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Abstract

Retinitis pigmentosa (RP) is a devastating form of retinal degeneration, with significant social and
professional consequences. Molecular genetic information isinvaluable for an accurate clinical
diagnosis of RP due to its high genetic and clinical heterogeneity. Using a gene capture panel that
covers 163 of the currently known retinal disease genes, including 48 RP genes, we performed a
comprehensive molecular screening in a collection of 123 RP unsettled probands from awide
variety of ethnic backgrounds, including 113 unrelated simplex and 10 autosomal recessive RP
(arRP) cases. As aresult, 61 mutations were identified in 45 probands, including 38 novel
pathogenic alleles. Interestingly, we observed that phenotype and genotype were not in full
agreement in 21 probands. Among them, eight probands were clinically reassessed, resulting in
refinement of clinical diagnoses for six of these patients. Finally, recessive mutationsin CLN3
were identified in five retinal degeneration patients, including four RP probands and one cone-rod
dystrophy (CRD) patient, suggesting that CLN3 is a novel non-syndromic retinal disease gene.
Collectively, our results underscore that, due to the high molecular and clinical heterogeneity of
RP, comprehensive screening of all retinal disease genesis effective in identifying novel
pathogenic mutations and provides an opportunity to discover new genotype-phenotype
correlations. Information gained from this genetic screening will directly aid in patient diagnosis,
prognosis, and treatment, as well as allowing appropriate family planning and counseling.

Keywords

retinitis pigmentosa; blindness; retinal genes; whole exome sequencing; next generation
sequencing; retinal capture NGS

INTRODUCTION

Retinitis pigmentosa (RP; MIM# 268000) is one of the most common forms of inherited
retinal degeneration affecting 1 in 3,000 people worldwide (Hamel 2006; Hartong et .
2006). Patients with RP lose vision due to the degeneration of rod photoreceptors followed
by cone photoreceptors death throughout the retina (Hamel 2006; Hartong et a. 2006). The
genetic basis of RP is highly heterogeneous. Currently RP is known to be caused by
mutations in over 50 genes (RetNet https://sph.uth.edu/retnet/). The inheritance of RPis also
complex, with autosomal dominant (ad), autosomal recessive (ar), X-linked (x!), digenic and
even mitochondrial forms (Fahim et al. 1993; Kgjiwara et al. 1994; Dryjaet a. 1997;
Mansergh et al. 1999). Furthermore, ailmost half of al RP cases are simplex in which the
inheritance pattern cannot be reliably determined due to missing information and/or limited
pedigree size (Fahim et al. 1993). Thisis further complicated by the extensive clinical and
genetic overlap between RP and other retinal diseases. First of all, different mutations in the
same gene can cause different diseases. For example, mutations in CRX, CRB1, IMPDH1,
RDH12, RPEG5, TULP1, and SPATAY, can cause either RP or other retinal diseases,
including Leber congenital amaurosis (LCA) and cone rod dystrophy (CRD) (RetNet https://
sph.uth.edu/retnet/). Furthermore, genes associated with certain syndromic diseases can also
be linked to non-syndromic RP and in some cases the different phenotypes can be caused by
exactly the same mutation. For example, mutation ¢.1169T>G, p.(M390R) in BBSL,
previously known to cause Bardet-Biedl syndrome (BBS), was recently identified in non-
syndromic RP patients as well (Estrada-Cuzcano et al. 2012). Asaresult, new or even
reported mutations in genes previously known to cause other forms of retinal dystrophy may
also cause RP. In order to solve these cases, it isimperative to perform a comprehensive
molecular diagnosis which includes both known RP genes and other retinal diseases genes.

Hum Genet. Author manuscript; availablein PMC 2015 March 01.
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Current methods for the molecular diagnosis of RP such as Sanger sequencing and Arrayed
Primer Extension (APEX) have limitations. Sanger sequencing, while highly accurate, is
time consuming and costly, making it impractical for testing alarge number of genesin a
large numbers of patients. The latest APEX array, utilizing homogeneous multiplex PCR
and four-color single-base extension technology, can detect hundreds of known mutationsin
parallel (Kurg et al. 2000). However, it is only designed to efficiently detect known
mutations in known genes. For example, the commercially available APEX arRP array
includes 710 known mutations in 28 autosomal recessive RP disease genes (Asper Biotech
http://www.asperbio.com/). With asimilar array, atypical genetic diagnostic rate of less
than 15% was achieved (Avila-Fernandez et al. 2010).

In contrast, next generation sequencing (NGS) technology provides a new approach for
molecular diagnosis of RP. Several recent studies reported the new NGS-based molecular
diagnosis of RP, in which approximately 100 inherited retinal disease genes were targeted
and sequenced (Simpson et al. 2011; Neveling et al. 2012; O’ Sullivan et a. 2012; Shanks et
al. 2012; Glockle et a. 2013). Their results showed a genetic diagnostic rate of
approximately 50%, which is significantly higher than that achieved by conventional
methods. Furthermore, NGS allows for the screening of other known retinal disease genesin
addition to RP disease genes without significantly increasing the cost. Thisis particularly
important due to the extensive clinical and genetic overlap between RP and other retinal
diseases which is described above and indeed recent finding suggests that many RP patients
carry mutations in other retinal disease genes due to a combination of novel genotype/
phenotype correlations, late onset of syndromic features, and clinical misdiagnosis (Fu et al.
2013).

