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The genetic heterogeneity of Mendelian disorders results in a significant proportion of patients 

that are unable to be assigned a confident molecular diagnosis after conventional exon sequencing 

and variant interpretation. Here we evaluated how many patients with an inherited retinal disease 

(IRD) have variants of uncertain significance (VUS's) that are disrupting splicing in a known IRD 

gene by means other than affecting the canonical dinucleotide splice site. Three in silico splice-

affecting variant predictors were leveraged to annotate and prioritize variants for splicing 

functional validation. An in vitro minigene system was used to assay each variant's effect on 

splicing. Starting with 745 IRD patients lacking a confident molecular diagnosis we validated 23 

VUS's as splicing variants that likely explain disease in 26 patients. Using our results we 

optimized in silico score cutoffs to guide future variant interpretation. Variants that alter base pairs 

other than the canonical GT-AG dinucleotide are often not considered for their potential effect on 

RNA splicing but in silico tools and a minigene system can be utilized for the prioritization and 

validation of such splice-disrupting variants. These variants can be overlooked causes of human 

disease but can be identified using conventional exon sequencing with proper interpretation 

guidelines.
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Introduction

Many Mendelian disorders are genetically heterogeneous having a multitude of different 

disease genes in which a variety of disease-causing variants have been discovered. This 

genetic heterogeneity presents an on-going challenge in the field of human genetics in that 

disease-causing variants are not always obvious and therefore assigning a molecular 

diagnosis to a patient with a heterogeneous disease can be difficult. A molecular diagnosis is 

the critical step that unlocks gene-specific therapies (Zhao, et al., 2014), mutation-specific 

therapies (Gerard, et al., 2016), genetic counseling, family planning, and prognosis 

management (Ellingford, et al., 2015).

Inherited retinal degenerations (IRDs) are a group of both clinically and genetically 

heterogeneous Mendelian disorders that are categorized by the predominant cell type 

affected and the disease's age of onset. Almost all IRDs have both genotypic and phenotypic 

overlap making both an accurate clinical diagnosis, as well as a confident molecular 

diagnosis, challenging. IRDs as a group however have made remarkable progress in the past 

decade when it comes to disease treatment making it all the more crucial for a patient to 

receive a molecular diagnosis. Multiple IRD genes have active gene therapy clinical trials 

which a patient could become eligible for after the appropriate molecular diagnosis (Han, et 

al., 2014; Jacobson, et al., 2012; MacLaren, et al., 2014).

The conventional most cost-effective method for the molecular diagnosis of IRDs involves 

next-generation sequencing of the protein-coding exons of every gene with an associated 

retinal phenotype followed by interpreting variants that obviously alter the protein-coding 

sequence. This results in a molecular diagnosis discovery rate of 66% for Stargardt disease 
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(Zaneveld, et al., 2015), 60% for retinitis pigmentosa (RP)(Zhao, et al., 2014), 75% for 

Leber congenital amaurosis (LCA)(Wang, et al., 2015a), and 70% for Usher syndrome 

(Jiang, et al., 2015). The disease with the most molecular diagnosis success, LCA, still has a 

quarter of its patients lacking a molecular diagnosis after conventional methods. There are 

three main possibilities for what could be responsible for disease in the remaining 

proportions: 1) Variants affecting genes not yet linked with an IRD, 2) Variants affecting 

known IRD genes that we are not sequencing or are failing to detect and interpret as 

pathogenic, or 3) Novel genetic mechanisms beyond what is classically expected for a 

Mendelian disease. This study sought to evaluate a potential contribution to the second 

option - variants that disrupt splicing other than at canonical splice sites.

Mammalian RNA splicing is a delicate process whose precise coordination is not fully 

understood but its regulation is critical for the proper expression of most genes and their 

isoforms. In fact 15% of disease-associated SNVs disrupt splicing and 25% of exonic 

disease-associated variants disrupt splicing regulatory elements (Soukarieh, et al., 2016). 

The importance of understanding this process and being able to predict which variants alter 

splicing is therefore essential to understanding human disease. As early as 1992 the field of 

genetics has known that human disease can be caused by non-canonical splice site variants 

and these variants account for over 33% of pathogenic donor splice site variants and more 

than 10% of acceptor splice site variants (Krawczak, et al., 1992).

