delinsATA (Pt-65).
For the ABCA4, CYP4V2, and RLBP1 indel variants, only Alamut
prediction scores were used for their inclusion in the in vitro
functional analysis as the SpliceAI algorithm cannot provide
prediction scores for indel variants. All three variants create a
cryptic donor site and have not been reported previously in the
gnomAD database (Supplementary Fig. 2A, C, and E). The ABCA4,
c.6148-89G>A variant strengthens the cryptic SDS in intron 44,
from 67.6 to 79.1 in SpliceSiteFinder-like (range 0–100), and also
activates an exonic splice enhancer (SF2/ASF) motif in the
presence of c.6148-89G>A (Supplementary Fig. 2B). Similarly, the
SpliceAI algorithm predicts a gain of a nearby SDS with a delta
score of 0.12 (Supplementary Table 4). Surprisingly, we did not
observe a splice defect in the presence of variant c.6148-89G>A in
ABCA4. Possibly, the functional assay in HEK293T cells is not a
representative model for this variant due to differences in the
presence of splice enhancer and silencer proteins in kidney and
retina-specific cells. These five variants and in particular the
ABCA4, c.6148-89G>A variant, may still be proven pathogenic
when investigated in retina-like cells. Such findings have been

reported previously, e.g., splice defects resulting from ABCA4
c.4539+2001G>A and c.4539+2028C>T were only detected in
photoreceptor precursor cells derived from patient fibroblasts4.
Therefore, for variants that do not display a splice defect,
exploring variant pathogenicity in models that better recapitulate
the retinal cell identity should be considered. Likewise, we have
established that a minority of wild-type mRNA remains for a
number of variant alleles, while analysis of variants in photo-
receptor precursor cells may determine an alternative allele
severity compared to the result from in vitro splice assays in
HEK293T cells. Furthermore, Pt-52 was included as a suspected
Bietti crystalline corneoretinal dystrophy case, which has a strong
genotype–phenotype association to pathogenic variants in
CYP4V2. This may support our hypothesis that providing
pathogenic evidence for deep-intronic variants possibly failed
due to the disadvantages of the HEK293T midigene system.
Alternatively, the disadvantage lies within the flaws of short-read
sequencing to detect the actual pathogenic variants or the initial
pathogenic allele may represent a chance-finding.
WGS is the optimal sequencing method for the detection of SVs

by comparison with WES and TCS, as indicated by previous
studies2,19,37. In line with this, we have detected a homozygous
3.5 kb SV in RPGRIP1 in an individual with LCA (Pt-22), which
remained undetected by WES. The SV led to exon 20 deletion in
the mRNA, altering the open-reading frame and resulting in a stop
codon after six amino acids (p.Asp1080Glyfs*6) (Supplementary
Fig. 1D). The assessment of WES was set to only detect deletions
when spanning 2 exons or more and therefore could not detect
this SV. Previously, heterozygous pathogenic variants in CEP290,
PDE6A, and RPE65 were reported as the potential first allele, with
all three genes strongly associated with the given phenotype,
which may have distracted from assessing other clinically relevant
genes such as RPGRIP1 (Supplementary Table 1). However, a
comprehensive analysis of the entirety of these genes did not
identify additional pathogenic variants. This finding emphasizes
the importance of analysis of all IRD-associated genes to identify
the true genetic cause of disease.
In addition, a 26.86 kb heterozygous deletion on chromosome

19 was detected in proband Pt-23 (Supplementary Fig. 2B). This
deletion encompasses the entire PRPF31 and TFPT genes, and the
promoter of NDUFA3. This large deletion was not detected using
TCS as the breakpoints of the variant lay within noncoding regions
not covered by the TCS panel. In general, it is difficult to detect
read depth reduction in heterozygous SVs when there is no read
coverage in the surrounding region for comparison. In addition,
this specific individual was thought to have an autosomal
recessive disease given the lack of family history. Segregation
analysis confirmed maternal inheritance of the SV. However, the
proband’s mother was phenotypically unaffected, due to incom-
plete penetrance associated with variants in PRPF31, noted in
other studies38–40. TFPT is a molecular partner of TCF3 and is
associated with childhood acute lymphoblastic leukemia (OMIM:
613065)41. NDUFA3 is required for the formation of the
extramembrane arm of human mitochondrial complex 142. No
additional disease features could be attributed to the disruption of
these genes at this time. In addition, there are no reported
pathogenic variants in either TFPT or NDUFA3 in the ClinVar
database (https://www.ncbi.nlm.nih.gov/clinvar/). A similar dele-
tion encompassing PRPF31, TFPT, and NDUFA3 on chromosome 19
has been reported previously43.
In this study, 76 (76%) cases remain genetically unresolved