In our study, we performed a comprehensive molecular screening of 123 RP probands,
including 113 unrelated simplex and 10 autosomal recessive RP (arRP) cases, using a
custom designed 163-gene panel that includes 48 known RP causative genes and 115 other
retinal disease genes. Causative mutations were found in 45 probands and 38 novel
pathogenic alleles were identified. In eight out of 21 cases with inconsistent molecular and
clinical diagnoses, clinical reassessments were performed. As aresult, clinical diagnoses for
six cases were refined based on the molecular diagnosis and subsequent clinical
reassessment. In addition, CLN3 was identified as anovel disease gene for non-syndromic
retinal diseases as supported by five unrelated patient familiesin this study. Collectively, our
results demonstrate the power and importance of combining comprehensive molecular
screening and clinical information to accurately diagnose genetically and clinically
heterogeneous diseases such as RP.

MATERIAL AND METHODS

Clinical diagnosis of RP patients

Probands and other family members (when available) were ascertained primarily at (1) the
UC San Diego Shiley Eye Center (LaJolla, CA), (2) the Retina Foundation of the Southwest
(Dalas, TX), (3) the McGill Ocular Genetics Clinic and Lab at the Montreal Children’s
Hospital, McGill University Health Centre (Montreal, Quebec, Canada), (4) the Jules Stein
Eye Institute, UCLA School of Medicine (Los Angeles, CA), (5) the Kellogg Eye Center,
University of Michigan (Ann Arbor, MI), (6) and the Department of Ophthalmology &
Center for Vision and Vascular Science (Belfast, UK). Informed consent was obtained from
all patients in accordance to the tenets of the Declaration of Helsinki. Probands underwent
complete ophthalmol ogic exams and imaging studies including visual acuity testing,
Goldmann visual field testing, fundoscopy, e ectrophysiological testing (ERG), Goldman
applanation tonometry, indirect ophthalmoscopy, optical coherence tomography (OCT),
fundus autofluorescence (FAF), fundus photography, and fluorescein angiography.

Hum Genet. Author manuscript; availablein PMC 2015 March 01.
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Pedigrees were constructed based on patient interviews. A peripheral blood or asaliva
sample was taken from every proband and additional family member when available.
Genomic DNA was isolated from peripheral blood and saliva samples as previously
described (Sohocki et al. 2001; Bowne et al. 2011), or asinstructed by the manufacturer

(Qiagen Inc).

Design of the capture panel

A capture panel of retinal disease genes was previously developed and assessed by our
group (Wang et al. 2013). The panel covers 2560 exons and corresponding splice junctions
of 163 known retinal disease genes, with atotal of 649,804 bp in design region. In total, 48
RP genes were targeted, including all 30 arRP genes that had been reported at the time of
panel design (Supplemental table 1). Of the 2560 exons, 49 were not captured efficiently
due to technical challenges (average coverage < 5X; Supplemental Table 2). In addition, 21
exonsin EYSand 51 exonsin USH2A were missing in our capture panel design
(Supplemental Table 2).

The sensitivity of our method was tested using HapMap sample NA 11831, as described in
(Wang et a. 2013). Briefly, this method can detect 99.5% of SNPs originally found in the
genotyping array data. At around 50X coverage, we can achieve nearly saturated sensitivity
with arelatively low cost (cost islinear to the depth of coverage).

Library preparation and capture sequencing

Pre-capture Illumina libraries were generated as previously described (Koenekoop et al.
2012). NimbleGen SeqCap EZ Hybridization and Wash Kits were used for panel capture
according to the manufacturer’s protocol. In general, 24 to 44 pre-capture libraries were
pooled together for each capture reaction. After capture, DNA libraries were quantified and
sequenced on an |llumina HiSeq 2000, according to the manufacturer’ s protocols.

Bioinformatics analysis

100-bp paired-end reads were obtained. Data were processed as previously described
(Koenekoop et al. 2012). In Particular, doNSFP was used to functionally predict the effects
of missense variants (Liu et al. 2011). Variants with predictions of “damaging” or
“conserved” from no fewer than four algorithms were considered as putatively pathogenic.
Variants with predictions of “benign” or “non-conserved” from no fewer than four
algorithms were considered as benign. Exceptions were made in familial cases where
segregation tests supported the pathogenicity of certain missense alleles.

Sanger validation and segregation test

RESULTS

For each identified mutation, a 500-bp flanking sequence at each side was obtained from the
UCSC genome browser. RepeatM asker was used to mask the repetitive region (Smit et al.
1996-2010). Primer 3 was used to design a pair of primers at least 50 bp upstream and
downstream from the mutation (Rozen and Skaletsky 2000). After PCR amplification, the
amplicons were sequenced on an ABI 3730x| or 3500XL Genetic Analyzer. Family
members were also Sanger-sequenced when available.

Collection of DNA from RP patients

A total of 123 RP probands, including 113 unrelated simplex and 10 arRP cases, were
collected. Individuals were selected for the study based on a clinical diagnosis of RP after
extensive workups. Pedigrees from 113 simplex RP patients showed no family history of

Hum Genet. Author manuscript; availablein PMC 2015 March 01.
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retinal disease, while 10 arRP families had pedigrees supporting a recessive mode of
inheritance with either multiple affected individuals or evidence of consanguinity (Fig. 3,
Fig. 5a, and Supplemental Fig. 1).