Many variant annotation pipelines only annotate the two base pairs (bp) directly flanking an 

exon as “splice site” variants, the canonical GT-AG dinucleotides considered required for 

splice site recognition. The effect on splicing of variants at other positions around the exon-

intron junction can vary depending on the exact substitution because the spliceosome 

displays a large preference for certain consensus sequences over others (Rosenberg, et al., 

2015). Therefore there is no guarantee without further testing that non-canonical splicing 

variants will affect splicing. In this study we leverage in silico splice-affecting variant 

predictors to prioritize non-canonical splicing variants for splicing functional validation 

using an in vitro minigene system in order to evaluate the contribution of non-canonical 

splicing variants to human disease in our IRD cohort.

Materials and Methods

Clinical diagnosis and patient recruitment

All probands discussed herein were clinically diagnosed with retinitis pigmentosa, Usher 

syndrome, Leber congenital amaurosis, or Stargardt disease following a thorough 

ophthalmologic examination by a qualified collaborating ophthalmologist. This study was 

approved by the institutional ethics boards at each affiliated institution and adhered to the 

tenets of the declaration of Helsinki. Blood was collected from each proband and family 

members when available after obtaining informed consent. DNA was extracted using the 

Qiagen blood genomic DNA extraction kit (Qiagen, Hilden, Germany).
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NGS and variant annotation

Library preparation and NGS was performed as previously described (Soens, et al., 2016). 

Fragmented patient DNA was captured using either the NimbleGen SeqCap EZ Human 

Exome Library v2.0 (Roche, Basel, Switzerland) or a custom designed SureSelect capture 

panel (Agilent, Santa Clara, CA) targeting the exons of known IRD genes (Wang, et al., 

2015b), the version used covers the 281 genes screened in this study (Supp. Table S1).

NGS data processing, variant calling, and protein-coding variant annotation was performed 

as previously described with added improvements to the variant filtration step (Soens, et al., 

2016). A population frequency threshold of 0.5% was used to filter out common variants 

which occur too frequently to be the cause of rare IRDs. Four variant frequency databases 

were merged into our “filtdb” to determine allele frequencies for filtering including ExAC 

(Lek, et al., 2016), CHARGE (Psaty, et al., 2009), UK10K (Consortium, et al., 2015), and 

HGVD (Higasa, et al., 2016). Annotation scores for splice-affecting variants were compiled 

from several sources. Scores for novel splice sites from NNsplice (Reese, et al., 1997) were 

obtained through an in-house script written to query the NNsplice v0.9 webserver (http://

www.fruitfly.org/seq_tools/splice.html), scores from dbscSNV (Jian, et al., 2014) were 

obtained from dbNSFP v2.9 downloads (https://sites.google.com/site/jpopgen/dbNSFP), 

additional scores for the splice site loss prediction comparison were obtained from SPIDEX 

(Xiong, et al., 2015), downloaded from the SPIDEX v1 database (https://

www.deepgenomics.com/spidex/), and for Splice Site Finder, Max Ent Scan, Gene Splicer, 

Human Splicing Finder, and NNsplice, compiled using Alamut Batch v1.4 (http://

www.interactive-biosoftware.com/, 2016).

Variant prioritization strategy for splicing functional validation

Our scheme for prioritizing variants for functional validation was as follows (Supp. Figure 

S1a). Starting with every exon-captured SNV called by Atlas2 from all 745 IRD patients: 1) 

Removed variants not in one of 281 known IRD genes (Supp. Table S1). 2) Filtered out 

variants found at an allele frequency greater than 0.5%, variants deemed too common to 

cause the rare IRDs being studied. 3) Only retained variants annotated by either dbscSNV 

score to lie within a splicing consensus sequence, or by NNsplice to form a new splice site 

with a strength >10% of wildtype. 4) For variants in a known recessive disease gene, the 

candidate splicing variant had to be homozygous or compound heterozygous with a likely 

pathogenic allele following the ACMG guidelines (Richards, et al., 2015). 5) All variants 

were confirmed using Sanger sequencing. 6) Compound heterozygous variants must be in 
trans and segregate with disease when family members are available. 7) Lastly candidates 

were prioritized for minigene validation based on the dbscSNV scores or their NNsplice 

score change.