following WGS analysis, indicating the presence of pathogenic
variants that eluded our data analysis approach. The pipeline
employed in this study was designed to be stringent, compre-
hensive, and time effective, given the immense volume of data
created by WGS. Unresolved cases may harbor pathogenic
variants that were called, but not individually interpreted because
they did not pass the prioritization criteria employed. Our data
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analysis approach relied on the presence of one coding or NCSS
pathogenic variant before interrogation of intronic regions of the
same gene. Therefore, it is possible that some unresolved
probands carry homozygous or compound heterozygous patho-
genic intronic variants. Alternatively, some may carry pathogenic
variants in genes not yet associated with IRD and therefore were
not included in the WGS data analysis.
Furthermore, it is likely that some individuals carry pathogenic

variants located within regulatory regions of IRD genes, as
reported in other studies44,45. However, the identification and
interpretation of such variants remains complex. These variants
are possibly not prioritized by our current strategy as they likely
have their own interpretation criteria that are yet to be
established. In addition, it is important to note that the line
between Mendelian and complex disease may be blurred by
modifier loci and environmental influences46. Thus, we should
consider that some of the remaining unresolved IRD cases in this
study may have a more complex etiology than previously thought
as shown by the presence of hypomorphic alleles in cases of our
cohort.
Lastly, it is possible that some variants may not have been

called by variant calling software as they may be located in
repetitive or low complexity regions with poor coverage, e.g.,
RPGR open-reading frame 15 (ORF15). Pathogenic variants in RPGR
ORF15 are responsible for 50–90% of X-linked RP (MIM: 312610)47.
While in many instances male cases are analyzed for pathogenic
variants in RPGR ORF15 prior to WES, in our WGS cohort, 35/76
(46%) of unresolved cases are male individuals with an RP
phenotype and it is possible that a proportion carries pathogenic
variants in RPGR ORF15. As data analysis tools for WGS and
knowledge surrounding variant interpretation improve, it is
anticipated that further cases will receive a genetic diagnosis in
the future.
We performed WGS on a cohort of 100 IRD probands that

remained unresolved following the employment of TCS and WES
as preliminary sequencing measures. A genetic cause of the
disease was determined in 24 (24%) cases through detection of
variants in genes that were not included in TCS panels or by
identification and functional analyses of pathogenic intronic
variants as well as detection of both small and large SVs not
previously identified or recognized as causative. While a 24% yield
may be modest, the number of “obvious” genetic causes detected
in the coding regions of established IRD-associated genes is
surprising, especially, considering the extensively previously
examined cohort we assessed. Reasons for this may include an
incomplete gene panel, poor read quality in previous testing
methods, or lack of evidence surrounding the implication of some
IRD genes at the time of initial sequencing. While the coverage
and quality of reads in WGS are higher than prescreening
techniques enabling better variant detection in this cohort, our
findings emphasize the necessity of improvements in variant
interpretation and bioinformatics pipelines as well as performing
in vitro functional assays to obtain a higher diagnostic yield not
only by WGS but also by less comprehensive sequencing
techniques such as WES and TCS.
The findings of this study demonstrate that WGS can be an

optimal sequencing approach for individuals diagnosed with an
IRD. In future studies, a combined approach of WGS and optical
genome mapping or long-read sequencing can be beneficial to
overcome the difficulties of SV detection in short-read sequencing
and provide a higher genetic diagnostic yield. It is a diagnostic
imperative to continue to analyze individuals who have received
an inconclusive genetic testing result following less comprehen-
sive sequencing methods. Identification of the underlying genetic
pathogenesis of a disease is becoming increasingly important in
the advent of gene-based therapeutics, where a known genetic
cause is essential to access clinical trials and approved treatments.
With decreasing costs, increasing data interpretability, and

continued functional analysis, we foresee that WGS may become
the sequencing methodology of choice to provide IRD patients
with an accurate genetic diagnosis.

METHODS
Ethical considerations
The study adhered to the tenets of the Declaration of Helsinki and was
approved by the local ethics committees of the Radboud University
Medical Center (Nijmegen, The Netherlands), the Rotterdam Eye Hospital
(Rotterdam, The Netherlands) (MEC-2010-359; OZR protocol no. 2009-32),
The Department of Ophthalmology, The Royal Victoria Eye and Ear Hospital
(Dublin, Ireland) (13-06-2011: HRA-POR201097), Ramabam Health Care
Campus (Haifa, Israel), and HaEmek Medical Center (Afula, Israel). Written
informed consent was obtained from patients prior to DNA analysis and
inclusion in this study.