Capture sequencing and data processing of 123 samples

To identify causative mutations in these RP patients, we performed targeted capture
sequencing of 163 retinal disease genes using a custom designed capture panel as described
in the material and methods section “design of the capture panel”. As shownin Fig. 1, high
quality results were obtained. For each sample, an average of 2.1 million reads were
generated, approximately 20% of which were mapped to the targeted regions. The mean and
median coverage for the targeted regions were 77X and 70X, respectively. Furthermore,
92% of the targeted regions had at least 10X coverage, and 84% of the targeted regions had
at least 20X coverage (Fig. 1a). To determine if our sequence coverage over the targeted
regionsis evenly distributed, an evenness score was cal culated for our data as previously
described (Mokry et al. 2010). On average, an evenness score of 0.80 was achieved,
indicating a near uniform distribution of our captured reads over the targeted regions (Fig.
1b).

A previously described automatic variant calling, filtering, and annotation pipeline was used
to process the capture sequencing data from all 123 samples (Fig. 2) (Koenekoop et al.
2012). On average, 468 raw variants were initially called for each sample. After filtering out
common polymorphisms with frequency >0.5% in any of the variant databases queried,
including 1000 Genome build 201105 and 201011 (Genomes Project 2010), dbSNP135
(National Center for Biotechnology Information build 135), NHLBI Exome Sequencing
database (NHLBI GO Exome Sequencing Project (ESP) ESP6500SI), NIEHS Exome
Sequencing database (NIEHS Environmental Genome Project NIEHS95), and an internal
control database of 997 exomes, an average of 21 rare variants per sample remained,
including five non-synonymous variants. To assess the pathogenicity of these rare non-
synonymous variants, each variant was searched against the HGMD database to identify
previously reported mutations (Stenson et a. 2003). Furthermore, in silico prediction for
each variant was performed using dbNSFP (Liu et al. 2011).

Identification of pathogenic mutations

In order to systematically identify putative pathogenic mutations for each case, we applied a
stepwise mutation identification strategy as previously described (Fu et al. 2013; Wang et .
2013). Asaresult, 45 probands (42 simplex cases and 3 familia cases) were found to carry
pathogenic mutations in known RP genes (Table 1, 31 cases) and other retinal disease genes
(Table 2, 14 cases). All identified pathogenic mutations were validated by Sanger
sequencing. Segregation tests were performed where applicable.

Pathogenic mutations in known RP genes were found in 31 cases—Asshownin
Table 1, pathogenic mutations in known RP genes were found in 31 probands (29 simplex
cases and two familial cases). Among them, 25 probands (24 simplex cases and one familial
case) carry either known pathogenic mutations or novel loss-of-function (LOF) mutations
(nonsense, frameshift, or splicing mutations) in known RP genes (higher confidence). In
addition, six other probands (five simplex cases and one familial case) were identified to
carry one or more novel putative pathogenic missense mutations in known RP genes (lower
confidence). The pathogenicity of the novel missense alleles were all supported by thein
silico program doNSFP (Liu et a. 2011). Detailed criteria can be found in the Material and
M ethods section under Bioinformatics analysis.

Hum Genet. Author manuscript; availablein PMC 2015 March 01.
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In the 31 probands (29 simplex cases and two familial cases), atotal of 43 pathogenic
mutations were identified in 19 known RP genes, including 18 previously reported alleles,
18 novel LOF mutant alleles, and seven novel missense alleles. The pathogenicity
predictions for the novel missense mutations are listed in Supplementa Table 3. Among the
29 simplex cases solved in this step, seven (24%) were due to mutations in autosomal
dominant genes. Four out of the 29 simplex cases (14%) turned out to be X-linked with
mutationsin RPGR. The remaining 18 simplex cases (62%) harbor mutations in autosomal
recessive genes.

The two familial cases solved at this step are proband 3812 and proband 1467. Proband
3812 carries known digenic RP mutations. The pair of heterozygous mutations, ¢.554T>C,
p.(L185P) in PRPH2 and ¢.236_237insG, p.(V81Cfs) in ROM1, was previously reported to
cause digenic RP (Kgjiwara et al. 1994). Segregation testing in two of the affected siblings
indicated that the mutations co-segregated with the disease phenotype (Fig. 3a). Theclinical
phenotype in proband 3812 is quite unique. Fundus images revealed an extensive
maculopathy in a horsehoe pattern (Fig. 4a), with absent fundus autofluorescence
pericentrally (Fig. 4b) and marked retinal remodelling with extensive debris and cystoid
macular edemain the fovea (Fig. 4c). Proband 1467 from one of our arRP families carries
two novel compound heterozygous missense variants in USH2A. Thefirst allele, c.
4378G>A, p.(G1460R), affects a conserved amino acid and was predicted to be detrimental
(Supplemental Table 3). The second allele, ¢.4106C>T, p.(S1369L), was predicted to be
benign (Supplemental Table 3). Nevertheless, we still considered it as a putatively
pathogenic mutation in this proband since it segregates with the disease phenotype in the
affected siblings (Fig. 3b).

Pathogenic mutations in other retinal disease genes were found in 14 cases—
Asshownin Table 2, 14 probands (13 simplex cases and one familial case) carry pathogenic
mutations in other retinal disease genes not previously associated with RP. Among them,
eight probands (all are simplex) carry either known pathogenic mutations or novel LOF
mutations in other retinal disease genes (higher confidence). In addition, six probands (five
simplex cases and one familial case) carry one or more putatively pathogenic missense
mutations in other retinal disease genes (lower confidence).