Minigene molecular cloning, transfection, and RT-PCR

To assess if our prioritized variants have an effect on splicing we used an established 

minigene reporter assay the RHCglo minigene (Singh and Cooper, 2006). A genomic region 

from each patient, consisting of the exon containing or flanked by the candidate splicing 

variant (the test exon) and between 50-800 base pairs of surrounding intron, was PCR-

amplified with the addition of restriction enzyme sites. Forward primers contained the SalI 
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site, reverse primers contained the XbaI site. Using heterozygous patient DNA as a template, 

a wildtype (WT) and variant (Var) amplicon was obtained, or a wildtype sequence was 

amplified from control DNA when the patient was homozygous for a variant. RHCglo and 

the PCR products obtained were digested with SalI and XbaI at 37° Celsius for 2 hours. The 

minigene and PCR products are purified via QIAquick PCR purification kit (Qiagen), 

ligated together via an overnight ligation, transformed into competent E.coli and grown on 

agar plates containing ampicillin. Colony PCR was performed and products were Sanger 

sequenced to identify colonies carrying the desired inserts. Colonies were selected and 

grown overnight in 25 mL YPD, 25 μL ampicillin (100 mg/ml). Bacteria were harvested and 

wildtype and variant plasmids were purified using the PureLink HiPure Plasmid Midiprep 

Kit (Invitrogen, Carlsbad, CA).

HEK293T cells were seeded in a 24 well plate 0.125 × 106 cells per well. The following day 

the transfection reagent is prepared with minigene, Lipofectamine2000 (Invitrogen), reduced 

serum media Opti-MEM, and added to each well. 48 hours after transfection, cells are 

harvested, and RNA extracted. cDNA was synthesized from 1 μg of RNA. PCR was 

performed on the synthesized cDNA using primers that anneal specifically to exons 1 and 3 

of the RHCglo minigene. PCR products were run on 2% agarose gels. Bands were excised, 

purified by gel extraction, and Sanger sequenced to determine their exact identity. HEK293T 

cells are first seeded in a 24 well plate 0.125 × 106 cells per well. The following day the 

transfection reagent is prepared with DNA, Lipofectamine2000 (Invitrogen), reduced serum 

media Opti-MEM, and added into each well. 48 hours after transfection, cells are harvested 

from each well and RNA extracted via the use of QIAshredder (Qiagen) and the RNeasy 

Mini Kit (Qiagen). cDNA was synthesized from 1 μg of extracted RNA using SuperScript 

III Reverse Transcriptase (Invitrogen). PCR was performed on the synthesized cDNA using 

primers that anneal specifically to exons 1 and 3 located in the RHCglo minigene. PCR 

products were run on 2% agarose gels. Bands were excised from the gel, purified using the 

QIAquick Gel Extraction Kit (Qiagen), and Sanger sequenced to determine their exact 

relation to the exon patient DNA.

Sanger sequencing

Sanger sequencing was used to confirm the authenticity of variants identified by NGS, to 

confirm the variant properly segregated with disease, and to confirm the sequence of gel-

extracted RT-PCR bands. Sequencing was performed as previously described (Soens, et al., 

2016).

Database submission

All variants that we experimentally tested with the minigene system have been submitted to 

the ClinVar database and can be browsed at https://www.ncbi.nlm.nih.gov/clinvar/.

Results

Leveraging splice-affecting variant predictors identifies 25 candidate splicing variants

IRDs are genetically heterogeneous so we restricted our candidate variant search to genes 

previously established to be IRD genes. Therefore, we only considered variants found in one 
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of 281 genes previously reported to cause a retinal phenotype when mutated. Starting with a 

cohort of 745 IRD patients lacking a molecular diagnosis, we utilized three in silico splice-

affecting variant predictors along with other genetic prerequisites (see Variant prioritization 

strategy in Materials and Methods) to identify 25 initial candidate variants in 28 probands 

that could be causing an IRD by disrupting splicing (Table 1). Pedigrees displaying variant 

segregation for nine of the probands are shown in Figure 1. Two variants subsequently failed 

to segregate with disease within the proband's family but were retained for minigene testing 

as negative controls. None of these candidate variants alter canonical dinucleotide splice 

sites and therefore their actual impact on splicing was uncertain.