Patient cohort
100 IRD probands were subjected to WGS, of which 43 were recruited from
the Radboud University Medical Center, Nijmegen and The Rotterdam Eye
Hospital (both in The Netherlands), 19 from the Technion-Israel Institute of
Technology (Haifa, Israel), and 38 from the Research Foundation of the
Royal Victoria Eye and Ear Hospital (Dublin, Ireland). A suspected recessive
inheritance pattern and unresolved status following prior preliminary
genetic testing using TCS or WES were prerequisites for participation in
this study.

DNA acquisition and preliminary genetic analysis
Participants provided either a blood or saliva sample for analysis. DNA from
Irish participants was isolated using the Qiagen DNA Blood Maxi Kit
(Hilden, Germany) or the DNA Genotek Oragene-DNA Kit (Ontario, Canada).
In the remaining individuals, the genomic DNA was extracted according to
the standard protocol48. TCS and subsequent data analysis of single-
nucleotide variants (SNVs), SVs, and CNVs were carried out as described
previously in the Irish cohort6,9 and eight Israeli cases49,50 (Supplementary
Note 1). All Dutch (43 cases) and remaining Israeli (11 cases) participants
had undergone WES (Supplementary Note 1) and the subsequent data
were analyzed based on the identification of known pathogenic variants as
well as likely pathogenic variants or variants of unknown significance, i.e.,
assessment of all type of variant including SNVs, SVs, and CNVs. Variant
prioritization in WES data was based on a strong correlation between
genotype and phenotype in individuals, i.e., a first pathogenic allele was
identified in a gene previously found to be mutated in the IRD cases with a
similar phenotype. Thirty-three out of 43 Dutch, 14 out of 38 Irish, and nine
out of 19 Israeli cases were monoallelic, carrying one reported pathogenic
or candidate allele in IRD-associated genes prior to WGS.
WGS was performed by BGI (Hongkong, China) on a BGISeq500 using

either 2 × 100 or 2 × 150 bp paired-end reads, with a 30-fold minimal
median coverage per genome. Burrows–Wheeler Aligner was utilized to
map the data to the human genome (hg19). The quality of the WGS data
was based on the insert size, percentage mapped reads, percentage
duplicated mapped reads, coverage, bases with >20× coverage and error
rate, which were evaluated using Qualimap V.2.2.151. Variant calling was
performed by xAtlas V.0.152 and variants were annotated using the Variant
Effect Predictor (VEP V.91) and Gencode V.34lift37 basic gene annotations.
It consists of various features such as chromosomal and nucleotide
position, gene name, and its component (e.g., intron, exon, splice site, 5′-
untranslated region (5′-UTR), 3′-UTR, intragenic). In addition, we used an in-
house developed pipeline that provides further information including
different population frequency databases (e.g., gnomAD22 (https://
gnomad.broadinstitute.org), GoNL53, Wellderly54, 1000genomes55, in-
house variant frequencies database containing WES data of 15,576
individuals), various in silico prediction scores (e.g., Grantham, PhyloP,
CADD_PHRED, SpliceAI)56–59, predicted protein effect, gene and disease
OMIM description, and gene regulation and expression data. Runs of
homozygosity were detected using plink V.1.0760 with the following
parameters: homozyg-window-het=3, homozyg-snp=50 and homozyg-
kb=300.
SVs were detected based on paired-end and split-read evidence using

Manta Structural Variant Caller V.1.1.0 (Illumina) with default parameters61.
CNVs were called using Control-FREEC, which detects copy number
changes and allelic imbalances based on the read depth62. SVs and CNVs
were annotated using an in-house developed pipeline63, i.e., annotations
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for chromosomal location and position, gene(s) and their component (e.g.,
intronic, exonic), type of SV (gain/loss), percentage overlap and frequency
of various population frequency databases (e.g., gnomAD-SV22, GoNL53,
Decipher64, Wellderly54, 1000genomes55), and disease OMIM description.
Short tandem repeats (STRs) for 33 known pathogenic sites were detected
using Expansion Hunter V.3.1.2. using default settings65.