In the 14 cases (13 simplex cases and one familial case), atotal of 18 pathogenic mutations
in 11 other retinal disease genes (BBS2, BB5, CDHR1, CLN3, CYP4V2, GPRIS, JAG1,
NPHP1, NPHP4, RDH5, and USH1C) were identified, including five previously reported
aleles, five novel LOF mutant alleles, and eight novel missense alleles. The pathogenicity
predictions for the novel missense mutations are listed in Supplementa Table 3. Among the
13 simplex cases solved in this step, one carries a heterozygous mutation in an autosomal
dominant gene while the remaining probands carry mutations in recessive genes. The only
familia case solved in this step, proband 2055, indeed carries compound heterozygous
mutations in arecessive gene.

Collectively, as shown in Table 1 and Table 2, we identified atotal of 61 pathogenic
mutations in 45 probands, including 42 simplex cases and three familial cases. Thirty-eight
of the 61 pathogenic mutations identified were novel while the remaining 23 mutations had
been previously reported. The mutations identified spread among 30 genes, including 19
known RP genes and 11 other retinal disease genes. Among the 42 solved simplex cases, 30
(71%) were due to mutations in autosomal recessive genes, eight cases (19%) carry
mutations in autosomal dominant genes, and the remaining four cases (10%) all have
mutationsin RPGR, which is an X-linked gene. Two of the arRP familial cases carry
mutations in autosomal recessive genes, as expected, while the third carries digenic
mutations whose inheritance pattern is similar to that of autosomal recessive disease.

Hum Genet. Author manuscript; availablein PMC 2015 March 01.
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Clinical reassessment of probands with inconsistent molecular and clinical diagnoses

Interestingly, an inconsistency between molecular information and theinitial clinical
diagnosis was observed for atotal of 21 probands (Supplemental Table 4). Specifically, for
seven probands, although mutations have been found in known RP disease genes, the
particular mutations identified in the patients had previously been associated with retinal
diseases other than RP. The remaining 14 probands carry mutationsin other retinal disease
genes not previously associated with RP. In order to untangle the inconsistency in these 21
cases, we performed a clinical reassessment of all available patients. In eight of the 21
probands, we successfully abtained enough clinical information for areliable reassessment.
Two probands (2055 and UTAD468_01) were confirmed as RP patients and the clinical
diagnoses of six probands (1249001, 1191001, 1313001, UTAD319_01, RFS095_5294, and
RFS054_2701) were refined to other diseases based on additional clinical information.
Importantly, among the two reconfirmed RP probands, one proband (2055) carries mutations
in CLN3.

Identification of CLN3 as a novel non-syndromic retinal disease gene—CLN3
was previously identified as a causative gene for neuronal ceroid lipofuscinoses (NCL, also
known as Batten disease) (The-International -Batten-Disease-Consortium 1995), a
devastating systemic disease characterized by rapid psychomotor deterioration, seizures,
failure to thrive, microcephaly, ataxia, and vision loss due to photoreceptor degeneration.
Typically, the onset of Batten disease isin early childhood and patients with this disease die
prematurely, usually before age 40. However, one family with amilder form of Batten
disease has been described (Sarpong et a. 2009). In our study, we found compound
heterozygous variantsin CLN3 in proband 2055 from one of our arRP families originating
from Sicily. Thefirst alleleis anovel nonsense variant, c.966C>G, p.(Y 322*), which
introduces a premature stop codon in exon 14, predicted to produce an mRNA, potentially
triggering nonsense-mediated decay. The second allele is a novel missense variant, c.
868G>T, p.(V290L). Although the missense variant was predicted to be benign
(Supplemental Table 3), we considered it as a potentially pathogenic mutation since it
segregated with the disease phenotype in the two affected siblings (Fig. 5a). Clinical
reassessment revealed atypical RP phenotype for proband 2055 (Fig. 6) and his affected
sibling (Supplemental Fig. 2). No signs or symptoms of Batten disease were found in either
case even at the ages of 40 and 45 years, respectively. No other potential disease-causing
mutations were found in the 163 retinal disease genes sequenced in the proband.

In order to further validate the potential association between CLN3 and non-syndromic
retinal degeneration, we Sanger sequenced the coding region of CLN3 in an additional RP
and CRD patient cohort. A total of four patients were found to carry putatively pathogenic
mutations in CLN3, including three RP probands and one CRD proband. The first RP
patient, proband 348 from an arRP family with four affected members, carries a novel
homozygous missense variant, ¢.1213C>T, p.(R405W), in CLN3. This Mohawk family isa
Native American Indian family living in Quebec. The variant affects a conserved amino acid
and was predicted to be detrimental by in silico analyses (Supplemental Table 3) and co-
segregated with the disease (Fig. 5b). Upon clinical reassessment and extensive physical
exams, we confirmed that all the patients in this family are otherwise healthy, without any
signs of NCL in their late 50s and 60s. The second RP patient, proband 2044 (from an arRP
family, a native from Mexico, Fig. 5¢), carries novel compound heterozygous variantsin
CLN3. Thefirst dleleis asplicing variant, ¢.125+1G>C, which affects the splice donor site
of intron 2. Known splicing mutations affecting the same splicing site (¢.125+5G>A and c.
126-1G>A) were previously reported in patients with NCL, suggesting the functional
importance of this splicing site (Kousi et a. 2012). The second allele is the same variant
found in proband 348 described above (¢.1213C>T, p.(R405W)). Clinical reassessment of

Hum Genet. Author manuscript; availablein PMC 2015 March 01.
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proband 2044 confirmed the RP phenotype (Supplemental Fig. 3) and found no symptoms
of Batten disease at the age of 57. The third RP patient, proband 2691 from a Mexican
family, carries ahomozygous missense variant ¢.565G>C, p.(G189R) in CLN3. The alele
was predicted to be damaging and affect a conserved amino acid based on our in silico
analyses (Supplemental Table 3). Homozygosity mapping (Supplemental Fig. 4) and
segregation test (Fig. 5d) further support the pathogenicity of the variant found in the family.
Clinical reassessment was also performed and found no symptoms other than retinal
degeneration at the age of 10 (Supplemental Fig. 5). In addition to the RP probands, one
CRD family was also identified. The CRD proband, SRF41, from a Chinese family, carries
compound heterozygous missense variants, ¢.883G>A, p.(E295K) and ¢.391A>C, p.
(S131R), in CLN3.