A minigene functional validation system reveals abnormal splicing caused by 23 variants

To confirm that each candidate splicing variant has a functional impact on RNA splicing we 

utilized an in vitro minigene system, the RHCglo vector, as a splicing assay. RHCglo 

contains a single gene with only three exons and functional splicing. The middle exon is 

flanked by restriction enzyme sites that can be used to substitute in an exon of interest (the 

“test” exon) with or without the variant to be assayed (Supp. Figure S1b). Every variant 

evaluated in this study is a single nucleotide substitution and every gel band that could be 

cleanly excised was sequenced to confirm its composition (Figure 2). The 23 variants can be 

organized into four groups based on their location within the gene and their consequence on 

RNA splicing. The two variants assayed as potential negative controls showed no effect on 

splicing (NC1) and an increase in test exon inclusion (NC2) and therefore are likely not 

pathogenic as expected.

Eleven variants (Variant IDs #1-11) located in the splicing consensus sequence of a middle 

exon (an exon that is neither the first nor last) resulted in clear changes in minigene splicing. 

All of these variants cause a shift in splicing towards transcripts that do not contain the test 

exon, evidence that each variant is resulting in a loss of splice site recognition and increased 

exon skipping. Three variants (Variant IDs #12-14) were located in the splicing consensus 

sequence of a middle exon with a neighboring adjacent exon (<100bp away). The adjacent 

exon, due to cloning limitations, was therefore included in the minigene transcripts in both 

wildtype and variant contexts adjacent to the test exon. Evidence for each variant's 

disruption of the consensus sequence it is located in is apparent and a corresponding loss of 

the test exon can be observed upon introduction of each variant.

Six variants (Variant IDs #15-20) were located either within a splicing consensus sequence 

or deep within the exon of a middle exon, but distinctly resulted in alternative splice site 

usage rather than loss of the test exon. All three bands resulting from variant #15 correspond 

to the usage of different weak intronic cryptic donor splice sites located nearby in the 

downstream intron of RPGR. The major band caused by variant #16 corresponds to an 

elongation of the exon by 30bp due to the presence of a cryptic acceptor splice site in intron 

41 of ABCA4 that is activated upon disruption of the acceptor splice site where variant #16 

is located. The major band for variant #17, which displays an obvious downwards shift 

compared to wildtype, corresponds to a truncation of 43bp due to the usage of a cryptic 

donor splice site found within exon 58 of USH2A that is utilized upon variant introduction. 

The three variants #18-20 are the only three variants found deep within an exon rather than 
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at a known splicing consensus sequence. These SNVs, which are synonymous on the 

protein-coding level, were predicted by NNsplice to create new splice sites as opposed to 

disrupting a known splice site. The variant-containing transcripts all show an out-of-frame 

truncation of the exon corresponding to the use of the variant-created novel splice sites. #18 

and #19 coincidentally both result in a 28bp truncation while #20 causes a 55bp truncation.

Three variants (Variant IDs #21-23) were found in the donor splice site consensus sequence 

of a gene's first exon and therefore there was no characterized acceptor splice site upstream 

to evaluate the variant in our minigene system. We decided to proceed with minigene testing 

but modified our cloning design to include a large portion of the upstream 5′ UTR with the 

hypothesis that there may be a cryptic acceptor splice site that is not used in vivo but that we 

could use to evaluate the impact of our variant on the recognition of the donor splice site in 

question (see Supp. Figure S1c). This strategy proved successful and multiple viable 

acceptor splice sites were discovered as determined by mapping the resulting RT-PCR bands 

back to their genomic locus. Each of these three variants resulted in the destruction of the 

donor splice site as evident from the loss of exon-including splicing products once the SNV 

was introduced. We expect the in vivo consequence would however be the inclusion of a 

proportion or all of intron 1 in the mRNA transcript.

Specific clinical features support the minigene-validated patient genotypes

Although the minigene results support a disruption of splicing in the 23 variant alleles 

reported herein, abnormal splicing alone doesn't guarantee pathogenicity. To further support 

the pathogenic nature of the tested variants we examined the specific clinical phenotype of 

each disease-affected retina, in Figure 3 we show five probands that matched genotype-

phenotype observations reported previously. Diseased retinas resulting from mutations in 

CRB1 are unusually thickened and lack proper lamination (Jacobson, et al., 2003), both 

features which are evident in optical coherence tomography images of FBP_54 (Figure 3a). 