Variant prioritization approach
Sequencing data from a customized panel of 446 IRD and ocular defect-
associated genes and 163 ciliopathy associated genes were extracted from
the WGS data obtained from each patient. To facilitate the identification of
pathogenic variants, a two-step protocol was designed for variant
prioritization, in which the first step was the utilization of an automated
prioritization pipeline composed in R studio66. The details of this pipeline
can be found in Supplementary Note 2. The second step was a manual
review of the remaining variants identified as follows below.
The manual variant prioritization approach differed depending on the

findings of previous genetic studies. In cases where no first candidate
variant was identified during previous genetic testing efforts, CNVs and SVs
were evaluated first followed by assessment of SNVs. Subsequently, SNVs
were manually prioritized according to their predicted pathogenic effect
(i.e., nonsense, frameshift, canonical splice site variants, NCSS variants, in-
frame deletions/insertions, missense variants, and synonymous variants).
Coding or noncoding SNVs with a minor allele frequency of >1% in the
gnomAD database were not considered causative22. Once a candidate
pathogenic variant was identified, the predicted effects of rare intronic
variants (with allele frequency <1%) in the gene of interest were
interrogated in silico.
For cases where a first candidate variant in an IRD or ciliopathy

associated gene was previously identified, the assessment of CNVs, SVs,
and subsequently all rare intronic SNVs in the gene of interest was
performed to identify a second causal variant. If a second causal variant
remained elusive, an analysis of all CNVs, SVs, and SNVs was implemented
in the same manner as for cases in which no first candidate variant was
previously established. In addition, all IRD cases were analyzed for putative
pathogenic STR expansions in IRD-associated genes.

Variant frequency and pathogenicity prediction parameters
All CNVs and SVs were assessed based on their potential effects to disrupt
the reading frame or regulatory regions in 5′- and 3′-UTRs. SVs were
compared to previously identified SVs reported in gnomAD-SV and the
Database of Genomic Variants. In the presence of pathogenic SVs, the
breakpoint regions were manually assessed for the presence of
microhomology or repetitive elements.
For the coding SNVs, the pathogenicity of missense variants was

measured using threshold scores of in silico prediction tools; PhyloP (range
14.1–6.4; predicted pathogenic ≥2.7)56, CADD-PHRED (range 1–99;
predicted pathogenic ≥15)57, and Grantham (range 0–215; predicted
pathogenic ≥80)58. Missense variants that only passed one of the
thresholds were not considered causative.
Noncoding variants were selected for in vitro splice assay analysis based

on criteria that were defined previously18. In short, the predicted effect of
noncoding variants on splicing was evaluated using the algorithms
SpliceSiteFinder‐like, MaxEntScan, GeneSplicer, and Human Splicing Finder
embedded in the Alamut Visual software version 2.10 (Interactive
Biosoftware, Rouen, France; http://www.interactive-biosoftware.com)67–71.
In addition, the SpliceAI algorithm59 was utilized to select candidate
noncoding variants. Other than the default for SpliceAI, we selected
variants with at least one delta score above the threshold of 0.02 for SDS or
SAS gain or loss. For each variant, 500 bp upstream and downstream were
included as the input sequences for SpliceAI analysis.

In vitro splice assays
After completing the data analysis of 100 cases, 10 deep-intronic and 3
NCSS candidate variants in 14 individuals were identified, which adhered to
the stringent criteria defined above for noncoding variants. Subsequently, a
midigene or minigene splice assay was employed as described previously
to assess potential splicing defects in the presence of variants63,72. In short,
the regions of interest of a genomic DNA sample were amplified by primers
that contain attB1 and attB2 tags at their 5′ end to facilitate the Gateway
cloning. After generating the wild-type constructs, they served as templates
to generate mutant constructs by PCR-based site-directed mutagenesis. The
ABCA4 variant c.6148-89G>A was introduced into a vector containing the

wild-type fragment of ABCA4 from exons 43 to 47, as described
previously15. For PDE6B c. 469-776C>G in Pt-61 and RLBP1 c.525
+425_525+433delinsATA in Pt-65, mutant and wild-type constructs were
both generated from the patient’s DNA as the mutagenesis PCR technique
failed due to the complexity of the regions surrounding these variants.
Subsequently, the wild-type and mutant constructs were separately
incorporated into the pCI‐NEO‐RHO or pcDNA3native/DEST Gateway‐
adapted vector to generate wild-type and mutant midi(mini)genes. The
pcDNA3native/DEST vector was utilized when the region of interest
contained the first exon of the gene. Generated wild-type and mutant
midigenes and minigenes were independently transfected into
HEK293T cells. After 48 h of incubation, mRNAs were isolated and utilized
for transcript analysis by RT-PCR with primers in flanking exons for
midigenes or primers in RHO exon 3 and 5 for minigenes. All primers
designed for splice assays are listed in Supplementary Table 7.
Electrophoresis gel images are derived from raw images that are provided
in Supplementary Fig. 3. The Fiji software was utilized for quantification
analysis in the presence of multiple mRNA fragments after gel electro-
phoresis. The variants with <25% of the wild-type fragments present in
mutant constructs were classified as severe alleles. This variant classification
refers only to the severity of the mRNA defect observed in HEK293T cells.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
All data relevant to the study are included in the article or uploaded as Online
Supplementary data. The pathogenic variant data are submitted to Leiden Open
Variation Database (LOVD). The whole-genome sequencing data are not publicly
available as these could compromise research participant privacy. Whole-genome
sequencing data may become available upon a data transfer agreement approved by
local (Irish, Israeli and/or Dutch) ethical committees. Patient sample identifiers from
this study can be released upon reasonable request from “Pt-1 to Pt-100” to the
corresponding local “DNA-number.” Specific variant requests or other data are
available from the corresponding author (S.R.) upon reasonable request.