Both alleles were predicted to be detrimental (Supplemental Table 3) and co-segregated with
the disease phenotype (Fig. 5€). Clinical reassessment of the two affected siblings confirmed
the phenotypes (Supplemental Fig. 6); no significant signs of neurological impairment were
found at the age of 20.

Altogether, our results indicate that mutations in CLN3 can lead to non-syndromic retinal
degeneration, establishing CLN3 as a new non-syndromic retinal disease gene. Thec.
1213C>T, p.(R405W) mutation may be arecurrent mutation in CLN3 resulting in RP.

Refinement of the clinical diagnoses of six probands—Based on the molecular
results and clinical reassessments, we refined the clinical diagnoses of six probands
(1249001, 1191001, 1313001, UTAD319 01, RFS095_ 5294, and RFS054_2701) to other
diseases including Alagille syndrome (AGS), BBS, LCA, Stargardt macular dystrophy
(STGD), and Usher syndrome type I1. For example, proband 1249001 carries a homozygous
missense mutation, ¢.1169T>G, p.(M390R), in BBSL which was previously reported to
cause both BBS and RP (Mykytyn et al. 2002; Estrada-Cuzcano et a. 2012). Upon clinica
reassessment, proband 1249001 was found to have three features of BBS including RP,
polydactyly, and obesity, strongly suggesting that the patient actually has BBS. Another
example comes from proband 1191001 who carries a novel heterozygous insertion, c.

1455 1456insTG, p.(R486*), in JAG1. The variant introduces a premature stop codon,
likely resulting in anull allele due to protein truncation and/or nonsense-mediated decay.
Previoudly, single copy L OF mutationsin JAG1 have been reported in patients with AGS, a
rare disease with defectsin the liver, heart and kidneys (Li et al. 1997). Patients with AGS
often have biliary atresia, tetralogy of Fallot, and awide variety of kidney diseases. We
reassessed the patient’s clinical phenotype and found that the patient had a history of
congenital aortic aneurysm and Grave' s thyroid disease in addition to RP, indicating it is
more appropriate to diagnose this patient as AGS rather than non-syndromic RP. Similarly,
the clinical diagnosis of proband 1313001 was refined to Usher syndrome type I1; probands
UTAD319 01 and RFS095_5294 were re-classified as LCA patients; the clinical diagnosis
of proband RFS054 2701 was adjusted to STGD.

Confirmation of phenotypic variations under the same pathogenic allele—
Proband UTAD468_01 carries the well known homozygous mutation ¢.1169T>G, p.
(M390R) in BBSL which wasiinitially known to cause BBS and was later discovered to also
cause non-syndromic RP (Estrada-Cuzcano et a. 2012). After clinical reassessment, we
confirmed non-syndromic RP in this patient, as we found none of the common phenotypic
features of BBS, including polydactyly, obesity, and kidney disease at the age of 23. The
same BBS1 mutation was observed in proband 1249001 described above, whose clinical
diagnosis was refined to BBS based on the clinical reassessment. As aresult, our
observation of both scenarios confirmed the previous finding that this particular allele, c.
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1169T>G, p.(M390R), in BBSL can giverise to either BBS or hon-syndromic RP, probably
due to genetic modifiers or environmental differences.

DISCUSSION

In this study, NGS-based molecular diagnosis was applied to a set of 123 unsettled RP
patients, most of which are simplex cases with no or limited inheritance information.
Sporadic or simplex RP cases are more difficult to genotype, as the inheritance mode is
unknown. Sporadic RP cases can be autosomal recessive, de novo autosomal dominant, or x-
linked. Despite this added complexity, we were able to provide a successful molecular
diagnosisin 37% (45/123) of the probands. Among the 42 solved simplex cases, 30 (71%)
were due to homozygous or compound heterozygous mutations in autosomal recessive
genes, eight (19%) carry heterozygous mutations in autosomal dominant genes, and the
remaining four (10%) all carry mutationsin RPGR, which is an X-linked gene. A total of 61
pathogenic mutations were identified in our study, including 38 novel mutations.

Our data, for the first time, link mutations in CLN3 with the non-syndromic retinal
degenerative diseases arRP and CRD. CLN3 mutations were first found in patients with
NCL, arare early-onset, devastating, autosomal recessive neurodegenerative disorder. In our
study, four RP families and one CRD family were identified to carry either homozygous or
compound heterozygous mutationsin CLN3. All available patients in these families showed
typical retinal phenotypes with no additional signs of NCL. This dataindicates that
mutations in CLN3 can cause non-syndromic retinal degeneration, which implies amore
favorable prognosis for patients carrying these mutationsin CLN3.

Thisisnot the first time that a“syndromic” gene was later found to cause isolated retinal
disease without syndromic features. CLN3 now joins agrowing list of this kind of genes.
Other examples include BBSL, which can cause either BBS or non-syndromic RP when
mutated (Estrada-Cuzcano et al. 2012) and CEP290, which can cause Joubert syndrome or
isolated LCA when mutated (den Hollander et a. 2006). This new phenomenon extends our
understanding of genotype-phenotype correlations. How a mutated gene can cause a
complex, extensive syndrome in one patient and isolated RP in another is currently not
understood, but it is postul ated to result from the complex interaction between genetic
modifiers and environmental differences (Wang et a. 2011).