The fundus of proband JMS_010 exhibits narrowed retinal vessels, a mottled pattern of 

pigmentation in the RPE, and a confluent macular atrophy, all features which have been 

previously observed in retinas affected by mutations in RPE65 (Figure 3b). Stargardt disease 

is a monogenic disorder caused by mutations in ABCA4. SRF_268 was diagnosed with 

Stargardt disease after reporting impaired color vision and presenting a characteristic 

atrophic maculopathy with retinal flecks in both eyes (Figure 3c). SRF_1065's splicing 

variant is in RPGR on the X chromosome. IRD caused by mutations in RPGR manifest a 

severe retinal phenotype consistent with SRF_1065 including poor vision and night 

blindness from early childhood, severe astigmatism, and a visual field restricted to tunnel 

vision with flat electroretinogram waves. In addition, the mother of SRF_1065 is highly 

myopic which is typical for a female carrier of X-linked RP (Figure 3d). The phenotype of 

SRF_1694 lends support to the disease causality of their USH2A variants due to the specific 

combination and progression of hearing and vision deficits that lead to the clinical diagnosis 

of Usher syndrome type 2. Usher II is only known to be caused by mutations in three genes 

and USH2A is the most commonly affected. SRF_1694 noticed deafness and night blindness 

at the age of 3 years old where after her visual acuity progressively deteriorated. Her fundus 

showed diffuse grayish pigment clumps involving the macula and thinned retinal blood 

vessels (Figure 3e).
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In contrast to the above known genotype-phenotype correlations which support our findings, 

we also identified and validated splice-affecting variants in genes not previously linked with 

the clinical diagnoses of probands 3674, SRF_611, 3719, SRF_1099, 3772, and JMS_011. 

Due to the overlapping phenotypic spectrum that is known to exist among IRDs, and the 

absence of detectable variation in genes directly linked with their clinical diagnosis, we 

propose these variants as the most likely cause of the reported phenotype in these probands. 

Two cases are particularly interesting, proband 3719 has biallelic truncating variants 

(considering variant #4 as a full exon loss) in two genes that already have a Mendelian 

phenotype, SLC38A8 and PLA2G6. Neither of which are considered established IRD genes, 

but both of which report visual defects as a feature. We propose this rare combination of 

mutations manifested as infantile visual impairment preceding other complications leading 

to an LCA diagnosis. In proband SRF_1099 we identified compound heterozygous variants 

in ADGRA3 (GPR125), a candidate gene with only a single previous report of its 

connection to IRDs (Abu-Safieh, et al., 2013). Our findings provide an independent case of 

ADGRA3 variants identified in an IRD patient.

Comparison of in silico splice-affecting variant predictors and ideal score cutoff 
determination

29 tools that can provide a splicing prediction annotation score were considered and eight 

scores were selected for assessment based on the usability of the tool to obtain hundreds of 

predictions. The eight scores were also chosen based on recommendations of performance 

drawn from 11 different publications that utilized, reported on, or compared the performance 

of these tools (Colombo, et al., 2013; Houdayer, et al., 2012; Hunt, et al., 2014; Jian, et al., 

2013; Jian, et al., 2014; Lelieveld, et al., 2016; Mort, et al., 2014; Neveling, et al., 2012; 

Sharma, et al., 2014; Soukarieh, et al., 2016; Tang, et al., 2016). The final eight scores 

chosen for comparison were NNsplice, Splice Site Finder, Max Ent Scan, Gene Splicer, 

Human Splicing Finder, SPIDEX's dPSI, and the rf and ada scores from dbscSNV. Our 

comparison focused on predictions for variants found within known splicing consensus 

sequences since 20 out of 23 of our validated variants fell within a known consensus 

sequence and caused a disruption of that splice site.

To perform the comparison we needed a set of negative control variants found within known 

splicing consensus sequences that do not disrupt splicing. We compiled 245 variants from 

our variant frequency filtering database “filtdb” which includes variants from over 80,000 

exomes (ExAC, CHARGE, UK10K, HGVD) of individuals without an IRD. All negative 

control variants are located in a splicing consensus sequence of one of the 281 genes 

screened in our study and have an MAF > 5%. Raw predictive values from each tool for the 

265 (20+245) variants used in this comparison can be found in Supp. Table S2.