Received: 20 May 2021; Accepted: 21 October 2021;

REFERENCES
1. Berger, W., Kloeckener-Gruissem, B. & Neidhardt, J. The molecular basis of human

retinal and vitreoretinal diseases. Prog. Retin. Eye Res. 29, 335–375 (2010).
2. Ellingford, J. M. et al. Whole genome sequencing increases molecular diagnostic

yield compared with current diagnostic testing for inherited retinal disease.
Ophthalmology 123, 1143–1150 (2016).

3. Ellingford, J. M. et al. Pinpointing clinical diagnosis through whole exome
sequencing to direct patient care: a case of Senior-Loken syndrome. Lancet 385,
1916 (2015).

4. Albert, S. et al. Identification and rescue of splice defects caused by two neigh-
boring deep-intronic ABCA4 mutations underlying Stargardt disease. Am. J. Hum.
Genet. 102, 517–527 (2018).

5. Buermans, H. P. & den Dunnen, J. T. Next generation sequencing technology:
advances and applications. Biochim. Biophys. Acta 1842, 1932–1941 (2014).

6. Whelan, L. et al. Findings from a genotyping study of over 1000 people with
inherited retinal disorders in Ireland. Genes 11, https://doi.org/10.3390/
genes11010105 (2020).

7. Consugar, M. B. et al. Panel-based genetic diagnostic testing for inherited eye
diseases is highly accurate and reproducible, and more sensitive for variant
detection, than exome sequencing. Genet. Med. 17, 253–261 (2015).

8. Patel, A. et al. The Oculome Panel Test: next-generation sequencing to diagnose a
diverse range of genetic developmental eye disorders. Ophthalmology 126,
888–907 (2019).

9. Dockery, A. et al. Target 5000: target capture sequencing for inherited retinal
degenerations. Genes 8, https://doi.org/10.3390/genes8110304 (2017).

10. Lin, X. et al. Applications of targeted gene capture and next-generation
sequencing technologies in studies of human deafness and other genetic dis-
abilities. Hear. Res. 288, 67–76 (2012).

11. Tucker, T., Marra, M. & Friedman, J. M. Massively parallel sequencing: the next big
thing in genetic medicine. Am. J. Hum. Genet. 85, 142–154 (2009).

Z. Fadaie et al.

9

Published in partnership with CEGMR, King Abdulaziz University npj Genomic Medicine (2021)    97 

http://www.interactive-biosoftware.com
https://doi.org/10.3390/genes11010105
https://doi.org/10.3390/genes11010105
https://doi.org/10.3390/genes8110304


12. Choi, M. et al. Genetic diagnosis by whole exome capture and massively parallel
DNA sequencing. Proc. Natl Acad. Sci. USA 106, 19096–19101 (2009).

13. Lewis, C. A. et al. Tubby-like protein 1 homozygous splice-site mutation causes
early-onset severe retinal degeneration. Invest. Ophthalmol. Vis. Sci. 40,
2106–2114 (1999).

14. Stojic, J., Stöhr, H. & Weber, B. H. Three novel ABCC5 splice variants in human
retina and their role as regulators of ABCC5 gene expression. BMC Mol. Biol. 8, 42
(2007).

15. Khan, M. et al. Resolving the dark matter of ABCA4 for 1054 Stargardt disease
probands through integrated genomics and transcriptomics. Genet. Med. 22,
1235–1246 (2020).

16. Haer-Wigman, L. et al. Diagnostic exome sequencing in 266 Dutch patients with
visual impairment. Eur. J. Hum. Genet. 25, 591–599 (2017).

17. Anna, A. & Monika, G. Splicing mutations in human genetic disorders: examples,
detection, and confirmation. J. Appl. Genet. 59, 253–268 (2018).

18. Fadaie, Z. et al. Identification of splice defects due to noncanonical splice site or
deep-intronic variants in ABCA4. Hum. Mutat. 40, 2365–2376 (2019).

19. Carss, K. J. et al. Comprehensive rare variant analysis via whole-genome
sequencing to determine the molecular pathology of inherited retinal disease.
Am. J. Hum. Genet. 100, 75–90 (2017).

20. Belkadi, A. et al. Whole-genome sequencing is more powerful than whole-exome
sequencing for detecting exome variants. Proc. Natl Acad. Sci. USA 112,
5473–5478 (2015).

21. Lek, M. et al. Analysis of protein-coding genetic variation in 60,706 humans.
Nature 536, 285–291 (2016).

22. Karczewski, K. J. et al. The mutational constraint spectrum quantified from var-
iation in 141,456 humans. Nature 581, 434–443 (2020).

23. Richards, S. et al. 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.
17, 405–424 (2015).

24. Wallis, Y. et al. Practice Guidelines for the Evaluation of Pathogenicity and the
Reporting of Sequence Variants in Clinical Molecular Genetics 1–16 (Association for
Clinical Genetic Science & Dutch Society of Clinical Genetic Laboratory Specialists,
2013).

25. Gardiner, S. L. et al. Large normal-range TBP and ATXN7 CAG repeat lengths are
associated with increased lifetime risk of depression. Transl. Psychiatry 7, e1143
(2017).

26. Stingl, K. et al. CDHR1 mutations in retinal dystrophies. Sci. Rep. 7, 6992 (2017).
27. Khan, M. et al. Detailed phenotyping and therapeutic strategies for intronic

ABCA4 variants in Stargardt disease. Mol. Ther. Nucleic Acids 21, 412–427 (2020).
28. Braun, T. A. et al. Non-exomic and synonymous variants in ABCA4 are an

important cause of Stargardt disease. Hum. Mol. Genet. 22, 5136–5145 (2013).
29. Cremers, F. P. et al. Autosomal recessive retinitis pigmentosa and cone-rod

dystrophy caused by splice site mutations in the Stargardt’s disease gene ABCR.
Hum. Mol. Genet. 7, 355–362 (1998).

30. Sangermano, R. et al. Deep-intronic ABCA4 variants explain missing heritability in
Stargardt disease and allow correction of splice defects by antisense oligonu-
cleotides. Genet. Med. 21, 1751–1760 (2019).

31. Weisschuh, N. et al. Deep-intronic variants in CNGB3 cause achromatopsia by
pseudoexon activation. Hum. Mutat. 41, 255–264 (2020).

32. Weisschuh, N., Buena-Atienza, E. & Wissinger, B. Splicing mutations in inherited
retinal diseases. Prog. Retin. Eye Res. 80, 100874 (2021).

33. Di Scipio, M. et al. Phenotype driven analysis of whole genome sequencing
identifies deep intronic variants that cause retinal dystrophies by aberrant exo-
nization. Invest. Ophthalmol. Vis. Sci. 61, 36 (2020).

34. Di, Y. et al. Whole-exome sequencing analysis identifies mutations in the EYS
gene in retinitis pigmentosa in the Indian population. Sci. Rep. 6, 19432 (2016).

35. Schiff, E. R. et al. A genetic and clinical study of individuals with nonsyndromic
retinopathy consequent upon sequence variants in HGSNAT, the gene associated
with Sanfilippo C mucopolysaccharidosis. Am. J. Med. Genet. C 184, 631–643
(2020).

36. Gerber, S. et al. Complete exon-intron structure of the retina-specific ATP binding
transporter gene (ABCR) allows the identification of novel mutations underlying
Stargardt disease. Genomics 48, 139–142 (1998).

37. González-Del Pozo, M. et al. Unmasking retinitis pigmentosa complex cases by a
whole genome sequencing algorithm based on open-access tools: hidden
recessive inheritance and potential oligogenic variants. J. Transl. Med. 18, 73
(2020).

38. Bhatia, S., Goyal, S., Singh, I. R., Singh, D. & Vanita, V. A novel mutation in the
PRPF31 in a North Indian adRP family with incomplete penetrance. Doc. Oph-
thalmol. 137, 103–119 (2018).

39. Rose, A. M. & Bhattacharya, S. S. Variant haploinsufficiency and phenotypic non-
penetrance in PRPF31-associated retinitis pigmentosa. Clin. Genet. 90, 118–126
(2016).

40. Vithana, E. N. et al. Expression of PRPF31 mRNA in patients with autosomal
dominant retinitis pigmentosa: a molecular clue for incomplete penetrance?
Invest. Ophthalmol. Vis. Sci. 44, 4204–4209 (2003).

41. Brambillasca, F. et al. Promoter analysis of TFPT (FB1), a molecular partner of TCF3
(E2A) in childhood acute lymphoblastic leukemia. Biochem. Biophys. Res. Com-
mun. 288, 1250–1257 (2001).

42. Rak, M. & Rustin, P. Supernumerary subunits NDUFA3, NDUFA5 and NDUFA12 are
required for the formation of the extramembrane arm of human mitochondrial
complex I. FEBS Lett. 588, 1832–1838 (2014).

43. Rose, A. M., Mukhopadhyay, R., Webster, A. R., Bhattacharya, S. S. & Waseem, N. H.
A 112 kb deletion in chromosome 19q13.42 leads to retinitis pigmentosa. Invest.
Ophthalmol. Vis. Sci. 52, 6597–6603 (2011).

44. Radziwon, A. et al. Single-base substitutions in the CHM promoter as a cause of
choroideremia. Hum. Mutat. 38, 704–715 (2017).

45. Bauwens, M. et al. ABCA4-associated disease as a model for missing heritability in
autosomal recessive disorders: novel noncoding splice, cis-regulatory, structural,
and recurrent hypomorphic variants. Genet. Med. 21, 1761–1771 (2019).

46. Runhart, E. H. et al. Association of sex with frequent and mild ABCA4 alleles in
Stargardt disease. JAMA Ophthalmol. 138, 1035–1042 (2020).

47. Maggi, J. et al. De novo assembly-based analysis of RPGR exon ORF15 in an
Indigenous African Cohort overcomes limitations of a standard next-generation
sequencing (NGS) data analysis pipeline. Genes 11, https://doi.org/10.3390/
genes11070800 (2020).

48. Diekstra, A. et al. Translating sanger-based routine DNA diagnostics into generic
massive parallel ion semiconductor sequencing. Clin. Chem. 61, 154–162 (2015).

49. Weisschuh, N. et al. Molecular and clinical analysis of 27 German patients with
Leber congenital amaurosis. PLoS ONE 13, e0205380 (2018).

50. Sharon, D. et al. A nationwide genetic analysis of inherited retinal diseases in
Israel as assessed by the Israeli inherited retinal disease consortium (IIRDC). Hum.
Mutat. 41, 140–149 (2020).

51. Okonechnikov, K., Conesa, A. & García-Alcalde, F. Qualimap 2: advanced multi-
sample quality control for high-throughput sequencing data. Bioinformatics 32,
292–294 (2016).

52. McLaren, W. et al. The Ensembl variant effect predictor. Genome Biol. 17, 122 (2016).
53. The Genome of the Netherlands Consortium. Whole-genome sequence variation,

population structure and demographic history of the Dutch population. Nat.
Genet. 46, 818–825 (2014).

54. Erikson, G. A. et al. Whole-genome sequencing of a healthy aging cohort. Cell
165, 1002–1011 (2016).

55. Abecasis, G. R. et al. An integrated map of genetic variation from 1,092 human
genomes. Nature 491, 56–65 (2012).

56. Pollard, K. S., Hubisz, M. J., Rosenbloom, K. R. & Siepel, A. Detection of nonneutral
substitution rates on mammalian phylogenies. Genome Res. 20, 110–121 (2010).

57. Kircher, M. et al. A general framework for estimating the relative pathogenicity of
human genetic variants. Nat. Genet. 46, 310–315 (2014).

58. Grantham, R. Amino acid difference formula to help explain protein evolution.
Science 185, 862–864 (1974).

59. Jaganathan, K. et al. Predicting splicing from primary sequence with deep
learning. Cell 176, 535–548.e524 (2019).

60. Farek, J. et al. xAtlas: scalable small variant calling across heterogeneous next-
generation sequencing experiments. Preprint at bioRxiv https://doi.org/10.1101/
295071 (2018).

61. Chen, X. et al. Manta: rapid detection of structural variants and indels for germline
and cancer sequencing applications. Bioinformatics 32, 1220–1222 (2016).

62. Boeva, V. et al. Control-FREEC: a tool for assessing copy number and allelic
content using next-generation sequencing data. Bioinformatics 28, 423–425
(2012).

63. Verbakel, S. K. et al. The identification of a RNA splice variant in TULP1 in two
siblings with early-onset photoreceptor dystrophy. Mol. Genet. Genom. Med. 7,
e660 (2019).

64. Firth, H. V. et al. DECIPHER: Database of Chromosomal Imbalance and Phenotype
in Humans Using Ensembl Resources. Am. J. Hum. Genet. 84, 524–533 (2009).

65. Dolzhenko, E. et al. Detection of long repeat expansions from PCR-free whole-
genome sequence data. Genome Res. 27, 1895–1903 (2017).

66. Allaire, J. RStudio: integrated development environment for R. RStudio 770, 394
(2012).

67. Shapiro, M. B. & Senapathy, P. RNA splice junctions of different classes of
eukaryotes: sequence statistics and functional implications in gene expression.
Nucleic Acids Res. 15, 7155–7174 (1987).

68. Reese, M. G., Eeckman, F. H., Kulp, D. & Haussler, D. Improved splice site detection
in Genie. J. Comput. Biol. 4, 311–323 (1997).

69. Pertea, M., Lin, X. & Salzberg, S. L. GeneSplicer: a new computational method for
splice site prediction. Nucleic Acids Res. 29, 1185–1190 (2001).

70. Yeo, G. & Burge, C. B. Maximum entropy modeling of short sequence motifs with
applications to RNA splicing signals. J. Comput. Biol. 11, 377–394 (2004).

Z. Fadaie et al.

10

npj Genomic Medicine (2021)    97 Published in partnership with CEGMR, King Abdulaziz University

https://doi.org/10.3390/genes11070800
https://doi.org/10.3390/genes11070800
https://doi.org/10.1101/295071
https://doi.org/10.1101/295071


71. Desmet, F. O. et al. Human Splicing Finder: an online bioinformatics tool to
predict splicing signals. Nucleic Acids Res. 37, e67 (2009).

72. Sangermano, R. et al. ABCA4 midigenes reveal the full splice spectrum of all
reported noncanonical splice site variants in Stargardt disease. Genome Res. 28,
100–110 (2018).

ACKNOWLEDGEMENTS
We thank the affected individuals and their families for participating in this study and
our funding bodies. We thank B. van Gestel for his expert bioinformatic input. The
work of Z.F. is funded by the Foundation Fighting Blindness USA Project Program
Award, grant no. PPA‐0517-0717‐RAD (to F.P.M.C., S.R., and C.B.H.). The research was
supported by the European Union’s Horizon 2020 research and innovation program
under the EJP RD COFUND-EJP No. 825575 (to F.P.M.C. and S.R.), the Algemene
Nederlandse Vereniging ter Voorkoming van Blindheid, Oogfonds, Landelijke
Stichting voor Blinden en Slechtzienden; Rotterdamse Stichting Blindenbelangen,
Stichting Blindenhulp, Stichting tot Verbetering van het Lot der Blinden, and
Stichting Blinden-Penning (to S.R. and F.P.M.C.). The work of L.W. and A.D. was
supported by grant awards from Fighting Blindness Ireland (FB Irl; FB16FAR, FB18CRE,
FB20DOC) (to F.P.M.C., S.R., and G.J.F.), The Health Research Board of Ireland (HRB;
POR/2010/97) (to G.J.F.) in conjunction with Health Research Charities Ireland (HRCI;
MRCG-2013-8, MRCG-2016-14) (to G.J.F.), the Irish Research Council (IRC; GOIPG/2017/
1631) (to G.J.F.), and Science Foundation Ireland (SFI; 16/1A/4452) (to G.J.F.).

AUTHOR CONTRIBUTIONS
Z.F. and L.W. are co-first authors. Z.F., L.W., and S.R. performed the data analysis and
experiments. C.G., J.C., and G.D.N.A. provided infrastructure and bioinformatic expert
input. T.B.-Y., L.I.v.d.B., C.B.H., N.W., E.S.D., and P.F.K. collected clinical cases and
performed clinical examinations of patients. Z.C. and L.d.R. contributed to the
experiments. S.R., F.P.M.C., T.B.-Y., A.D., and G.J.F. contributed significantly to the
design of the study, provided infrastructure, and strategic support. Z.F., L.W., F.P.M.C.,
and S.R. wrote the manuscript. All authors read and approved the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41525-021-00261-1.

Correspondence and requests for materials should be addressed to Susanne
Roosing.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Z. Fadaie et al.

11

Published in partnership with CEGMR, King Abdulaziz University npj Genomic Medicine (2021)    97 

https://doi.org/10.1038/s41525-021-00261-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Whole genome sequencing and in�vitro splice assays reveal genetic causes for inherited retinal diseases
	Introduction
	Results
	Patient characterization
	Identification of coding and noncoding candidate variants after WGS data analysis
	Splice defects due to NCSS variants in CDHR1, HGSNAT, and USH2A
	Splice defects due to deep-intronic variants in ABCA4, EYS, GRM6, and USH2A

	Discussion
	Methods
	Ethical considerations
	Patient cohort
	DNA acquisition and preliminary genetic analysis
	Variant prioritization approach
	Variant frequency and pathogenicity prediction parameters
	In vitro splice assays
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