One of the utilities of molecular information is to improve diagnostic accuracy when
coupled with clinic information. Thisis particularly important for heterogeneous diseases,
such as RP, whose clinical phenotypes overlap with other similar diseases. Indeed, out of the
45 probands with positive molecular diagnoses, 21 show potential inconsistency with their
initial clinical diagnoses. Reassessment of the clinical information was performed for eight
probands in this study. As aresult, the clinical diagnoses of six probands were refined to
other retinal-related diseases or syndromes based on the mutation information.

Such a high refinement rate underlines the challenge of accurate diagnosis based on clinic
phenotype alone and emphasi zes the value of comprehensive molecular diagnosis. In RP,
there are several reasons for this challenge. First, RPisaclinically heterogeneous disease
with many phenotypic features that overlap with other retinal and syndromic diseases.
Second, in the case of syndromic RP, patients may manifest only RP at the time of diagnosis
but later in life devel op other syndromic symptoms. In other words, the initial phenotype at
the first medical visit may be dominated by avisual phenotype, while other syndromic
features may develop over time. This makes a comprehensive molecular diagnosis valuable
for clinicians by allowing them to refine the clinical diagnosis. Together, our results
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underscore that molecular diagnosis can aid accurate clinical diagnosis, and an unbiased and
systematic diagnosis can guide better management of the patient and disease.

It isinteresting that 19% (8/42) of our solved simplex cases actually carry heterozygous
mutations in autosomal dominant genes. Simplex cases are often thought to be autosomal
recessive since the patients' parents are assumed to be unaffected. However, in some cases,
de novo dominant mutations may occur resulting in affected offsprings with unaffected
parents (Neveling et a. 2012). Furthermore, it is aso possible that the dominant mutations
have incompl ete penetrance, causing the parents to not manifest disease phenotypes, despite
carrying the mutations. Missing parenta clinical information may lead to dominant simplex
cases, aswell. Unfortunately, parental samples were not available to determineif the
dominant mutations found in the simplex cases are de novo.

It is also worth noting that 78 probands, including 71 simplex cases and seven familial cases,
remain unsolved. The unsolved cases may be due to the following reasons. (1) Five out of
the seven unsolved familial cases had been previously pre-screened using either SNP based
linkage experiment or the APEX arRP chip, and for all five cases no mutations or linkage
regions were identified in known RP genes in these prescreening steps (Supplemental Table
5). This partially explains our relatively low solving rate for these arRP familial cases. (2)
Simplex cases of RP are known to have alower solving rate than arRP, adRP or xIRP,
partially dueto the fact that thereis little information about the patients' families. Simplex
cases can be caused by dominant alleles; however, it isvery hard to prove the pathogenicity
of novel missense dominant alleles given alack of family data. Indeed, in 14 of the 71
unsolved simplex cases, we identified single heterozygous missense variants with unknown
significance in dominant genes (Supplemental Table 6). The variants were completely
absent in any of the databases in our pipeline and were predicted to be detrimental by our in
silico analysis. However, since single rare heterozygous variants could be private
polymorphisms, we could not confidently call whether or not these variants are pathogenic
without additional functional studies. (3) Some exonic regionsin known retinal disease
genes were not included in our design or were not captured efficiently due to technical
challenges (Supplemental Table 2). Further whole exome sequencing (WES) which was
performed for 35 of the 78 negative samples revealed two additional cases carrying
putatively pathogenic mutations in USH2A (data not shown) suggesting that our initial
approach might miss at least four cases due to limitations in the capture. (4) Other technical
and methodological limitations exist. For example, RPGR-ORF 15 is highly repetitive and
GC-rich and our approach (like other approaches) has difficultiesin detecting mutationsin
this region (though we still managed to detect two cases carrying mutations in RPGR-
ORF15). In addition, deep intronic mutations, copy-number variations, structural variations,
and large exonic deletions could not be detected by our approach as well.

In summary, our study suggests that a comprehensive diagnostic strategy including the
screening of al retinal disease genes, instead of screening only those known to cause RP,
may be more suitable for patients with RP. Applying thistool to alarge patient cohort
provides an excellent opportunity to identify families in which new disease-causing genes
may be found. Furthermore, molecular diagnosis can aid in clinical diagnosis, and an
unbiased and systematic diagnosis can better guide disease management. In addition to RP,
these concepts likely apply to other genetically and clinically heterogeneous diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
High quality sequencing results were obtained. (a) The solid curve shows the fraction of

40x

targeted region (y-axis) covered by at least certain coverage (x-axis). Dashed lines show the
95% confidence interval. (b) The evenness score of capture sequencing results from 123 RP
samples
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123 RP samples

Step 0. Initial variants calling
using Atlas-SNP and Atlas-
INDEL.

Average 438 SNPs per sample

Average 30 INDELs per sample

Step 1. Filtering against public database
as well as internal control database to
remove common polymorphisms.

Average 11 SNPs per sample

Average 10 INDELs per sample

Step 2, ANNOVAR annotation and
filtering to remove synonymous and non-
functional intronic variants.

Average 4 SNPs per sample Average 1 INDELs per sample

Step 3. Combining SNPs and

INDELs and removing variants which

were not consistent with the known
inheritance model of the respective

genes.