Since many molecular diagnostic centers do not have the resources necessary to functionally 

validate splicing variants, a high degree of specificity is critical for in silico prediction tools 

to limit the time spent validating variants that are not truly splice-affecting. To this end we 

desired score cutoffs for each tool necessary to achieve a specificity of 95%, which 

translates to a prediction tool's score threshold correctly predicting 233 out of 245 negative 

control variants as having no effect on splicing. On the opposite end of the spectrum are 
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research labs that study splicing and the effect variants have on splicing. These labs may 

want to identify all splice-affecting variants for use in large studies. To accommodate such 

searches we also wanted a score cutoff necessary to achieve a sensitivity of 90%, translating 

to the correct prediction that 18 out of 20 of our validated variants are indeed altering 

splicing. For both our 95% specific and 90% sensitive targets, we also wanted to know what 

the corresponding tradeoff was in sensitivity and specificity.

To visualize the score cutoff determination we plotted the predicted score of each variant, or 

the change in score induced by the variant (WT-Var), depending on the tool, for each variant 

in both groups of positive and negative controls. The variant score distributions for the three 

tools we initially utilized for variant identification are shown in Figure 4a while the score 

distributions for the other five assessed tools can be found in Supp. Figure S2. The more 

readily that the two control score distributions can be separated, the better the tool is at 

correctly predicting true positive and true negative splice-affecting variants. Graphing the 

sensitivity-specificity tradeoff at our desired targets for each score, we can visually compare 

the predictive performance of each method on our control variant sets (Figure 4b).

Discussion

Many inherited disorders are genetically heterogeneous and there remains a significant 

fraction of patients in which the underlying molecular etiology of disease remains unknown. 

The impact that variants outside the canonical GU-AG dinucleotides may have on splicing is 

sometimes not considered, primarily due to the challenge of functional validation needed to 

be certain of a definitive effect. For this reason it is likely that a portion of patients lacking a 

molecular diagnosis may be due to non-canonical splice-altering variants that are currently 

considered VUS's. We here show that focusing only on variants that alter the canonical GU-

AG dinucleotides as “splicing variants” may cause a patient with pathogenic variants in a 

known disease gene to be considered unsolved. The results described in this study have 

supported the molecular diagnosis of 26 individual probands showing that non-canonical 

splicing variants are prevalent in our Mendelian disease cohorts as 3.5% (26/745) of our 

patients carry them. Excitingly, six probands with variants in either RPE65 or ABCA4 are 

now directly eligible for on-going gene therapy trials to remedy their retinal disease.

The most logical method to probe a variant's effect on splicing is to perform RT-PCR 

directly on the transcript(s) in question using RNA from the patient's affected tissue. 

Unfortunately for a substantial number of human diseases, including IRDs, obtaining a 

sample of the tissue where the transcript is expressed requires an invasive, undesirable 

procedure, and therefore is not feasible. Also problematic is the knowledge that human cell 

lines and animal models of the same tissue are known to have differences in splicing 

(Garanto, et al., 2015). To circumvent this obstacle we leveraged a minigene system with the 

understanding that changes in minigene splicing are evidence of variant-induced splicing 

alterations but the exact in vivo impact of the variant on splicing may not be truly 

represented. All patient variants that passed our prioritization scheme and are reported 

herein had an obvious influence on the spliceosomal recognition of nearby splice sites 

resulting in deviations from wildtype RNA splicing that we believe is evidence of variant 

pathogenicity.
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The locations of the splicing variants identified in our study show a remarkable concordance 

with positions that have been reported to have the largest effect on splice site definition, and 

those shown to be under the strongest conservation (Rivas, et al., 2015; Rosenberg, et al., 

2015). Specifically our variants are enriched at the third and fifth intronic position of donor 

splice sites (4/23 and 8/23 respectively), as well as at the first exonic basepair of either type 

of splice site (6/23). Of particular interest, due to its distance from the exon-intron boundary, 

Rivas et al. notes the 11th intronic position of acceptor splice sites having an unusually 

strong effect on splicing. Splicing variant #5 is located at this precise position and resulted in 

a complete loss of exon inclusion using our minigene system. Our remaining variants were 

located, one each, at the third exonic base pair of a donor splice, the third intronic base pair 

of an acceptor splice site, and the last two both created novel splice sites by contributing to 

canonical positions at the new first and second intronic base pairs.

The loss of a splice site often results in exon skipping which will lead to a shortened protein-

coding reading frame and frequently a frameshift, both events with probable deleterious 

consequences on protein function. In unusual occasions, nearby cryptic splice sites may be 

activated if at an appropriate distance and orientation. The overall aberrant splicing results 

combined with known genotype-phenotype associations and familial genetic evidence 

allows us increased confidence that each variant with minigene evidence in our study is 

indeed contributing to the patient's phenotype.