Average 3 variants per sample

Step 4. Functional prediction
and annotation using dbNSFP.

Average 3 variants per sample with

functional annotation

Fig. 2.

Automatic pipeline used to filter and annotate variants
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Fig. 3.

3-5

Pedigrees and mutations segregating in family 3812 (a) and family 1467 (b)

Hum Genet. Author manuscript; availablein PMC 2015 March 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wang et al. Page 18

Proband 3812

Fig. 4.

Fundus images of proband 3812. Shown are (@) fundus photograph, (b) fundus
autofluorescence (FAF) and (c) optical coherence tomography (OCT) images. The images of
OSrevea an extensive maculopathy in a horsehoe pattern, with absent FAF pericentrally
and marked retinal remodelling with extensive debris and CME in the fovea
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Pedigrees and mutations segregating in family 2055 (a), family 348 (b), family 2044 (c),

family 2691 (d) and family SRF41 (e)
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Proband 2055

Fig. 6.

Fundus images of proband 2055. Shown are (@) fundus photograph, (b) fundus
autofluorescence (FAF) and (c) optical coherence tomography (OCT) images. The retinal
photograph of the OS shows mild choroidal sclerosis and peripheral pigment mottling. FAF
shows a central hyper-fluorescent ring surrounded by essentially normal FAF, surrounded

by mottled FAF outside the arcades. OCT shows extensive |S/OS junction loss, except in the
fovea

Hum Genet. Author manuscript; availablein PMC 2015 March 01.



Page 21

Wang et al.

pAON s1esvA)d PPOLET GLET0 | snobAzosepH | £587€0T00 N HOdH xo|dwis TO0ESOT
pAON (x5520)d 1<0€9.0 snobAzomeieH 6295T0 N Tedddd | xedwis TO0E69
pAON (x£829)d 1<96S5EZD snobAziweH | €58YE0T00 NN HOdH xo|dwis 100689
pAON (+02.0)d 1<085122 snobAziweH | €987€0T00 AN HOdd x|dwis 100889
pAON (oeTm)d V<906€2 snofAzowoH €7€900 N RIRSE[N xo|dwis TO0ZES
pAON S1dTed)d LBpP.6 167 snobAzowoH €7€900 N RIRE x|dwis 6E2T
(0002 "I B EIOAI) ("6520)d 1<99/¢ed snobAzoeRH _ _
£6690Z N vZHSN x|dwis | T0 zTeavin
prON )d V<OT-9812 snobAzomeieH
(TT0Z "l 1 O1|feuag) (oT89y)d 1<0TP022 snobAzoeH ¥IOVTO0 N 00ZdNANS | xedwis | TO ¢sPav.in
(TO0Z "[e 1B JOIsGBM) (0ozed)d 1<08592 snobAzomieH
(866T "I 1 PZOY) dms)d 0<1229T2 snobAzoeRH _ _
0S€000 N voav xldwis | 1022 #5054
(666T " B SIMBT) (WozsTL)d 1<D//Sp™ snobAzomieH
(L66T "I B SBUD|I[]Y) (Age0TVY)d 1<OETTED snobAzoseleH
(2002 3UOIS) s19zz21)d PP99 €92 snobAzoseleH _ _
— erZST NN ZTHaY xeidwis | T0 TTEAVYLN
(#00z "fe 1o &xosuer) (s19692v)d PPOT8 9082 snobAzoseleH
(2002 3UOIS) (s40991V)d PP66Y G610 snobAzoseleH _ _
— erZST NN ZTHaY xdwis | v625 S60SHd
(#00z "fe 1o &xosuer) (s19692v)d PPOT8 9082 snobAzoseleH
(200Z " 1B UAIAIN) (doee)d O<169TTD snobAzowoH 679720 N Sad xdwis | T0 89rav.in
(2002 "1 © UAAHAN) (doeew)d 9<169TT snofAzowoH 679720 N TSad xo|dwis TO06Y2T
(S002Z " [ 18 Weurz) (sis86zM)d Vepees snobAzowoH 62€000 N S93dd xdwis | T0 6TEAVLN
(866T "l ® Apn3) (S1s29/3)d 9pP6622d snofAzowoH €86902 WN vZHSN xo|dwis TOOETET
(9002 "[e 1B LeAl|INS) SyizTZzw)d 9PP9EYD snobAzowieH 6295T0 N Tedddd | xedwis T0089ZT
(¥66T "l B RERMIRY) s1ot8n)d osuez 9520 | snobAzoelH 128000 NN TNOY
— dye 218¢
(7667 " B RRMIRRY) (dsgT1)d 0<1¥559 snobAzoseleH 228000 NN ZHdYd
(666T " B 0117) (s4109p7)d PP8LET 2LET0 | snobAziweH | €587E0TO0 AN HOdd xo|dwis T00069
(0667 "R BEIAIQ) (ved)d 1<00r0T 2 snobAzomieH 65000 N OHd x|dwis TO0GEZT
8ouBp 1juod Jaybiy y1im dnoio
Q0Ud PPY abueyd up1o Id abueyd YNQ2 adAloue al AN a9 _ adA1 _ al

sausb gy umouy| Ui suoieinw d1usboyted BuiAied spueqoud TE Jo Arewwns

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Genet. Author manuscript; availablein PMC 2015 March 01.