Although the dbscSNV scores have been cited in more than 10 publications since 2014, no 

independent study has evaluated the performance of the scores using a novel set of splice-

altering variants (Bernardis, et al., 2016; Cheng, et al., 2017; Geoffroy, et al., 2015; 

Huffman, et al., 2015; Lelieveld, et al., 2016; Li and Wang, 2017; McLaren, et al., 2016; 

Nishio and Usami, 2017; Petersen, et al., 2017; Piovesan, et al., 2015; Vallee, et al., 2016; 

Xu, et al., 2017; Xue, et al., 2016; Zou, et al., 2017). In this study we show that both the ada 

and rf scores outperform most other predictive tools while also being freely available for 

academic use and precomputed for every splicing consensus sequence in the genome. Since 

these scores are readily obtained and can be easily used to annotate the thousands of variants 

produced by modern NGS, they are the scores we recommend other groups leverage when 

attempting similar studies of non-canonical splicing variants. We also recommend the score 

cutoffs determined during our comparative assessment (Figure 4a) but encourage other 

groups to fine tune their own variant prioritization pipelines.

We hope that geneticists realize the importance of considering the impact that all VUS's may 

have on splicing, particularly those that fall within a known splicing consensus sequence, but 

also those that fall deep within exons. The necessity to consider these variants is amplified 

by the fact that additional sequencing is not needed in most cases to identify such variants 

since most exon-targeted NGS has sufficient coverage of the flanking introns to call variants 

in the intronic portions of consensus sequences. The preexistence of the data needed for such 

studies combined with the available splice-affecting variant predictors and the effectiveness 

of an in vitro minigene system for validation means that the future will doubtlessly hold an 

abundance of pathogenic non-canonical splicing variants being identified as the cause of 

human disease.
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Figure 1. Pedigrees for nine of the probands passing segregation for their candidate splicing 
variant
Circles represent females, squares males. Solid shapes indicated the affected proband while 

empty shapes are unaffected relatives. The NA indicates a father whose DNA was 

unavailable. The candidate splicing variant is indicated by its number (#) ID which can be 

compared to Table 1. cDNA change annotations are taken from Table 1 where corresponding 

gene models are noted.
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Figure 2. A minigene splicing assay reveals variant-induced aberrant splicing
Gel electrophoresis of RT-PCR products for all tested minigenes. The control minigene is 

unmodified RHCglo containing a ∼50 base pair exon that displays partial exon inclusion. 

Numbers (#) refer to the splicing variant ID while NC1 and NC2 refer to the two negative 

control variants tested. The differences between the respective wildtype (WT) and variant 

(Var) band composition reveal the variant-induced changes in splicing. The adjacent 

diagrams, which are not to scale, are provided as a schematic of the variant-induced changes 

in transcript configuration. Dark gray exons correspond to the first and last exon of the 

minigene, light gray exons correspond to the exons cloned in for variant testing, a line 

corresponds to the flanking introns included for variant testing. A band labeled ART 

indicates an artefact of the minigene construction process which does not correspond to a 

possible endogenous splicing event.
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Figure 3. Select ophthalmologic data supportive of the splicing variant's pathogenicity based on 
known genotype-phenotype associations
(a) Optical coherence tomography images of FBP_54's retina compatible with CRB1 
disease-causing variants. (b) Fundoscopy images of JMS_010 compatible with RPE65 
disease-causing variants. (c) Fundoscopy images of SRF_268 compatible with ABCA4 
disease-causing variants. (d) Visual field tests from either eye of SRF_1065 as well as a flat 

electroretinogram recording which was present in both eyes, features compatible with RPGR 
disease-causing variants. (e) Fundoscopy images of SRF_1694 compatible with USH2A 
disease-causing variants.
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Figure 4. Determination and comparison of the score cutoff necessary to obtain a specificity of 
95% or sensitivity of 90% for eight splice-affecting variant predictors when predicting variants 
that disrupt known splicing consensus sequences
(a) Variant score distribution and the corresponding cutoffs needed for 95% specificity and 

90% sensitivity for the ada_score, rf_score, and NNsplice predictors used in this study. (b) 

Histogram comparing the performance of the eight predictors by comparing the sensitivity 

and specificity that is achieved at the corresponding desired cutoffs of 95% specific and 90% 

sensitive.
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