Page 22

Wang et al.

prON (@9sv)d V<0912 snobAzoeeH _ _
— ervesT NN ZTHAA xldwis | T0 Se2avin
(002 " e 1o @xjosuer) (s19692v)d |PPOT8 9082 snobAzoselH
PAON (16svi)d O<19/€T snobAzoeleH _ _
22€€00 NN TdInL xoldwis | 06T TS0S4d
PAON @)d O<12+2ITT2 | snobAzolelH
prON (169€TS)d 1<090T#2 snobAzoeeH _
£6690Z N vZHSN due 19T
pAON (doorto)d V<O8LEYD snofAzoreH
prON (oLTy)d 1<06172 SnofAzowoH | 029./0T00 NN aosyd xldwis | 10 622AvLN
prON (ATTSTd)d 9<IZESHD snobAzoreH 3 ~
0S€000 N Pvoav xdwis | T0 zgeav.in
(266T " 1B SBUWX!||V) (veogo)d 0<988GZ0 snobAzoreH
BAON (doog1)d 0<166€2 snobAzosepH _
€82000 WN g93ad x|dwis TO0ZSTT
prON («£Tr0)d 1<D/€2T2 snobAzoreeH
82UBP U0 JBMO| Y3 im dnoio
PAON (G412gyA)d | LSUISSET ¥GETD | snobAzoseieH _ 3
/T0900 N TINOYd xldwis | TO veravin
PAON (sizd)d 1<D0€EL2 snobAzoeeH
prON (Syaveeea)d 9OPP0L69™D snobAzoreeH S#7900 NN 8ddid xdwis | 8909 S6TSHY
PAON (s6€0)d V<OLTITO snobAzoeeH B
/80000 N TVOND | xedwis T009820T
PAON (+6294)d 1<D588T2 snobAzorPH
PAON @)d V<OT-0T59 snobAzoePH B
/T0900 N TAOHd | xejdwis TOOSOET
prON (sxT29M)d 1<VTT0Z? snobAzoreeH
pAON (+9023)d 1<99792 snofAzoeeH 629ST0 NN Tedddd | xedwis TO000ET
prON (s109v171)d €TRPEry TeYD | snobAzolelH #95000 N pesto] xdwis T0008ZT
UL BRPY abueyd uLv10id abueyd YNQo adAoue al NN aueo adA 1 al

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Hum Genet. Author manuscript; availablein PMC 2015 March 01.



Page 23

Hum Genet. Author manuscript; availablein PMC 2015 March 01.

Wang et al.

PAON (o6zA)d 1<98989 snobAzoseleH _
2EVZrOT00 AN | ENTO dyre S502
PAON (szzeA)d 9<09962 snobAzoseleH
PAON (ngTZO)d 1<9g590 snobAzoeieH _ _
60.500 WN JTHSN | eidwis | TO TSyavlin
PAON (Ns9za)d V<OE6/.0 snobAzoePH
PAON (WevLel)d 9<192282 snobAzoeeH _
6TTZE0 WN 86Hdo | xedwis T00S0ZT
PAON (asyr1o)d V<OEHYED snobAzoePH
pArON (N9z91)d Vv<1/202°2 snobAzowoH 00TEE0 N TIHAD | xedwis T00S68T
pAON (log7)d V<O8KTD snoBAzowoH ¥8€2ST WN gsgg | xedwis TOOLOVTT
PAON (aeveA)d 9<1/20T snobAzoeeH _
— 25€.0Z WN ZANvdAD | xeldwis TOOY0ET
(5002 "I B EPRM) JUOX® JO UolBEp sWel-ul | D9sUILTRPOTS 8-2080 | snobAzowerH
80UBP 1JU0D JBMO| Ylim dnois
BAON (5106911d)d OPPY0SED SnoBAzoselH B ~
Z0TSTO N pdHAN | xeidwis | T0 995av.LN
pArON (sEM)d V<OTTTD snobAzoeeH
PAON (+98r4)d 9 ISUI9GHT GGKTD snobAzoseeH ¥12000 AN Tove | xedwis TOOT6TT
pAON €)d V<OT.LP0 snobAzowoH G88TE0 N 894 xdwis T008SS
(5002 "l B EPRM) (sovem)d V<902Z0T"2 snobAzoseleH _
— 25€L0Z N ZAPdAD | xeidwis T00Z0ET
(S00zZ “e 1BEPR/N) /U0X8 Jo uoleep swel-ul | O9sulZTBPOTS 8-2080 | snobAzoerH
(#o0Z " ® 17) @)d 9<VZ-T60Td snobAzoseleH _
— 25€L0Z N ZAPdAD | xeidwis 100026
(S00zZ “e 1BEPR/N) /U0X8 Jo uoleep swel-ul | O9sulZTBPOTS 8-2080 | snobAzoerH
(#o0Z " ® 17) @)d 9<VZ-T60T2 snobAzoseleH _
— 25€L0Z N ZAPdAD | xeidwis T008T6
(S00zZ " 1©EPR/N) /U0X8 Jo uoleep swel-ul | O9sulZTBPOTS 8-2080 | snobAzoerH
(666T "[e 1o Zepueu.p--za[ezUoD) (Hogzy)d V<96E82 snoBAzowoH G06200 N SHaY | xejdwis T006SY
(9002 " ® 1p1RD) (deveo)d V<9/20T"d snobAzowoH 2/2000 AN TdHAN | »eidwis | TO 6eeAvLn
8ouBp 1juod Jaybiy y1im dnoio
ERlISPET=N abueyd uLvo.id abueyd YNQo adAoue al WN _ D) _ adA _ al

d¥ dlwoJpuAs-uou Yiim pareioosse Anoina.d jou ‘seush asessip [euiiad Joyio ul suoireinw olusboyted Bu iAo spueqoid T Jo Arewiwng

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript






