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1 Summary 

The present dissertation comprises research about the molecular etiology of certain 

Mendelian disorders characterized by retinal malfunction and visual impairment. I 

performed a detailed investigation of de novo mutation events entailing genomic 

deletions or the conversion to pathogenic haplotypes in exon 3 of OPN1LW and 

OPN1MW underlying the occurrence of Blue Cone Monochromacy. Yet, the focus of 

this thesis goes beyond variant identification, including functional characterization to 

assess putative pathogenic variants and establish robust genotype-phenotype 

correlation. Exonic variants were assessed at the transcript level ‒ more precisely, 

attending to the splicing efficiency in terms of exon retention or exon skipping. 

Namely, the exonic variant c.1684C>T/p.Arg562Trp in Pde6a induces in-frame exon 

skipping in >60% of murine retinal transcripts. The homologous missense mutation in 

a human RP patient exerts a second pathomechanism at the protein level, reducing 

the enzymatic activity of PDE6A. Comparisons with analogous mutations in ortholog 

and paralog genes underscore the potential influence of synonymous variants in 

splicing. In this sense, other than single exonic variants, I retrospectively characterized 

the effect of haplotypes confined to exon 3 of OPN1LW and OPN1MW in Blue Cone 

Monochromacy patients on splicing efficiency. Nine out of twelve haplotypes 

individually assessed by a semi-quantitative minigene splicing assay resulted in a 

fraction of ≥20% of aberrantly spliced transcripts. To explore the full breadth of exon 3 

haplotype induced splicing defects I developed a parallelized minigene assay 

leveraging the newest sequencing technologies to quantify for more than 200 

haplotypes both the extent of splicing defect exerted by each haplotype and the 

overall effect of each exonic variant within the haplotype. These experiments showed 

that c.532A>G and c.538T>G in exon 3 of OPN1LW/MW are the two variants with the 

highest impact on exon retention during transcript splicing. An RNA-pulldown assay 

including the haplotype region identified the hnRNPF splicing factor as a putative 

candidate, which binds to guanosine triplets created by the variants c.532A>G and 

c.538T>G. 
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2 Zusammenfassung 

Diese Dissertation beschäftigt sich mit der Erforschung der molekularen Ätiologie 

bestimmter mendelscher Erkrankungen, die durch Netzhautfunktionsstörungen und 

Sehstörungen gekennzeichnet sind. Ich führte eine detaillierte Untersuchung von de 

novo Mutationsereignisse durch, die zu genomischen Deletionen oder zur 

Umwandlung in pathogene Haplotypen in Exon 3 von OPN1LW und OPN1MW führen 

und dadurch eine Blauzapfenmonochromasie verursachen. Der Fokus dieser Arbeit 

geht jedoch über die Identifizierung von genetischen Varianten hinaus und fokussiert 

sich auf die funktionale Charakterisierung putative pathogene (Splicing-) Varianten 

und der Etablierung einer robusten Genotyp-Phänotyp-Korrelation. Der Schwerpunkt 

der Untersuchungen galt der Wirkung exonische Varianten auf die 

Transkriptprozessierung, namentlich auf die Retention bzw. das Skipping des 

betroffenen Exons. So induziert die exonische Variante c.1684C>T/p.Arg562Trp im 

murinen Pde6a-Gen ein In-Frame-Exon-Skipping in >60% der Transkripte in der 

Mäusenetzhaut. Die homologe Missense-Mutation bei RP-Patienten verursacht 

zudem eine verminderte enzymatische Aktivität der PDE6A auf Proteinebene. 

Vergleiche zwischen analogen Mutationen in Ortholog- und Paralog-Genen belegen 

den potenziellen Einfluss synonymer Varianten auf den Spleißprozess. In diesem 

Sinne habe ich retrospektiv den Effekt von seltenen Variantenkombinationen (d.h. 

Haplotypen) in Exon 3 von OPN1LW und OPN1MW bei Blauzapfenmonochromasie 

Patienten auf ihre Wirkung bzgl. Transkriptsplicing untersucht. In neun von zwölf 

untersuchten Haplotypen, die individuell mittels eines semi-quantitativen Minigene 

Spleiβ-Assay analysiert wurden, wurde ein Anteil von ≥20% anomal gespleißter 

Transkripte nachgewiesen. Um den Einfluß von Exon 3 Haplotypen auf das Splicing 

systematisch zu studieren, wurde in dieser Arbeit ein parallelisierte Minigen-Assay 

entwickelt und damit für mehr als 200 Haplotypen sowohl das Ausmaß des von jedem 

Haplotyp verursachten Spleißdefekts als auch den Gesamteffekt jeder exonischen 

Variante innerhalb des Haplotyps bestimmt. Die Varianten c.532A>G und c.538T>G in 

Exon 3 von OPN1LW/MW zeigten die größten Auswirkung auf die Exon-Retention. 

Mittels eines differentiellen RNA-Pulldown-Assays konnte der hnRNPF-Splicing-Faktor 

als möglicher Kandidat identifziert werden, der an Guanosin-Tripletts bindet, die durch 

die Varianten c.532A>G und c.538T>G gebildet werden. 
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3 Introduction 

3.1 The retina 

The human retina is the 0.5 mm thin layer at the back of the eye in charge of sensing 

and the light stimuli and converting these into electrical signals that are then 

transmitted to the brain and interpreted as visual images (Kolb, 1995a). Three layers 

of neuronal cell bodies alternate with plexiform layers with integrated axons and 

dendrites for synaptic contacts. The design of the retina is conserved across 

vertebrates; the outer nuclear layer comprises rods and cones; the inner nuclear layer 

comprises bipolar, horizontal and amacrine cells, and the ganglion cell layer mainly 

consists of ganglion cells but also displaced amacrine cells in several species (Kolb, 

1995a; Hoon et al., 2014). Rods and cones, the two types of photoreceptors in the 

retina, are at the head of the phototransduction cascade; they sense and convert the 

light into changes of the membrane potential, and in turn modulate the quantity of 

neurotransmitter release. Rods are approximately 20 times more abundant than 

cones in the human retina (Osterberg, 1937). About 17,500 cones are packed at the 

center of a depression within the macula. This is due to the displacement of the inner 

retinal layers in an area of 0.3 mm in diameter in the central rod-free fovea which 

enables to reduce blur from light scattering, constituting the spot of highest resolution 

in the eye (Kolb, 1995b). Cones are optimized for daytime achromatic and chromatic 

vision, or luminance and colour, respectively, while rods exhibit a superior sensitivity 

and are specialized for vision under dim-light conditions with limiting photon flux 

(Schultze, 1866; Sabesan et al., 2016; Ingram et al., 2016). The light-sensitive 

photopigments are embedded in the outer segment membranes of photoreceptors 

and consist of an opsin, a 7-transmembrane G protein-coupled receptor class protein, 

and a covalently attached chromophore, the vitamine A derivate 11-cis-retinal. 

Whereas rods express a uniform photopigment, rhodopsin with at absoption maximum 

at =~500nm, the three types of cone photoreceptors present in the human retina are 

distinguished by the expression of photopigments with distinct light absorption maxima 

at =564 nm (long-wavelength sensitive cone photopigment in L-cones), at =533 nm 

(middle-wavelength sensitive cone photopigment in M-cones, and at =437 nm 

(short-wavelength sensitive cone photopigment in S-cones) (Kolb, 1995c). The 
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differences in the absorption spectrum relate to differences in the amino acid 

sequence of the opsin moiety of the photopigments and its physico-chemical 

interaction with the chromophore. Absorption of a photon by 11-cis-retinal triggers its 

photoisomerization to all-trans-retinal, which causes the opsin to undergo a series of 

conformational changes (Wald, 1968) that results in activation of a signalling 
cascade involving a G-protein (transducin), a cyclic guanosine monophosphate 

(cGMP)-specific phosphodiesterase and a cyclic nucleotide-gated channel (CNG 

channel). Thereby, excitation of the photopigments causes the decrease in cGMP 

levels, a subsequent closure of CNG channels and membrane hyperpolarization 

(Karpen et al. 1988). This change in membrane potential decreases glutamate 

release of the photoreceptor synapse and serves as excitation signal for sign-

preserving OFF- or sign-reverting ON-bipolar cells (Fu, 1995).  

3.2 Inherited retinal dystrophies 

Inherited retinal dystrophies (IRDs) are a clinically highly heterogenous group of 

diseases which overall affect approximately 1 in 3000 people (Bundey and Crews, 

1984; Chiang and Trzupek, 2015). IRDs can be generally classified into syndromic 

and non-syndromic, congenital or degenerative, primarily affecting rods or cones, and 

therefore impairing predominantly peripheral or central vision, respectively. The 

complexity of IRDs is documented by its high genetic diversity, overlapping 

phenotypes between distinct diseases and shared etiology gene locus for distinct 

clinical entities. So far, mutations in 271 genes causing IRDs have been identified, as 

listed in the Retinal Information Network database (RetNet, https://sph.uth.edu/retnet/; 

last accessed in June 2020). In the following, I will introduce the clinical and genetic 

features of two IRD groups: Retinitis Pigmentosa and Cone Dysfunction Disorders. 

3.2.1 Retinitis Pigmentosa  

The prevalence of Retinitis Pigmentosa (RP) is estimated to range between 1 in 3000 

and 1 in 7000 individuals (Haim et al., 2002) worldwide. RP is primarily caused by a 

defect in rod photoreceptors where outer segments are severely diminished. At 

advanced stages, impairment of cones and central vision occurs, being RP a 

progressive disease (Berson, 1993). RP patients suffer from impaired dim-light vision 

which develops into night blindness (nyctalopia) and the progressive peripheral vision 

loss leads to construction of visual fields; known as tunnel vision. A characteristic RP 
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fundus presents bony spicule pigmentation and thinning of vessels (Verbakel et al., 

2018). In some patients cataracts and macular edema are found associated. RP is 

characterized by inheritance and genetic heterogeneity (Verbakel et al., 2018). Non-

syndromic RP can be inherited as an autosomal-dominant, autosomal recessive, X-

linked, and in rare instances as uniparental (Rivolta et al., 2002) or digenic inherited 

trait (Kajiwara et al., 1994). Unknown inheritance is largely common for simplex cases, 

representing sporadic cases the majority (~40-50%) of RP cases. Autosomal 

recessive RP (arRP) accounts for ~20-30% of cases. Autosomal dominant RP (adRP) 

explains about 10-25% of cases whereas X-linked RP is found in approximately 6-

18% of RP cases depending on the study and population (Boughman et al., 1980; 

Fishman, 1978; Haim, 2002; Hu, 1982; Jay, 1982). 

3.2.1.1 Autosomal Recessive Retinitis Pigmentosa (arRP) 

Autosomal recessive forms account for approximately 20% of all non-syndromic RP 

cases (Daiger et al., 2007) and can account for up to ~60% of simplex cases (Bravo-

Gil et al., 2017). The onset and course of retinal degeneration is highly variable and 

may range from early onset in childhood (Dvir et al., 2010) to late onset in the 

adulthood (Ávila-Fernández et al., 2011; Arno et al., 2017). Hitherto, mutations in 63 

genes have been identified to cause arRP (RetNet; last accessed in June 2020). Most 

identified genes underlying arRP account for a modest or small percentage of cases. 

The USH2A gene is the most frequently mutated gene in arRP with up to 10% of all 

cases (Seyedahmadi et al., 2004). Whilst Usherin has a structural function, several 

other arRP-causing genes encode for key proteins of the phototransduction cascade, 

such as the alpha (A) and beta (B) subunits of the rod cGMP-gated channel, CNGA1 

(Dryja et al., 1995) and CNGB1 (Bareil et al., 2001), respectively, or the two catalytic 

subunits of the rod cGMP Phosphodiesterase 6; PDE6A (Huang et al., 1995) and 

PDE6B genes (McLaughlin et al., 1993), respectively. Mutations in PDE6A and 

PDE6B account for 4% of all arRP cases each (Dryja et al., 1999; McLaughlin et al., 

1995) whereas mutations in the gene encoding for the inhibitory gamma subunit of the 

rod PDE6 (PDE6G) have been less frequently described (Dvir et al., 2010). Under 

physiological conditions, rod PDE6 catalyzes cGMP to GMP hydrolysis in rod 

photoreceptor outer segments (ROS) upon light stimulation (Stryer, 1986). The 

reduction in cGMP concentration induces the cyclic-nucleotide-gated (CNG) cation 

channels to close (Karpen et al., 1988), resulting in membrane hyperpolarization and 

cease of glutamate release at the rod synaptic terminal (see 3.1). When PDE6 activity 
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is lacking (e.g. by the presence of biallelic mutations in either PDE6A or PDE6B), ROS 

cGMP concentration rises above physiologic levels and produces a constant influx of 

sodium and calcium cations through CNG channels which ‒ in chronic state ‒ is toxic 

and results in the death of photoreceptor cells (Farber and Lolley, 1974). Mice 

strains with naturally-occurring mutations in Pde6b (Bowes et al., 1990); for instance 

the rd1 (Keeler, 1924) and the rd10 (Chang et al., 2007), have been extensively used 

to model human PDE6B-associated RP and study the molecular and cellular 

mechanism of rod degeneration. Similarly, for PDE6A-associated RP, mutagenesis-

induced Pde6a mouse models have been generated including the nmf282 strain 

(Sakamoto et al., 2009) carrying a missense mutation fully homologous to the  

c.2053G>A/p.Val685Met mutation in the human PDE6A identified in RP patients 

(Corton et al., 2010) and a model of the latter mutation in compound heterozygous 

state with an ultra-rare variant (see Results and Discussion, Section 6.4).  

3.2.2 Cone Dysfunction Disorders  

Cone dysfunction disorders, sometimes coined as cone dysfunction syndromes 

(Aboshiha et al., 2016), are non-syndromic inherited forms of retinal disorders 

caused by the lack or reduced function of all or certain types of cone photoreceptorers 

and characterized by reduced visual acuity, colour vision defects, photophobia and 

frequently nystagmus (Michaelides et al., 2004). Cone dysfunction disorders are 

usually present from birth and show a stationary profile in terms of functional 

impairment of central vision and preserved normal rod responses. High variability is 

encountered for colour vision abnormalities, nystagmus and photophobia. Cone 

dysfunction disorders represent a heterogeneous group that can be subcategorized 

into autosomal recessive inherited forms including complete and incomplete forms of 

achromatopsia, oligocone trichromacy and bradyopsia (Michaelides et al., 2004; 

Aboshiha et al., 2016), and X-linked recessive inherited forms including Bornholm Eye 

Disease (BED) and Blue Cone Monochromacy (BCM). While patients with BCM are 

severely visually handicapped (see below), BED patients do present with residual 

cone function and dichromacy (protanopia or deuteranopia) and myopia (Haim et al., 

1988; McClements et al., 2013). The genetic etiology of BCM and BED ‒ collectively 

termed X-linked cone dysfunction (XLCD) disorders ‒ lies within the same genetic 

locus: the cluster of the human opsin 1, long- and middle-wavelength sensitive genes 

(OPN1LW and OPN1MW, respectively), as described below (Nathans et al., 1986; 

Nathans et al., 1989). 
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3.2.2.1 Blue Cone Monochromacy 

BCM is characterized by the absence of red and green cone function; relying vision 

exclusively on blue cones and rods (Alpern et al., 1965). Central vision is impaired 

with varying degrees of colour vision disturbances among affected individuals based 

on residual cone function (Nagy and Boynton, 1979; Smith et al., 1983) and/or due to 

illumination conditions during the test. BCM patients present with reduced visual 
acuity (Green, 1972), which hinders basic tasks such as facial recognition or reading, 

often accompanied by light sensitivity (photophobia), uncontrolled eye movements 

(nystagmus) and association with short-sightedness (myopia) albeit not always 

present (Aboshiha et al., 2016). Although mainly stable, some cases with progressive 

deterioation of visual function have been reported in young adult males (Ayyagari et 

al., 1999; Kellner et al., 2004; Michaelides et al., 2005). Full-field electroretinography 

(ERG) recordings in BCM shows reduced or completely absent responses under 

photopic (light-adapted) conditions whereas scotopic (dark-adapted) responses are 

preserved (Kellner and Foerster, 1992). Diverse colour vision tests are available. The 

Berson plate test (Berson et al., 1983) relies on the tritan discrimination of BCM 

subjects to distinguish these from achromats. 

BCM is an X-linked recessive congenital disorder that affects approximately 1 in 

100,000 males and has a theoretical frequency of 1 in 10 billion females, (Sharpe et 

al., 1999). BCM affects males due to their X-chromosome hemizygosity whereas the 

inactivation of one X-chromosome that occurs randomly in females usually 

compensates for a monoallelic mutation on one of the X-chromosomes. However, 

severely skewed X-inactivation in female carriers can lead to clinically manifest BCM 

(Frederiksen et al., 2013). BCM is caused by mutations in the human cone opsin 
gene cluster (Nathans et al., 1989). The OPN1LW and OPN1MW genes encode for 

the apo-proteins of the human long-wavelength and middle-wavelength sensitive cone 

photoreceptor pigments, respectively (Nathans et al., 1986). The resulting apo-

proteins in conjunction with the covalently linked chromophore cis-retinal absorb light 

with a maximum peak sensitivity at 564 nm and 533 nm , respectively (Kolb, 1995c). 

The OPN1LW/MW gene cluster is located at the tip of the long (q) arm of the X-

chromosome at Xq28. Arranged in a head-to-tail tandem array (Vollrath et al., 1988), 

the OPN1LW gene copy occupies the centromeric (or proximal) position followed (and 

separated by ∼24 kilobases (kb) of intergenic sequence) by one or several OPN1MW 

gene copies telomeric (or distal) to the OPN1LW gene copy. Both OPN1LW and 
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OPN1MW genes comprise six exons (1,092 bp of translated coding sequence) or 

1258 bp and 1239 bp cDNA sequence including the 5’ and 3’ untranslated region 

(UTR), and five introns with a total length of 14,000 bp and 12,036 bp, for the 

OPN1LW and OPN1MW genes, respectively (Sharpe et al., 1999). OPN1LW and 

OPN1MW genes share an identity of 98% both for coding and non-coding nucleotide 

sequence and 96% in amino-acid sequence. The existence of separate OPN1LW and 

OPN1MW genes presumably originated from a single ancestral gene by a gene 

duplication event in the Old World primate lineage ~35 million years ago (MYA) after 

the divergence of New and Old World monkeys (Nathans, 1987) as an adaptation to 

detect mature fruits against the green leaf foliage (Mollon, 1989).  

High variability has been observed for the number of OPN1MW gene copies among 

subjects with normal colour vision. A study on human retinal OPN1LW/MW transcripts 

showed that only the two most proximal gene copies in the array – regardless of its 

sequence nature, are expressed above the limit of detection (Winderickx et al., 1992). 

An upstream regulatory element, the locus control region (LCR), governs expression 

of the OPN1LW/MW gene cluster in a mutually exclusive and distance-dependent 

manner by interacting with the promoter of either the OPN1LW or a OPN1MW gene 

copy (Peng and Chen, 2011; Wang et al., 1992; Winderickx et al., 1992). In a single 

cone the OPN1LW and OPN1MW gene promoters compete for binding the LCR which 

determines which type of opsin is expressed and thus, cone identity (Smallwood et 

al., 2002).  

Genetic heterogeneity is characteristic of BCM and XLCD disorders (Nathans et al., 

1993) yet to a lesser extent if compared with other IRDs. Two main categories of 

mutation (Figure 1) causing BCM were already described in the seminal paper of 

Nathans and colleagues (Nathans et al., 1989). Genomic deletions encompassing the 

LCR and/or parts of or the entire OPN1LW/MW gene cluster (Fig. 1A) constitute the 

major cause of BCM (30-40%, depending on the population) (Nathans et al., 1989, 

1993; Ayyagari et al., 1999; Kellner et al., 2004; Gardner et al., 2014). The second 

most frequent mutational pathway (Fig. 1A) comprises a two-step mechanism: first, 

unequal homologous recombination results in the formation of a gene cluster reduced 

to a single OPN1LW or a single OPN1LW/MW which is subsequently inactivated by 

the c.607T>C/p.Cys203Arg point mutation in exon 4 (Nathans et al., 1989, 1993).  
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Figure 1. A) Causative known mutations underlying BCM. The top box shows the genotype of an 
unaffected individual without rearrangements and with ≥ 1 OPN1MW copies. The bottom box 
summarizes the mutational mechanisms found in BCM subjects: LCR deletions, deletions 
encompassing the OPN1LW/MW genes, intragenic deletions, nonsense and missense mutations, and 
rare haplotypes in exon 3 of OPN1LW/MW. B) Exon 3 of OPN1LW and OPN1MW showing the 
haplotype ‘MVVIS’ differing at c.(453A > G; 457A > C; 465C > G; 511G > A; 513G > T; c.521T>C; 
532A > G; 538T > G) from the haplotype ‘LIAVA’ (referring to the amino acid change). Exonic variants 
are spread out along exon 3 and the two outermost varians are located ≥40 bp away from the splice 
sites. Figure 1A has been adapted from an original drawing of Prof. Bernd Wissinger. 
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In addition, Reyniers and collegues reported a BCM family where affected males carry 

the c.607T>C/p.Cys203Arg in both OPN1LW and OPN1MW copies (Reyniers et al., 

1995). Similarly a family with a missense mutation, c.529T>C/p.Trp177Arg in all gene 

copies within the OPN1LW/MW gene array has been reported (Gardner et al. 2010). 

Both missense mutations, the c.607T>C/p.Cys203Arg as well as the c.529T>C 

p.Trp177Arg has been shown to disrupt folding of the mutant protein. A rare nonsense 

mutation, c.739C>T/p.Arg247Ter in exon 4 leading to truncation of the protein 

(Nathans et al., 1993) and an intragenic exon 4 deletion mutation (Ladekjær-

Mikkelsen et al., 1996) have been described in subjects with gene clusters reduced to 

a single gene copies. The third most frequent mutational pathway is the occurence of 

combinations of single nucleotide polymorphisms (SNPs) in exon 3 which are non-

deleterious individually, but associated with XLCD disorders if present in a certain rare 

combination, i.e. haplotype (Nathans et al., 1989). This exon 3 haplotype (Fig. 1B) 

comprising the following SNP variants: c.(453A > G; 457A > C; 465C > G; 511G > A; 

513G > T; 521C; 532A > G; 538T > G) and thus, enconding for a cone photopigment 

protein with the amino acid exchanges: p.[(=); M153L; (=); V171I; A174A; I178V; 

S180A]; abbreviated as ‘LIAVA’ (referring to the amino acid changes), has been 

repeatedly observed in subjects with BCM and BED (Crognale et al., 2004; Mizrahi-

Meissonnier et al., 2010; McClements et al., 2013). 

Not until recently, a study involving protanope males has shed light into the 

pathomechanism underlying the OPN1LW exon 3 haplotypes. The ‘LIAVA’ haplotype 

induces a splicing defect through skipping of exon 3 as shown by an in vitro assay 

(Ueyama et al., 2012). The splicing mechanism, its regulation as well as its impact on 

Mendelian diseases will be introduced in Section 3.4.  

3.3 Diagostics of Mendelian genetic disorders 

Next-generation sequencing (NGS) approaches are well-suited to enbale and fasten 

the comprehensive screening of larger sets of genes from several individuals for 

causative gene(s) and/or variant(s) identification. The advent of NGS has led to high 
rates of genetically diagnosed cases of IRDs. Due to its cost-effectiveness, NGS-

based gene panels and whole exome sequencing (WES) are currently widely used for 

genetic diagnostics in IRDs. Targeted sequencing is based on the enrichment of a 

single or multiple defined genomic regions (e.g. genes of interest or coding exons), 

whereas whole genome sequencing (WGS) allows to explore the entire genome 
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including non-coding and regulatory regions. The choice of a particular genetic test 

scheme or NGS approach is determined by several factors (i.e. clinical and genetic 

knowledge of a given condition, the number of known causative genes, accessibility to 

familiar samples and inheritance pattern among others). Yet, NGS-based technologies 

relying on short-read sequencing are not suitable to detect copy number variation 

(CNV), or to cover repetitive sequences and regions within gaps of the genome 

assembly.  

The genetic testing currently performed for BCM is target-specific, unique and 
distinct from the testing approach for other IRDs. While for instance known 

achromatopsia-causing genes can be scanned by NGS-based methods, BCM 

mutational screening has not benefited from NGS so far. Short-read sequencing and 

applied algorithms are not sufficient to unveil the complexity and discern between 

copies of the human OPN1LW/MW gene cluster. A meticulous unique opsin cluster-

specific genotyping strategy customized for the OPN1LW/MW gene array based on 

Polymerase Chain Reaction (PCR), restriction fragment length polymorphism (RFLP) 

and Sanger sequencing (for details see Appendix 13.2.1, Supplementary Material; 

Supplementary Figure S1) is continuously optimized (Cideciyan et al., 2013) to screen 

patients with XLCD disorders or male patients with a clinically compatible phenotype 

at the Molecular Genetics Laboratory at the Centre for Ophthalmology, University of 

Tübingen. Such an optimized and specific test is unavailable at most other diagnostic 

and research centers. Still, this test does not fully resolve the complexity of the 

OPN1LW/MW gene cluster. This genotyping strategy was applied for this thesis 

(Sections 6.1, 6.2, 6.3 and 6.6) together with additional genotyping tools established to 

decipher specific unsolved cases. 

3.3.1 Missing heritability 

A sensitivity of 50-70% is achieved with targeted NGS and WES in IRDs 

(Eisenberger et al., 2013; Glöckle et al., 2014; Weisschuh et al., 2016). Besides 

patients presenting with acquired disease phenocopying IRDs, or mutations in as yet 

unknown disease genes, there is growing evidence that there is a decent fraction of 

still to be discovered hidden mutations (in known disease genes) underlying IRDs 

(Bauwens et al., 2019; Zeitz et al., 2019). For instance, by means of the custom 

screening protocol (see above) developed for BCM, about 11% of the BCM patients of 

the Tübingen cohort have no known mutation assigned yet (Dr. Susanne Kohl, 
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personal communication). Such hidden mutations could be difficult to detect or to 

interpret as disease-causing (Girirajan, 2017). Structural genomic alterations of 

intermediate to large size have probably been miscaptured (Chaisson et al., 2019). 

The so-called dark matter of the genome includes non-coding variants such as deep-

intronic mutations (Bauwens et al., 2015) and regulatory variants. Moreover, 

synonymous variants in the coding sequence are usually neglected, although they 

may have a pathogenic impact, for instance by causing a splciing defect. In addition, 

de novo germline and somatic mutations are troublesome to detect.   

There are two main categories of limitations most likely underlying the missing 

hereditability problem: i) methodology, and ii) interpretation. First, the methodological 

caveats can be i.e. associated with the limitations of short-reads and the low precision 

and recall to detect structural variants, or with the inappropriate application of existing 

methodologies (WGS, RNASeq, long or linked-read sequencing). Secondly, the 

greatest challenge is the limitation or uncertainty in the interpretation of variants. Even 

if detected, disease-causing variants might be overlooked or misinterpreted during 

prioritization and lead to inconclusive or wrong classification.  

Novel methodologies are being implemented to tackle these limitations. For IRDs, 

CNV detection algorithms are now being implemented into the data analyis of NGS 

panels (Ellingford et al., 2017), or assessed separately by quantitative real-time PCR 

and microarray-based comparative genomic hybridization (Mayer et al., 2017; Van 

Cauwenbergh et al., 2017). Other recent technologies (and their combination) may 

bear the potential to further increase diagnostic sensitivity: bioinformatic algorithms 

based on linked reads have shown to identify difficult structural variants such as large 

inversions (Eslami Rasekh et al., 2017). In another instance, the combination of long-

read and RNA sequencing successfully enabled the identification of a deletion in a 

patient with neoplasia and cardiac myxomata negative in prior targeted NGS and 

WGS analysis (Merker et al., 2018). These cases underscore the necessity of 

combining or applying several different and/or appropiate methodologies. Typically, 

variant assessment is performed from the genomic perspective without being able to 

consider for variant effects at the transcript level. Transcriptome analysis as a 

complementary tool for genomics in the diagnosis of Mendelian disorders has been 

shown to be useful with a success rate of 10% (Kremer et al., 2017) and 35% 

(Cummings et al., 2017) for mitochondrial and muscle disorders, respectively. Notably, 

RNASeq can aid to interpret coding and non-coding variants, detecting expression 



Introduction 

13 

outliers, mono-allelic expression of rare heterozygous variants, somatic variants and 

aberrant splicing by direct sequencing of newly spliced isoforms. RNASeq-assisted 

diagnosis is favoured for rare diseases for which biopsies from the affected tissue are 

available, i.e. muscle, liver, kidney and skin among others (Cummings et al., 2017). 

However, RNA from patients is often not available or the gene(s) of interest is only 

expressed in a tissue inaccessible for routine biopsy (e.g. retina for IRDs). In such 

cases, reprogramming easily accessible patient cells (from skin punches, blood or 

hair follicles) into induced Pluripotent Stem Cells (iPSCs) and their differentiation into 

cells expressing the gene of interest may overcome these limitations (Chuang et al., 

2017; Parfitt et al., 2016). Techniques to evaluate the impact of variants on transcripts 

of unaccessible tissues in a higher throughput are needed. 

3.3.2 Variant interpretation challenge 

As sequencing technologies improve, variant discovery rates accelerate while 

resources to aid interpretation evolve only moderately. Assessment of variant 

pathogenicity currently relies mostly on the following resources or criteria: allele 

frequency in population datasets, literature search, amino acid conservation and 

algorithms to predict the impact on the protein function and on transcript splicing. 

Shortcomings are apparent, such as subjective selection and weighting of criteria for 

variant interpretation and contradictory results. In order to overcome this problem, the 

American College of Medical Genetics and Genomics (ACMG) together with the 

Association for Molecular Pathology (AMP) and the College of American Pathologists 

have conveyed variant classification guidelines applicable for Mendelian genes 

(Richards et al., 2015). This rule-based scoring system set common criteria for 

standardization in the categorization of variants (Richards et al., 2015). A certain 

variant is assigned a weighted score from the five-tier system: (i) pathogenic (score = 

7), (ii) likely pathogenic (score = 6), (iii) uncertain significance (scores = 3, 4 and 5), 

(iv) likely benign (score = 2), and (v) benign (score = 1), (scores in brackets from 

Karbassi et al., 2016). The lines of evidence include different criteria with their own 

limitations and/or challenges: (1) segregation analysis; confirmed paternity and 

maternity can be weighted for de novo variants, identified variant may segregate 

because it is in linkage disequilibrium (LD) with the true pathogenic variant (2) co-
occurrence of a variant with a pathogenic mutation ‒ depending on phasing ‒ only for 

dominant and X-linked in males but not if the condition has multiple genetic 

contributors (Nykamp et al., 2017), (3) population and disease-specific databases 
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such as dbSNP, 1000 Genomes, Exome Aggregation Consortium (ExAC), Genome 

Aggregation Database (gnomAD), Leiden Open Variation Database (LOVD) and 

Human Gene Mutation Database (HGMD) from which the allele frequency is retrieved 

inevitably contain misclassified variants; the single threshold of allele frequency used, 

5% of the population, does not reflect the variable likelihood of a variant being benign, 

since this is higher as its observed frequency becomes higher (Nykamp et al., 2017); 

and founder mutations or variants in mutational hotspots have a higher allele 

frequency. (4) Literature search which has caveats due to single observations, 

nomenclature inconsistence and redundant data from the same families and finally, (5) 

in silico tools to assess nucleotide conservation and predict damaging consequences 

of coding variants to the resultant protein are considered as minor evidence for 

instance: PolyPhen-2 (Adzhubei et al., 2010), MutationTaster (Schwarz et al., 2010), 

SIFT (Kumar et al., 2009), or to predict effects on the the processing of the pre-mRNA 

such as Human Splicing Finder (HSF) (Desmet et al., 2009), NNSplice (Reese et al., 

1997), SROOGLE (Schwartz et al., 2009). 

Guidelines for interpreting variants putatively leading to splicing defects (Caminsky 

et al., 2014) have been extended to include non-canonical splice site mutations in both 

coding and non-coding regions (Ohno et al., 2018). Integration of several different in 

silico tools is recommended provided they complement each other in terms of the 

analyzed feature(s). Notably, synonymous exonic variants are classified as “Variants 
of Uncertain Significance” (VUS) provided that prediction tools suggest a possible 

impact on splicing (Richards et al., 2015) which renders a lavish number of variants 

awaiting characterization at the RNA level. Functional data obtained from the direct 

analysis of tissue biopsies from the patient or from an animal model, or, alternatively, 

by well-established in vitro assays that reflect the biological function, is considered as 

strong evidence (Richards et al., 2015), albeit the latter one is not sufficient if no other 

supporting classifiers are met. Comparison of in silico tools and in vitro minigene 

assays showed some discrepancies for certain variants (Sharma et al., 2014). 

Notwithstanding, when combining in silico tools with an in vitro minigene assay, ∼5% 

of all identified VUS in the autosomal dominant cardiomyopathy genes LMNA and 

MYBPC3, were shown to alter splicing (Ito et al., 2017). Recently, 23 VUS found in 26 

patients with IRDs were validated as non-canonical splicing mutations by means of in 

vitro minigene splicing assays (Soens et al., 2017). 
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3.4 Splicing 

3.4.1 Splicing mechanism 

The spliceosome is a multi-megadalton large and dynamic ribonucleoprotein complex 

(Wahl and Lührmann, 2015a; Zhang et al., 2017) that carries out the pre-mRNA 

splicing reaction in eukaryotic cells, mostly exclusively confined to its nucleus (Brody 

and Abelson, 1985). The spliceosome excises the intronic non-coding sequence 

(Gilbert, 1978) from pre-mRNA molecules, and subsequently, joins the adjacent 

coding regions, the exons (Gilbert, 1978), to generate functional mature mRNAs (Fig. 

2A) translated into proteins by the ribosomes in the cytoplasm or untranslated long 

non-coding RNAs (Papasaikas and Valcárcel, 2016). Intron excision is preceded by 

spliceosome recognition and extensive base pairing at the exon-intron junction; 

between spliceosomal components and the pre-mRNA and within sequences of the 

pre-mRNA substrate. Consensus sequences, notably the 5’ splice site (5’ss) and 3’ 
splice site (3’ss) with invariable ‘GU’ and ‘AG’ dinucleotides (Fig. 2A and Fig. 1; 

Appendix 13.1.5), respectively, and the branch point and the polypyrimidine tract 
(PPT) which are located in the introns are critical (Reed and Maniatis, 1985).  

Two consecutive transesterification reactions mediate intron excision and exon ligation 

(Fig. 2B). First, a nucleophilic attack is carried out by the 2’OH group of a branch-point 

adenosine residue on the phosphate group of the 5’ terminal nucleotide of the intron. 

The resultant 2’-5’ phosphodiester bond forms a intermediate product called lariat 

(Ruskin et al., 1984). In a second step, the free 3’OH group of the terminal nucleotide 

of the upstream exon reacts with the phosphate group of the phosphodiesterase bond 

between 3' terminal nucleotide of the intron and the 5' terminal nucleotide of the 

downstream exon which results in the joining of the two exons, and the release of the 

intron lariat (Scotti and Swanson, 2015; Wahl and Lührmann, 2015a). The 

spliceosome assembles de novo for each pre-mRNA splicing event in a stepwise 

manner. The major U2-type and the minor U12-type spliceosome are  responsible for 

the splicing of U2-type introns (mainly with GU-AG as 5' and 3' terminal dinucleotides; 

Wahl and Lührmann, 2015b), which account for more than 99.5% of introns, and the 

minor U12-type introns (mainly with AU-AC as 5' und 3' terminal nucleotides), 

respectively (Turunen et al., 2013). The major spliceosomal building blocks, the U1, 

U2, U4, U5, and U6 small nuclear ribonucleoproteins (snRNPs), small nuclear 

RNA-protein complexes (Krainer and Maniatis, 1985) that assemble on their substrate 
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targets during the course of pre-mRNA transcription (Herzel et al., 2017) via interplay 

with the RNA polymerase II (Zeng and Berget, 2000). 

 

Figure 2. Splicing reaction. A) Exons are joined together at the splice splices while introns are 
excised out from the pre-mRNA molecule to form a mature mRNA during the splicing reaction (Scotti 
and Swanson, 2015). The consensus sequences of the 5’ splice site (5’ss) and 3’ splice site (3’ss) were 
generated using Weblogo (Crooks et al., 2004). For detailed branch point and the polypyrimidine tract 
(PPT) sequences see our review (Fig. 1; Weisschuh et al., 2020; Appendix 13.1.5; Publication V). B) 
Two main steps result in the joining of the exons and the excision of the intronic sequence in between 
as a lariat structure (Scotti and Swanson, 2015; Wahl and Lührmann, 2015a). C) Core spliceosomal 
proteins (i.e. U1 and U2 snRNAs) and splicing factors (SR and hnRNP proteins) influence the 
coordination of the splicing reaction by the recognition of canonical (splice sites, branch point, PPT) and 
non-canonical (i.e. Exonic Splicing Enhancers, ESE or Silencers, ESS) cis-elements (Scotti and 
Swanson, 2015; Wahl and Lührmann, 2015b). D) Exonic variants within cis-regulatory elements might 
impair the splicing reaction (Wahl and Lührmann, 2015c); a mutation that disrupts an ESE leading to 
skipping of exon 2 is illustrated. This is an own generated illustration that summarizes and adapts 
content from the literature (Cartegni et al., 2002; Scotti and Swanson, 2015; Wahl and Lührmann, 
2015a, 2015b, 2015c).  

The U1 snRNPs recognize the 5’ss (Roca et al., 2013) and the auxiliary proteins 

Splicing Factor 1 (SF1; Krainer and Maniatis, 1985) and U2AF (Ruskin et al., 1988) 

bind the branch point, the PPT and the 3’ss. The U1 and U2 snRNPs interact 

reciprocally to conceive the pre-spliceosome which recruits the pre-assembled snRNP 

U4, U5 and U6 (Matera and Wang, 2014). Multiple rearrangements, conformational 
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changes and RNA helicases are required to generate a catalytically active complex. 

Upon release of U4 and U1 snRNPs, the active complex undertakes the first catalytic 

step. The second catalytic step between a 3’OH of a free exon and the intron–exon 

lariat intermediate is preceded by rearrangements of the complex (Zhang et al., 2017). 

The intron lariat and spliced exons constitute the post-spliceosomal complex. 

Finally, the U2, U5 and U6 snRNPs are liberated to be used in a new splicing reaction 

(Matera and Wang, 2014).  

3.4.2 Splicing regulation 

Splicing reactions are subjected to fine regulation ensuring efficiency, fidelity and 

flexibility. The RNA polymerase II processivity is faster in introns than in exons 

(Jonkers and Lis, 2015). Transcription of (human) introns expends a greatest deal of 

time and cost. Thus, transcription and removal of introns with single base pair 

accuracy must be crucial if this apparently inefficient mechanism has been kept 

(Matera and Wang, 2014; Papasaikas and Valcárcel, 2016). Chromatin may facilitate 

the exon-intron arrangement by wrapping approximately the average length of a 

human internal exon in a nucleosome (Herzel et al., 2017). Moreover, co-

transcriptional splicing ensures a reduction of exposed splice sites on the nascent 

RNAs (Herzel et al., 2017), although introns can be post-transcriptionally spliced upon 

signal recognition (Braunschweig et al., 2013).  

The spliceosome reliably distinguishes the bona fide splice sites from decoy sites 

with consensus sequences similar to the authentic sites. Illegitimate splice sites within 

large introns are temporally used during recursive splicing (Georgomanolis et al., 

2016). Besides faithful recognition, the spliceosome concurrently guarantees the 

pliability in splice site selection required for alternative splicing. Regulation of splicing 

leverages further mechanisms beyond the recognition of 5′ and 3′ ss, the branch site 

and PPT (De Conti et al., 2013). Plenty of regulatory sequence elements within the 

pre-mRNA substrate recruit and bind concomitantly and consecutively different 

composites of trans-acting splicing regulatory factors. Such redundancy contributes 

to a higher fidelity during constitutive splicing. The malleability for alternative splicing 

(Gallego-Paez et al., 2017) is usually tuned by expression of splice factors in a stimuli-

, development-, or tissue-dependent fashion (Kornblihtt et al., 2013). The RNA-protein 

interaction is mediated through splicing factors which are RNA-binding proteins 
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(RBPs) with domains displaying RNA-recognition motifs (RRMs) (Lunde et al., 2007; 

Ray et al., 2013).  

There are two major groups of trans-acting RNA-binding factors: serine/ariginine-rich 

(SR) proteins (Liu et al., 1998) and heterogenous nuclear ribonucleoproteins 

(hnRNPs) (Gallinaro et al., 1981). While SR proteins recruit the splicing machinery to 

splice sites, hnRNPs prevent elements of the spliceosome to recognize particular 

splice sites (Fig. 2C). The cis-acting regulatory sequences can be classified attending 

to their location into exonic and intronic regulatory sequences of splicing. Likewise, 

cis-acting elements can be classified according to their activities into splicing 

enhancers or silencers, distinguishing further into exonic splicing enhancer (ESE), 

exonic splicing silencer (ESS), intronic splicing enhancer (ISE) and intronic splicing 

silencer (ISS) sequences (Cartegni et al., 2002). This thesis focuses on cis-acting 

exonic elements. SR proteins mostly bind to ESE motifs (Liu et al., 1998; Jobbins et 

al., 2018) whereas hnRNPs recognize ESS to inhibit splicing. Both SR and hnRNPs 

interfere with the binding of U1 and U2 snRNPs to the substrates at the splice sites 

(Wahl and Lührmann, 2015b) during or after assembly of the spliceosomal machinery 

(Fig. 2C). For instance, multiple ESEs are involved in the inclusion of the alternative 

terminal ORF15 exon in the retina (Vervoort et al., 2000) and promote extensive 

diversity of alternatively spliced RPGR  transcripts (Hong and Li, 2002).  

3.4.3 Splicing and disease 

Genetic variations inducing aberrant pre-mRNA splicing are frequently involved in 

hereditary diseases in humans. Approximately 25-30% of disease-causing mutations 

are estimated to affect pre-mRNA splicing (López-Bigas et al., 2005; Sterne-Weiler et 

al., 2011). Given the paucity in variant interpretation and the lack of systematic 

analysis of intronic variants, these numbers may still be an underestimation. However, 

the frequency of disease causing mutations affecting pre-mRNA splicing can vary 

considerably among genes (Wang and Cooper, 2007; Soukarieh et al., 2016). 

Mutations affecting the functionality of trans-acting factors of the splicing machinery 

are detrimental for the expression and proper splicing of a plethora of RNA substrates 

and thus, many of these mutations are most likely lethal (Singh and Cooper, 2012). An 

imbalance in the stoichiometry of recruited splicing factors can occur due to repetitive 

elements, i.e. RNA transcribed from a microsatellite expansion can result in a RNA 

gain of function and major modifications in the availability or stability of a given splicing 
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factor (Daguenet et al., 2015). Variants affect cis-acting regulatory elements by 

compromising the specificity or the fidelity of splice site choice, by activating cryptic 

splice sites (Daguenet et al., 2015), by reversing the activity of the recruited trans-

acting factor or by impairing its recruitment (Wahl and Lührmann, 2015c) as illustrated 

in Fig. 2D. Mutations altering the canonical dinucleotides at the 5′ and 3′ ss do almost 

exclusively cause aberrant splicing (Roca et al., 2013; Weisschuh et al., 2020; 

Appendix 13.1.5). Although most exonic variants affect conserved positions at the 5′ 

and 3′ ss (i.e. 9 and 14 bases, respectively), about 30% of exonic variants are 

predicted to involve ESE loss and/or ESS gain (Mort et al., 2014). Mutations in exons 

affecting splicing might be nonsense, missense or silent (Cartegni et al., 2002).  

Identification of variants altering cis-regulatory elements of splicing can be achieved 

by direct transcript analysis derived from patient’s samples carrying a putative 

splicing mutation. Alternatively in the absence of RNA samples form the patient, a so-

called minigene splicing assay may be used to assess the effect of variants on splicing 

(Cooper, 2005). The exon-trapping vector pSPL3, originally developed for 

identification of coding regions, is a commomly used construct for minigene splicing 

assays (Burn et al., 1995). For assessing the impact of an exonic variant, the exon 

harbouring the variant, the flanking introns, and optimally, the contiguous flanking 

exons to provide for endogenous donor and acceptor splice sites are inserted into the 

construct. Minigenes represent a reliable and convenient choice to assess the effect 

of VUS on splicing (Gaildrat et al., 2010) and to validate in silico predictions (Desviat 

et al., 2012). Straightforward results are obtained when i.e. correct exon inclusion is 

observed for the minigene carrying the wild-type allele but aberrantly spliced 

transcripts for the mutant constructs (Desviat et al., 2012), yet different outcomes 

might be found depending on basal inclusion levels of a given exon. 

Mutations disrupting cis-acting regulatory elements of splicing and the counterpart 

trans-acting splicing factors have been well studied for the autosomal recessive 

inherited neuromuscular disorder Spinal Muscular Atrophy (SMA) which is a 

paradigm for disruption of exon definition and splicing regulation. Mutations in the 

Survival Motor Neuron 1 gene (SMN1) resulting in an insufficient amount of the SMN 

protein and lead to SMA. SMN1 and its paralogue, SMN2, share 99% homology and 

lie within a 500 kb inverted duplication (Monani et al., 1999). Most of the SMN2 

transcripts are unstable due to skipping of exon 7 as a consequence of the c.840C>T 

synonymous variant (Lorson et al., 1999) which disrupts an SF2/ASF-dependent 



Splicing 

20 

ESE (Cartegni and Krainer, 2002) and creates a new ESS binding site for hnRNPA1 

(Kashima et al., 2007). Correction of the exon skipping by antisense oligonucleotides 

or the expression of a sequence-adapted U1 snRNA to promote exon definition and 

mask silencers could be used as an indirect therapy for SMA by reactivating SMN2, 

the latent paralog of SMN1 (Dal Mas et al., 2015; Rogalska et al., 2016).  

Another well-studied example is Cystic Fibrosis (CF). Missplicing of Cystic Fibrosis 

Transmembrane conductance Regulator gene (CFTR) transcripts is observed in ~12% 

of all described mutations (Aissat et al., 2013). Notably, a quarter of all synonymous 

variants in CFTR exon 12 are promoting exon skipping (Pagani et al., 2003a, 2005) 

which results in a non-functional CFTR protein associated with CF phenotypes. The 

overlapping splicing regulatory elements which constitute the so-called Composite 

Exonic Regulatory Element of Splicing (CERES) entail virtually every nucleotide of 

CFTR exon 12 (Haque et al., 2010). In addition, high susceptibility for missplicing is 

linked to weak definition of the 3’ss of exon 9. As a consequence, 74% of single 

nucleotide variants (SNVs) in this exon cause alteration of splicing (Pagani et al., 

2003b). Weak cis-regulatory motifs seem to increase the vulnerability of CFTR to exon 

skipping (Aissat et al., 2013).  

Variants in the BRCA1 and BRCA2 genes confer high risk to develop Hereditary 

Breast and Ovarian Cancer, accounting for ~16% of the familial risk of breast cancer 

(Stratton and Rahman, 2008). Fifty percent of identified BRCA1/2 variants are 

classified as VUS, which may represent a reservoir of putative splicing mutations. In 

a series of studies, aberrant splicing was observed in 54% of the tested 154 BRCA1/2 

variants (Sanz et al., 2010; Acedo et al., 2012, 2015; Fraile-Bethencourt et al., 2017, 

2018), of which ~75% were classified as pathogenic or likely pathogenic (Fraile-

Bethencourt et al., 2018). A G-to-T transversion in exon 18 of BRCA1 at the same 

position as the aforementined c.840C>T variant in SMN2 (+6 from the acceptor splice 

site) formally generates a stop codon. However, the c.840C>T variant creates a 

silencer-rich sequence which leads to an in-frame exon skipping (Goina et al., 2008). 

Thereby, aberrant splicing of BRCA1 results in the removal of 26 amino acid residues 

from a highly conserved motif (Mazoyer et al., 1998). 

Splicing deficiency and splicing defects also play an important role in IRDs. Intriguingly 

genes for trans-acting core spliceosomal proteins are an important category of IRD 
disease genes; namely (hypomorphic) mutations PRPF31, PRPF8, PRPF6, PRPF3, 



Introduction 

21 

PAP-1 and SNRNP200/BRR2, have been associated with adRP (Weidenhammer et 

al., 1997; Martínez-Gimeno et al., 2003; Waseem et al., 2007).  

On the pre-mRNA substrate, a myriad of variants abolishing bona fide donor and 

acceptor splice sites in nearly all IRD genes have been reported. Intronic non-

canonical splice site variants are located a few base pairs upstream (at the acceptor 

site, i.e. -14 to -3) or downstream of exons (at the donor site, i.e. +3 to +9). Exonic 

non-canonical splice site variants affect the first and two last nucleotides of an exon. 

Variants at cis-regulatory splicing elements other than the splice sites are one of the 

current challenges (Cremers et al., 2018). Both non-synonymous (Bellingham et al., 

2015; Becirovic et al., 2016) and synonymous variants (Braun et al., 2013) as well as 

intronic variants located far away from the 5' and 3' ss, referred to as deep-intronic 

mutations (den Hollander et al., 2006; Mayer et al., 2016) have shown pathogenic 

potential by means of aberrant splicing of IRD genes. Misspliced transcripts with 

skipped exons, included pseudoexons or partially retained introns may lead to 

alteration of the reading frame and premature termination of the protein or in-frame 

deletions affecting essential protein domains (Weisschuh et al., 2020). 

Extensively investigated for splicing mutations, ABCA4 is an IRD gene with 50 exons. 

Splice site mutations accounted for 13.5% of ABCA4 rare variants identified (n = 171) 

in 335 Stargardt patients (Schulz et al., 2017). Whereas most ABCA4 alleles 

represented missense (59.6%) and nonsense and frameshift mutations (15.8%), 

synonymous variants accounted for 8.8% (Schulz et al., 2017). Non-canonical splice 

site variants represent 10% of all reported ABCA4 alleles associated with Stargardt; 

being 75% at the donor site (Cornelis et al., 2017). Deep-intronic variants were found 

in 67% of Stargardt patients (n = 36) with one or no variant in trans (Sangermano et 

al., 2019). Exonic variants that altered splicing represented 28% (n = 28) of all putative 

splice-disrupting variants in 335 Stargardt patients (Schulz et al., 2017).  

The main sub-cateogories of splicing mutations and the consequences have been 

illustrated with examples of mutations in IRDs genes attending to the splicing defect 

exerted and/or the position within the gene (Weisschuh et al., 2020; Appendix 13.1.5). 

An unprecedented example within IRDs is the exon skipping induced by the 

simultaneous presence of certain exonic variants (in cis; haplotypes) within exon 3 of 

OPN1LW in individuals with a protanopia (Ueyama et al., 2012). Investigating the 

misregulation of OPN1LW/MW exon 3 splicing a central topic of this thesis.  
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4 Aims of Research 

i) To identify disease-causing mutations in unsolved BCM/XLCD cases and to 

elucidate the underlying mutational mechanisms at the OPN1LW/MW gene 

cluster  

 

ii) To investigate splicing regulation confered by exonic motifs of IRD genes; to 

characterize either individual synonymous and non-synonymous mutations as 

well as haplotypes that potentially alter cis-regulatory elements of splicing with 

a pathogenic effect on the retinal phenotype 

 

iii) To develop an assay with increased throughput compared with individual 

minigene splicings assay which should enable the screening of hundreds of 

putative exonic spliceogenic variants. The objective was to design an in vitro 

minigene assay in the form of a multiplexed assay leveraging massively parallel 

sequencing technologies 

 

iv) To apply the established multiplexed assay for prospective assessment of 

exonic variants in the OPN1LW/MW genes, and specifically, to provide 

unbiased assessment and interpretation of the splicing outcome from 256 

different exon 3 haplotypes 
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6 Results and Discussion 

6.1 Publication I: A 73,128 bp de novo deletion encompassing the 
OPN1LW/OPN1MW gene cluster in sporadic Blue Cone 
Monochromacy: a case report 

This publication reports the genetic basis underlying a sporadic BCM case. The 

molecular genetic analysis revealed the presence of a novel genomic deletion of >73 

kb encompassing the LCR, the entire OPN1LW and parts of the OPN1MW gene in the 

single affected male. Segregation analysis confirmed that this deletion is a de novo 

mutation which had occurred in the mother’s germline. This study underscores the 

importance to consider mutations in the OPN1LW/MW gene cluster in male patients 

with cone dysfunction features regardless of the absence of disease history in the 

family.  

While the patient (BCM17-III:2; Buena-Atienza et al., 2018) was initially diagnosed 

with achromatopsia, a detailed clinical evaluation of the retinal function provided 

evidence compatible with a clinical diagnosis of a classical BCM phenotype (Fig. 1; 

Appendix 13.1.1; Publication I). The genetic analysis (Appendix 13.2.1; Supp. Fig. S1) 

showed that the unaffected maternal grandfather (I:1) and mother (II:1) had an intact 

OPN1LW/MW gene cluster, yet the patient (III:2, Fig. 2; Appendix 13.1.1, Publication 

I) beared a large novel deletion spanning the LCR and the adjacent sequence 

including the entire OPN1LW and the first three exons of OPN1MW. Due to the loss 
of the LCR and any intact OPN1LW or OPN1MW, the deletion 

NC_000023.11:g.154,118,184_154,191,311del is considered a loss-of-function 

mutation (Nathans et al., 1989) responsible for the phenotype in this patient (BCM17-

III:2). Microsatellite marker analysis demonstrated transmission of the OPN1LW/MW 

bearing X-chromosome segment from the grandfather (BCM17-I:1) to the patient 

(BCM17-III:2; Fig. 2a; Appendix 13.1.1, Publication I). We proposed a de novo origin 

of the deletion in the mother’s (BCM17-II:1) germline because the deletion was not 

detected in neither the grandfather’s (BCM17-I:1) nor the mother’s (BCM17-II:1) blood 

DNA (Fig. 2c; Appendix 13.1.1, Publication I). A post-zygotically de novo origin in the 

patient cannot be formally ruled out. However, genotype and phenotype derived from 

peripheral blood DNA and retinal examinations, respectively, correlate well indicating 

that the mutation is not exclusively present in a specific tissue, as expected for a 
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fewer mismatches with the left arm of the AluJo repeat. Both the FRAM element and 

the AluJo repeat are oriented in a telomer-to-centromer direction; the left arm of the 

AluJo occupying the most distal position in OPN1MW intron 3. The resultant hybrid 

Alu element present in the patient’s (BCM17-III:2) DNA includes the stretch of 81 bp of 

the original FRAM element (centromeric to the OPN1LW/MW), the common 13 bp 

region and 65 bp of the most telomeric part of the left arm of AluJo, yielding a 159 bp 

hybrid Alu-element in the size of a monomeric Alu element (Fig. 3).   

In general, there are two major mechanisms to repair DNA double strand breaks 

(DSBs): rejoining strands without a template by non-homologous end-joining 
(NHEJ) or, alternatively, using a homologous sequence on both ends as template 

during recombination (homologous recombination) (Gu et al., 2008). Recombination 

between two homologous sequences that are not alleles is known as non-allelic 
homologous recombination (NAHR). Misalignment with non-allelic copies of high 

identity in meiosis can result in de novo genomic rearrengements in the germline (Gu 

et al., 2008). Microhomology between Alu elements can mediate misalignment and 

recombination, resulting in deletions and duplications or deletions and inversions 

(Wong et al., 2018) depending on the orientation of the elements and whether the 

crossover occurs between different chromosomes or within a single chromosome, 

respectively (Batzer and Deininger, 2002; Kim et al., 2016; Liu et al., 2009).  

Alu-microhomology can induce NHEJ in its close proximity by fusing partially 

homologous Alu elements, a mechanism known as homeology-induced NHEJ (HI-

NHEJ) (White et al., 2015). The chimeric Alu-element observed at the novel deletion 

junction in the patient BCM17-III:2 (Fig.3) resembles partially fused Alu elements 

typical of HI-NHEJ (Morales et al., 2015). However, the length of the monomeric Alu 

donor (FRAM) and the fact that FRAM must have aligned with the left arm of AluJo 

(instead of the right one) speaks against a random rejoining of parts of the two Alu 

elements. Moreover, the microhomology between the FRAM and the AluJo element 

is not in the proximity but coincides with the deletion breakpoint. This makes NAHR 

the most plausible underlying mechanism. Hence, NAHR could have occured either 

intra-chromosomally or between different X-chromosomes during meiosis I in primary 

oocytes. In X-linked recessive Duchenne muscular dystrophy SNVs originate more 

likely during spermatogenesis and deletions and duplications during oogenesis 

(Grimm et al., 1994). A maternal bias for deletions in autism due to a meiotic hotspot 

has been observed (Duyzend et al., 2016). 



Results and Discussion 
 

27 

CNVs are structural variants leading to genomic imbalance; for example deletions or 

duplications. The clinical impact of CNVs has been underscored by Truty and 

colleagues. A total of 1810 deletions and 1034 duplications across 384 disease-

causing genes were found in ~2% of the individuals referred for a NGS-based genetic 

test (n = 143,515) and in ~10% of those with a clinically significant result (Truty et al., 

2019). Intragenic CNVs represented ~8% of all pathogenic variants associated with 

pediatric and rare disorders whereas neurological disorders presented the highest 

prevalence (35%) of pathogenic CNVs. The majority of genes carried a single CNV 

whereas 8% of the genes had ≥ 15 CNVs which accounted for 70% of all intragenic 

CNVs; suggesting for a biased distribution of CNVs within the investigated genes 

(Truty et al., 2019). 

About 2,500 structural variants per human genome were estimated to differ from the 

reference genome (The 1000 Genomes Project Consortium, 2015) using WGS. A 

recent study with multiple sequencing platforms elevated the figure by more than 10-

fold (Chaisson et al., 2019). A global frequency estimate for de novo CNV formation 

regardless of genomic size is currently unknown albeit it has been estimated as 1 in 

50 individuals (Veltman and Brunner, 2012). CNVs of >100kb have been estimated to 

occur de novo at a rate of 1.2 × 10−2 events per generation (Itsara et al., 2010). The 

insufficient detection power by most techniques used until now suggests that CNVs 

have been underestimated and represent a major source for missing heritability.  

NAHR events often take place between repetitive elements (Cardoso et al., 2016). 

Low-copy repeats such as segmental duplications of 1-100 kb of genomic size with 

>90-95% of sequence identity are associated with Alu elements (Chen et al., 2014). 

Taking up > 10% of the human genome, these  elements are high-copy repeats of the 

class of short interspersed nuclear elements known to be drivers for the formation of 

segmental duplications (Deininger, 2011). Segmental duplications are hotspots for 

NAHR events and predispose to CNV mutations. Likewise, some NAHR events use 

repetitive elements such as Alu elements as homology substrates, as in the deletion 

event presented here. Due to the shorter homology length, the latter ones are 

probably less frequent than those mediated by larger homologous sequences between 

low-copy repeats. Thus, the density of the two kinds of repetitive elements might play 

a role in CNV formation.  
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The density of Alu elements varies greatly among chromosomes and correlates with 

GC content. Seventy-five percent of genes are associated with Alu elements (Grover 

et al., 2004). The involvement of Alu elements in the origin of disease-causing 

deletions has been extensively reported (Cook et al., 2013). Cancer genes are often 

affected by Alu-mediated deletions; for instance, germline mutations in MSH2 and 

MLH1 that cause hereditary nonpolyposis colorectal cancer (van der Klift et al., 2005; 

Wang et al., 2003) or the VHL tumor suppressor gene associated with Von Hippel-

Lindau disease for which 90% of germline deletions (n = 66) were located in Alu 

elements (Franke et al., 2009). Seventy-five percent of the deletions in FANCA 

associated with Fanconi anemia were reported to be Alu-mediated (Flynn et al., 2014). 

Alu-mediatedd NAHR often underlies rare adRP-associated large deletions in PRPF31 

‒ on the chromosome (19) with the highest density in Alu elements (Rose et al., 

2011).  

The density of Alu subfamilies also varies among chromosomes, being the oldest Alu 

elements more abundant in the X-chromosome (Grover et al., 2004). Within the X-

chromosome, the highest Alu content is found at the end of Xp, comprising ~29% of 

the pseudo-autosomal region 1 (Ross et al., 2005). The local architecture of Xq28 

(~3Mb) is prone to rearrangements and harbours a number of segmental duplications. 

Deletions resulting from recombination between inverted repeats, Alu-mediated or 

non-homologous recombination in FVIII underlie severe hemophilia (Pezeshkpoor et 

al., 2012; Rossetti et al., 2004; Vidal et al., 2002) or the Rett syndrome when affecting 

MECP2 ‒ upstream of the OPN1LW/MW loci. The highest GC content in Xq28 is 

found between the OPN1LW/MW and the G6PD loci, representing an Alu-rich region 

as well (Chen et al., 1996).  

Indeed, highly repetitive sequences have been reported to be involved in the origin of 

complex rearrangements at the OPN1LW/MW gene cluster in two BCM cases 

reported by Wang and colleagues (Wang et al., 2016). A 3-kb deletion frequently 

observed in BCM patients from the US (Yatsenko et al., 2016; Prof. Bernd Wissinger, 

personal communication) and the second BCM case carries a deletion which ocurred 

likely due to Alu-mediated NAHR with 17-bp microhomology with 8 contiguous 

nucleotides (Katagiri et al., 2018) homologous to the sequence at the deletion junction 

in BCM17-III:2 (Fig. 2b; Appendix 13.1.1, Publication I). 
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6.2 Unpublished I: A 142 bp intra-exonic deletion in both OPN1LW 
and OPN1MW underlying Blue Cone Monochromacy 

A novel intragenic deletion was identified in exon 5 of both OPN1LW and OPN1MW 

gene copies in a male affected by BCM. The presented findings reveal the genetic 

basis presumably underlying this sporadic case of BCM. The putative origin for the 

mutation(s) identified in the OPN1LW/MW gene cluster is discussed. 

I have investigated the family BCM262 from Spain with a single male affected with 

cone dysfunction (see Fig. 4A for a pedigree showing relevant family members). 

Similar to the sporadic patient in BCM17 presented in Section 6.1, the index patient 

(BCM262-III:2) had a primary clinical diagnosis of achromatopsia. Although no other 

family members had a visual impairment as severe as the index, a variety of ocular 

symptoms had been observed within the family. The patient’s sister presents with 

nystagmus and strabismus since birth. However, in contrast to her brother, she has a 

good visual acuity of 0.8 and 0.6 in the right and left eye, respectively, no colour vision 

abnormalities and performs normal in ERG recordings. The patient’s deceased 

maternal grandfather (Fig.4, BCM262-I:2, †) was a car driver with normal visual acuity 

but presented with a certain degree of colour blindness as reported by the family. The 

maternal great uncle had low visual acuity with high myopia yet family members did 

not report on his colour vision performance. Although the latter two family members 

may well presented with OPN1LW/MW-related phenotypes, lack of opthalmological 

examination records and samples for genetic investigation did not allow concluding on 

a potential relationship with the retinal disease and its cause in the index. 

Upon genotyping subject BCM262-III:2 (Fig.4B and Appendix 13.2.1; Supp. Fig. S1), a 

novel intragenic deletion mutation in the human OPN1LW/MW gene cluster was 

identified. Strikingly, the exact same 142-bp deletion was simultaneously present in 

exon 5 of OPN1LW and OPN1MW gene copies (NM_020061.5:c.807_948del and 

NM_000513.2:c.807_948del, respectively), since only shortened exon 5 PCR products 

were detected by direct amplification from genomic DNA (amplifies exon 5 from both 

OPN1LW and OPN1MW), as well as by nested re-amplification of exon 5 following 

Long Distance Polymerase Chain Reaction (LD-PCR) specific for either proximal 

OPN1LW or distal OPN1MW gene copies (Fig. 4).  
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Figure 4. Identification of intraexonic deletions in exon 5 of OPN1LW/MW in case BCM262. A) 
Pedigree of family BCM262 showing the index male patient in the third generation (III) by a black 
square (BCM262-III:2) and close relatives. B) Genotyping OPN1LW/MW exon 5 by either direct 
amplification of exon 5 (black) or using LD- PCR amplify specifically the proximal or OPN1LW (red) and 
distal or OPN1MW(s) (green) gene copies, followed by a nested PCR that re-amplifies exon 5 from 
each LD-PCR product. C-E) Agarose gels showing PCR products for I:1, II:2, III:1 obtained by direct 
amplification of exon 5 from OPN1LW/MW simultaneously (C), and re-amplification upon LD-PCR of 
OPN1LW (D) or OPN1MW(s) (E). Sanger sequencing traces of the amplicons derived from III:2 of each 
PCR (C-E) highlighted in yellow and the reference sequence (grey), showing the breakpoints of the 
identified deletion. F) The sequence region with the deletion aligned to the reference sequence of exon 
5 of OPN1LW and OPN1MW, showing specific polymorphisms of OPN1LW (red) and OPN1MW 
(green) and the respective differences in amino acid sequence below. Key Tyr277Phe (Y277F), 
Thr285Ala (T285A) and Tyr309Phe (Y309F) that contribute importantly wavelength sensitivity are 
squared in grey. LCR: Locus Control Region, LD: Long-Distance, Re-Exon 5: re-amplification of exon 5; 
M: Marker ladder, Ex5: Exon 5, Del: Deletion, NC: Negative Control, LW: OPN1MW and MW: 
OPN1MW.  

Thus, the patient BCM262-III:2 has no single OPN1LW/MW gene copy with an intact 

exon 5. Sanger sequencing of direct and nested (from proximal- and distal-specific 

LD-PCR) exon 5 amplification products (Fig. 4C-E) revealed a 142 bp deletion within 

exon 5 which causes a frameshift (p.Met269Ilefs*10) and the introduction of a 

premature termination codon (PTC). Shortened and normal length exon 5 PCR 

products (for both proximal and distal OPN1LW/MW gene copies) were amplified with 

DNA from the patient’s mother (BCM262-II:1) and the sister (BCM262-III:1) by direct 
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and LD-PCRs (Fig. 4C-E, BCM262-II:1 and BCM262-III:1). Thus, both are carriers of 

the NM_020061.5:c.807_948del deletion in OPN1LW and at least one of their 

OPN1MW copies harbours the NM_000513.2:c.807_948del mutation ‒ on the X-

chromosome transmitted from the mother to both siblings. With the available 

technology it is not possible to determine whether in these female carriers none, only 

one or all OPN1MW gene copies in cis with the deletion-carrying OPN1LW gene copy 

are mutated. Moreover, in principle it is not possible to distinguish intact OPN1MW 

gene copies in the deletion-bearing X-chromosome from those amplified from the non-

mutated X-chromosome. Notably, no deletion was detected in any of the PCRs in the 

patient’s grandmother (BCM262-I:1) (Fig. 4C-E), indicating that the deletion-bearing X-

chromosome stems most likely from the maternal grandfather (BCM262-I:2).  

Although no sample for genotyping was available from the deceased maternal 

grandfather (BCM262-I:2), his history of colour vision deficiency but normal visual 

acuity suggests that he likely carried the exon 5 deletion in either OPN1LW or the 

OPN1MW, and thus, a genotype compatible with simple dichromacy. In this scenario, 

gene conversion in the germline of the patient’s grandfather (BCM262-I:2) may have 

transferred the mutation from OPN1LW to the most upstream OPN1MW or vice versa, 

with the consequence of a genotype underlying the BCM phenotype in the grandson 

(BCM262-III:2). In an alternative yet less likely gene conversion scenario, a OPN1MW 

gene copy downstream of the two first expressed OPN1LW/MW gene copies in the 

germ cells of either the patient’s grandfather or mother could have plausibly acted as 

the donor copy and the most upstream OPN1MW copy as the recipient copy of the 

NM_000513.2:c.807_948del.  

The direction of gene conversion could not be established from the experimental data; 

all 11 paralog-specific SNVs in exon 5 which can putatively distinguish OPN1LW 

from OPN1MW lie within the deleted sequence (Fig. 4F). Moreover, searching for 

polymorphisms in exon 5-flanking introns in phase with the deletion mutation did not 

allow to differentiate the nature of a donor copy from a past gene conversion event 

due to the lack of sequence differences.  

Previously, intragenic deletions have only been reported in BCM subjects with a cone 

opsin gene cluster reduced to a single OPN1LW gene or single OPN1LW/MW hybrid 

gene (Gardner et al., 2009; Ladekjær-Mikkelsen et al., 1996). A 1.5 kb intragenic 

deletion removing the entire exon 4 and flanking intronic sequences and resulting in a 
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truncated opsin due to a frameshift and a PTC at position 266 has been reported in a 

Danish BCM family (Ladekjær-Mikkelsen et al., 1996). Secondly, a 1.2 kb deletion 

encompassing 919 bp of intron 1 and 288 bp of exon 2 has been reported by Gardner 

and colleagues in a British BCM family. This mutant allele is not predicted to alter the 

reading frame and may give rise to transcripts with an in-frame deletion that would 

lack important functional and structural elements of the native opsin protein (Gardner 

et al., 2009). Notably, the latter intragenic deletion may be a by-product of an unequal 

homologous recombination between OPN1LW and OPN1MW gene copies since all 

exons distal to the deletion are derived from an OPN1MW gene copy (Gardner et al., 

2009).  

The identified NM_020061.5:c.807_948del and NM_000513.2:c.807_948del mutations 

have never been reported in the literature. These findings are interesting due to the 

fact that the same novel and non-recurrent mutation is found in multiple gene copies 

of the OPN1LW/MW cluster in one BCM subject. The inactivating p.Cys203Arg point 

mutation in exon 4 has been repeatedly reported to occur simultaneously in multiple 

gene copies of the OPN1LW/MW cluster, and suggested to be a result of a founder 

effect (Jagla et al., 2002). In addition, the p.Trp177Arg  point mutation (Gardner et al., 

2010) and the interchange exon 3 haplotypes (Gardner et al., 2014) have been found 

simultaneously in multiple gene copies in cases with severe cone dysfunction 

disorders (see also Section 6.3). Conversely, an intragenic deletion has never been 

found in multiple copies of the OPN1LW/MW gene cluster. An independent 

occurrence of a unique deletion at the exact same site in each of the distinct gene 

copies in the same subject is very unlikely. It may rather be explained by a two-step 

process: first, the occurence of the deletion in one of the OPN1LW/MW gene copies, 

and secondly, the spread of the deletion into the non-mutant gene copy/copies by 

gene conversion.   

In contrast to the molecular fingerprint found in the breakpoints of the deletion 

described in the previous chapter (Section 6.1), no repetitive elements were found by 

RepeatMasker in exon 5 of OPN1LW/MW. Whereas a global alignment revealed the 

exact breakpoints of the deletion, by performing a ClustalO (Sievers et al., 2011) local 

alignment, 11 bases upstream of the 5' deletion breakpoint were misaligned to the 

non-deleted exon 5 reference sequence spanning within the deletion. A 3-bp (-GTG-) 

microhomology stretch was found 8 bp upstream of the 3’ deletion breakpoint (Fig. 

5A).  
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By means of in silico prediction with a model of expectation maximization (Bailey and 

Elkan, 1994), I searched for novel motifs (MEME, version 5.0.5). The candidate motif 

with the highest predictive score was found twice in the input sequence bearing the 

deletion (BCM262-III:2A). One motif (5'-ACGCGC-3') was found 2 bp upstream of the 

5' deletion breakpoint. The second motif was found in the minus strand (5'-ACGGGG-

3') 5 bases downstream of the 3' deletion breakpoint. Whereas most likely this does 

not represent a recurrent motif, the sequence on the same strand (5'-CCCCGT-3') at 

the 3' deletion breakpoint could represent a putative inverted repeat not fully 

complementary to that at the 5' deletion breakpoint which could potentially lead to a 

cruciform nearby the deletion (Fig. 5B). 

Inspecting the sequence, I found two 11-bp imperfect inverted repeats in the 

neighbouring sequence of the deletion breakpoints (Fig. 5C). The first motif, 5'-

GGCAGAGAAGG-3', is located 13 bp upstream of the 5’ deletion breakpoint. The 

second motif on the same strand is located within the deleted sequence; 15 bp 

upstream of the 3’ deletion breakpoint. Whereas the motif sequence in OPN1MW 

exon 5 (5'-CCTTCTTTGCC-3') has 10 out of 11 bases of complementary to the first 

motif, the same motif in OPN1LW has 9 complementary bases (5'-CCTACTTTGCC-

3'). In both cases, intra-strand mispairing would include six Watson and Crick 

base pairings of G:C between two repeat motifs (Fig. 5C).  

Non-B-DNA conformations were evaluated with QGRS Mapper (Kikin et al., 2006). 

Exon 5 of either OPN1LW or OPN1MW was queried for potential quadruplex forming 

G-rich sequences with default settings and including overlaps. For OPN1LW two 

putative sequences were found with a G-score of 9 while a total of 10 putative 

sequences were found for OPN1MW with G-scores ranging from 6 to 21. When the 

minimum size of the loop was restricted to 3 bp (instead of ‘0’ as default), no motifs 

were retrieved for OPN1LW. However, two sequences of 29 and 20 bp with a G-score 

of 12 and 21, respectively, were retrieved for OPN1MW. 
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Figure 5. Genomic architecture features found in the breakpoints vicinity of the deletion found in 
BCM262-III:2. A) Microhomology stretch of 3 bp discoverd by local alignment with ClustalO (Sievers et 
al., 2011); 11 bases upstream of the 5' deletion breakpoint (a dashed circle highlights the “T” at the 5' 
and 3’ deletion breakpoints) were misaligned to the non-deleted exon 5 reference sequence spanning 
within the deletion. B) Imperfect inverted repeats (grey boxes) and C) imperfect inverted motifs (MEME) 
and D) quadruplex forming G-rich motifs (QGRS Mapper) G-rich motifs in bold letters. Dashed circles 
highlight the “T” at the 5' and 3’ deletion breakpoints. 

The first predicted motif (5'-GGAAGTGACGCGCAT│GGTGGTGGTGATGG-3'; G-rich 

sequences in bold letters and a boundary line representing the 5' breakpoint of the 
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deletion) overlaps the 5' deletion breakpoint. The second predicted sequence (5'-

│GGTGGTGGTGATGGTCCTGG-3'; G-rich sequences in bold letters and a boundary 

line representing the 5' breakpoint of the deletion; Fig. 5D), is predicted with the 

highest score and starts just downstream of the 5' deletion breakpoint. In addition, a 

G-quadruplex was predicted 71 bp downstream of 5' breakpoint of the deletion in the 

minus strand only in exon 5 sequence of OPN1MW (5'-

GCCAACCCTGGCTACCCCTTCCACCCTTT-3'; bases complementary to the G-rich 

sequences in the minus strand in bold letters) by G4Hunter (Brázda et al., 2019).  

The breakpoint regions of the deletions presented in this subject might be associated 

with at least one of the following three the genomic architecture features: (1) 3 bp of 

microhomology 8 bp upstream of each breakpoint, (2) two pairs of imperfect inverted 

repeats either at each side of the breakpoint or with only one repeat flanking the 

breakpoint and the other repeat embedded in the deletion, with 4 and 6 bp of 

continuous complementarity, respectively and (3) G-rich sequences able to form G-

tetrads spanning at least one breakpoint. However, not enough evidence is provided 

to prioritize the significance of each of the architecture features in relation to the other 

types in order to conclude which mechanism most likely underlies the deletion. 

Microhomology was found in 80% of deletion breakpoints (n = 30) in a systematic 

study of genomic architecture nearby CNVs (Vissers et al., 2009). CNVs with short 

strechtes of microhomology could be indicative of NHEJ or microhomology-mediated 

break-induced replication (Hastings et al., 2009).  

The two 11-bp motifs of inverted repeats ‒ 140 bp appart ‒ may fold into an intra-

strand complementary hairpin. This conformation in each strand could render a 

cruciform of non-B DNA structure. Likewise, the novel 6-mer motifs ‒ with 149 bp in 

between ‒ could lead to a cruciform structure with a looped DNA bearing the 142-bp 

deleted sequence. Whereas the longest pair of repeats might be more stable, repeats 

flanking the breakpoint seem more plausible to contribute to the deletion formation 

due to the location with respect to the breakpoints. Hairpin loop inducing deletions by 

intra-strand complementarity of single-stranded DNA (ssDNA) and loop degradation 

was proposed for a 17-bp intraexonic deletion in exon 47 of the dystrophin gene in a 

case of X-linked Duchenne muscular dystrophy (Robinson et al., 1997).  

The predicted oligo(G)n tracts could potentially induce the formation of tetraplexes. 

Intramolecular G-quadruplexes could be formed by the G-rich sequences on the same 
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strand or between two strands. Deletions have been shown to be enriched at G4 

motifs in Single-Molecule Real-Time (SMRT) sequencing (Guiblet et al., 2018). 

In spite of OPN1LW/MW being a NAHR-prone gene cluster, no evidence of hybrid 

genes, large blocks of homology (other than the duplicated genes in the array 

themselves) or repetitive elements (i.e. Alu-mediated) were found at the breakpoints of 

the deletion in this case. Lack of a molecular scar for classical NHEJ and the fact that 

microhomology is found adjacent to the breakpoint could point out to alternative NHEJ 

mechanisms such as microhomology-mediated end joining (Ottaviani et al., 2014). 

Yet, the microhomology does not overlap the breakpoint junction.  

Mechanisms other than meiotic recombination processes might have been involved 

(Carvalho and Lupski, 2016). Non-B DNA structures different than the right-handed 

Watson and Crick B-form; for instance, cruciforms or G-quadruplexes, could lead to 

stalling of replication forks in mitotic microhomology-mediated mechanisms (Vissers et 

al., 2009). Such microhomology or other replication-based mechanisms frequently 

underlie non-recurrent deletions (Vissers et al., 2009) and have been found a major 

contributor of CNV formation in IRD genes (Van Schil et al., 2018).  

A second mutational event could have transferred the deletion from distal to 

proximal or vice versa. Interestingly, two of the sequence features found in the 

breakpoints suggested that the (first) occurrence of the deletion in the OPN1MW gene 

copy is more likely. Intringuingly, gene conversion events might spread insertions or 

deletions as well. It has been observed that a sequence identity of at least 92% is a 

prerequisite for non-allelic gene conversion. Thus, the minimum gene conversion tract 

transferred from the donor to the recipient gene copy might have involved at least 2 kb 

of sequence. Indeed, in a genome-wide analysis in primates, Assis and Kondrashow 

found hundreds of sites with evidence for adjustments in length between paralogous 

sequences, most likely explained by non-allelic gene conversion. Particularly, 

deletions in paralogous sequences were >3 times more frequent compared with 

insertions (Assis and Kondrashov, 2012). While such gene conversion events involve 

mostly small deletions or insertions (indels) of <10 bp, there are also common human 

variation examples due to gene conversion events involving larger length difference 

between donor and recipient. For example, a ~10 kb CNV shuffle ‒ which can occur in 

either directionality (proximal to distal, and vice versa) ‒ between paralogous 
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sequences in the inverted repeat regions (IR3) on the Y chromosome (Shi et al., 

2018).  

In human disease, a recurrent 55-bp deletion in exon 9 of the glucocerebrosidase 

(GBA) gene in patients with Gaucher disease has been proposed to result from a 

gene conversion event originating from the GBAP1 pseudogene with 96% homology 

at the coding sequence (Tayebi et al., 2003; Walley and Harris, 1993). Analogously, 

gene conversion between the iduronate-2-sulfatase gene IDS underlying Hunter 

disease (Bunge et al., 1998) and its neighboring pseudogene IDS-2 in inverted 

orientation on the Xq28 including the occurence of deletions of exons 4-7 (10kb) with 

remnant sequences from IDS-2 has been reported by two groups (Birot et al., 1999; Li 

et al., 1999). De novo intraexonic deletions in MECP2, located upstream of OPN1LW, 

have been found associated with Rett syndrome (Bunyan and Robinson, 2008; 

Todorov et al., 2012).  

A study searching for signatures of gene conversion revealed a truncated Chi-
element (-TGGTGG-) to be enriched at converted tracts (Chuzhanova et al., 2009). A 

Chi-like element has been previously proposed to underlie gene conversion in exon 3 

of OPN1LW/MW (Winderickx et al., 1993). This motif (-T│GGTGGTGG-; boundary 

exemplifies the deletion breakpoint) is found at the junction of the deletion in BCM262-

III:2. Moreover, it has been shown that motifs able to adopt non-B DNA structures are 

overrepresented in converted tracts and thus, together with the action of 

recombination hotspots induce mutational gene conversion (Chuzhanova et al., 2009).  

In summary, we have identified a novel non-recurrent pathogenic structural variant in 

both OPN1LW and OPN1MW underlying an X-linked BCM case. Several signatures 

which can promote non-recurrent CNVs have been found in the genomic architechture 

nearby the deletion breakpoints. A first origin in one gene copy (most likely in 

OPN1MW) and subsequent transfer by gene conversion to the non-mutated gene 

copy in a second step is proposed. 
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6.3 Publication II: De novo intrachromosomal gene conversion 
from OPN1MW to OPN1LW in the male germline results in Blue Cone 
Monochromacy 

A de novo event of non-allelic gene conversion was identified in the lineage of a single 

family, supported by the evidence of phenotypically distinct cone dysfunction disorders 

in grandfather and grandson. The data supports that a strongly pathogenic exon 3 

haplotype in OPN1LW originated from a non-reciprocal transfer of a sequence stretch 

from its paralogous gene OPN1MW. The converted and donor haplotypes induce high 

quantities of aberrantly spliced OPN1LW and OPN1MW transcripts, respectively. 

Longtime but evolutionary recent gene conversions have presumably led to intringuing 

haplotype diversity in exon 3. Cis-regulatory elements of splicing in exon 3 have been 

thus shaped, as shown by the quantitatively diverse splicing outcomes in vitro.    

6.3.1 Gene conversion event from OPN1LW to OPN1MW in family BCM72 

In contrast to the previous case (Section 6.2) in which the unavailability of samples 

hindered the confirmation of gene conversion underlying the origin of an intragenic 

142 bp deletion in both OPN1LW and OPN1MW in subject BCM262-III:1, we have 

obtained sound evidence from a second family (BCM72) that proves a recent gene 

conversion event at the OPN1LW/MW gene cluster (Appendix 13.1.2, Publication II). 

In this case, an exon 3 haplotype inducing nearly complete exon skipping is 

transferred from OPN1MW to OPN1LW. The unaffected patient’s mother (BCM72-II:2) 

carried the pathogenic haplotype ‘LIAVA’ in both OPN1LW and OPN1MW genes in 

the X-chromosome transmitted to the patient (BCM72-III:1). However, the 

grandfather’s (BCM72-I:1) transmitting X-chromosome harboured the ‘LIAVA’ 

haplotype exclusively in a OPN1MW gene copy, while the ‘LIAVS’ haplotype was 

present in the OPN1LW gene copy (Fig.4; Appendix 13.1.2, Publication II).  

Gene conversion entails the unidirectional exchange of short regions between 

homologous or paralogous sequences or gene copies (Dumont, 2015; Hallast et al., 

2005). Based on the relative genomic and chromosomal location of donor and 

recipient sequences, two forms of gene conversion events can be distinguished: (1) 

allelic gene conversion – also referred to as interallelic, intralocus or intragenic gene 

conversion (Halldorsson et al., 2016; Wiehe et al., 2000; Zangenberg et al., 1995) – 

usually involving two alleles of the same gene (in trans) and thus occuring 
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interchromosomally, and (2) non-allelic gene conversion – often named intergenic, 

interlocus or ectopic gene conversion – involving homologous sequences between two 

distinct genes or genomic loci (Arguello and Connallon, 2011; Assis and Kondrashov, 

2012; Dumont and Eichler, 2013; Trombetta et al., 2016).  

Paralogous genes originating from segmental duplications frequently belong to the 

latter class. In non-allelic gene conversion between paralogues located on the same 

chromosome, both intra- or inter-chromosomal events may occur yet 

intrachromosomal events are more frequently reported to transfer disease-causing 

mutations (Casola et al., 2012). Interlocus gene conversion may be neutral, as 

reported in an single event involving BRCA1 and its pseudogene (Tessereau et al., 

2015). The event identified in the germline of BCM72-I:1 (Appendix 13.1.2, Publication 

II) transferred sequence from a non-functional donor, the OPN1MW gene copy 

inactivated by a deleterious rare exon 3 haplotype, to a (at least partially) functional 
acceptor gene copy: OPN1LW. This event led to a detrimental outcome for the 

offspring that inherited a converted OPN1LW gene. It has been proposed that gene 

conversion accounts for 1% of de novo disease alleles as tested using 3,196 genes 

from HGMD (Casola et al., 2012) and for 3% of the divergence between paralogous 

genes (Dennis et al., 2017; Dumont, 2015).  

Detection succeeds if first, paralog-specific variants are included in the transferred 

sequence and are flanked by sequence of the original sequence, and second, non-

mendelian segregation of such variants from parents to offspring is observed. The 

haploid nature of X-linked loci in males enables direct comparison of sequences. The 

ancestral haplotype ‘LIAVS’ was found only in the acceptor gene, OPN1LW of the 

grandfather’s X-chromosome (Fig. 4; Appendix 13.1.2, Publication II). The analysis of 

allelic haplotypes (phasing) from females is critical. Remarkably, this revealed that 

the patient’s mother carried the converted ‘LIAVA’ haplotype in the OPN1LW gene of 

one X-chromosome. Upon confirmation of the grandfather’s transmitting X-

chromosome, the possibility of the grandmother (BCM72-I:2) being a carrier of the 

transmitted X-chromosome to the patient (BCM72-III:1) can be ruled out. These 

findings strongly support that the gene conversion event had happened upon 

transmission of the X-chromosome from the grandfather to the mother, i.e. in the 

grandfather’s germline, and furthermore excludes allelic or interchromosomal non-

allelic gene conversion. The most likely scenario to explain these findings is a single 

non-allelic, intrachromosomal event. The homologous sequence in the sister 
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chromatid of the downstream OPN1MW gene may have been the donor template; for 

instance, by means of synthesis-dependent strand annealing (Ira et al., 2006; 

McMahill et al., 2007).  

The occurence of a single crossover recombination event was ruled out because no 

chimeric products or changes in copy number were detected in the lineage. Formally, 

it is very difficult to distinguish recombination events with double crossover from a 

gene conversion event. An allelic crossover event between OPN1LW gene copies in 

the mother's germline would involve recombination between the outermost non-

recombinant variants. An allelic double crossover between OPN1LW and OPN1MW, 

namely crossover at both sides of a double Holliday junction (Haber et al., 2004), 

involving exchange of the DNA strands, could in principle result in such a converted 

product with flanking regions of the original gene. This hypothesis could be accepted 

only if the following criteria are met: (1) occurred without change in copy number, (2) 

the grandmother (mother of BCM72-I:2) would have carried the haplotype ‘LIAIA’ in 

the OPN1LW gene (of the X-chromosome in which BCM72-I:2 carries the ‘LIAIS’ 

haplotype in the OPN1LW gene copies) and (3) the first crossover happened exactly 

in the region of 5 bp (in between c.532A>G and c.538T>G) between the haplotype 

‘LIAVS’ (grandfathers’ X-chromosome) and the previously assumed ‘LIAIA’ 

(grandmothers’ X-chromosome). However, no evidence supported this hypothesis. 

Furthermore, reciprocal crossing usually involves larger regions than non-crossover 
gene conversions, the latter being typically less than 1 kb of tract length (Chen et al., 

2007; Mansai et al., 2011). The mean tract length of gene conversions is estimated to 

be <300 bp (Jeffreys and May, 2004; Odenthal-Hesse et al., 2014; Reiter et al., 1998). 

The maximal converted tract in BCM72 was delimited to 1,297 bp (Fig. 5; 

Publication II). Most likely the converted tract length lies below 1 kb. This large window 

in length can be attributed to the scarcity of paralogous-specific polymorphic sites at 

this genomic region. Introns are less divergent than exons between the OPN1LW and 

OPN1MW genes; with >99% identity in the maximal converted intronic sequence. 



 

 
 

 

Table 1. Allele frequencies of exon 3 variants of OPN1LW and OPN1MW(s) genes in public databases and published reports 

Gene# Nucleotid
e change§ 

Amino 
acid 

change$ 

UCSC 
Coordinat

e(X:) 
Minor 
Allele 

MAFΘ Males 
ΘΘ dbSNP MAF‡ Allele 

Number¶ dbSNP MAF‡ Allele 
Number¶ rsID MAF‡ Allele 

Number¶ Flag MAF 
<0.05 

Winderickx 1000G ExAC gnomAD 

OPN1 
LW 

c.453G>A Arg151= 153418456 A 0.189 74 rs949430 0.049* 3775 rs75719797 0.0034 73319 rs949430 0.0028 171250 SD 3 
c.457C>A Leu153Met 153418460 A 0.189 74 rs713 -*  rs78407189 0.0013 73368 rs713 0.0022 171620 SD 2 
c.465G>C Val155= 153418468 C 0.176 74 rs713614 0.071 3775 rs72616469 0.0372 73646 rs731614 0.0306 171468 SD 2 
c.511G>A Val171Ile& 153418514 A 0.135 74 rs5986963 0.198 3775 rs79866052 0.1448 80200 rs5986963 0.1377*** 184436 SD 0 
c.513G>T Val171Ile& 153418516 T 0.135 74 rs5986964 0.199 3775 rs55676401 0.1452 80192 rs5986964 0.1383*** 184522 SD 0 
c.521C>T Ala174Val 153418524 T 0.054 74 rs14989767 0.135 3775 rs149897670 0.1011 79674 rs149897670 0.0925 180910 SD 0 
c.532A>G Ile178Val 153418535 G 0.054 74 rs14500967 0.037 3775 rs145009674 0.0221 79514 rs145009674 0.0170 181881 SD 3 
c.538T>G Ser180Ala 153418541 G 0.378 74 rs949431 0.17 3775 rs949431 0.2053 77022 rs949431 0.2200 165866 SD 0 

OPN1 
MW 

c.453G>A Arg151= 153455586 G 0.110 52  -*   -*   0.0009 20461  1 
c.457C>A Leu153Met 153455590 C 0.110 52  -*   -*   0.0016** 5766**  1 
c.465G>C Val155= 153455598 G 0.159 52  0.2 3775  -*  rs368356511 0.0428 18989  1 
c.511G>A Val171Ile& 153455644 A 0.000 52  0.03 3775  -*  rs782545619 0.0012*** 13779  3 
c.513G>T Val171Ile& 153455646 T 0.000 52  0.03 3775  -*  rs782563380 0.0011*** 13577  3 
c.521C>T Ala174Val 153455654 T 0.378 52  0.51 3775 rs372044027 0.0488 82 rs372044027 0.0421 12419  2 
c.532A>G Ile178Val 153455665 G 0.378 52 rs5742604 0.47 3775  0.4600 699 rs375538821 0.0285 11600  1 
c.538G>T Ala180Ser 153455671 T 0.060 52  -*   -*  rs782648959 0.0742 9890  0 

OPN1 
MW2 

c.453G>A Arg151= 153492704 G 0.110 52  -*   -*  rs782680594 0.0072 45635 SD 1 
c.457C>A Leu153Met 153492708 C 0.110 52  -*   -*  rs782285971 0.0043 45273 SD 1 
c.465G>C Val155= 153492716 G 0.159 52 rs371039245 0.197 3775 rs371039245 0.1695 1628 rs371039245 0.1337 43189 SD 0 
c.511G>A Val171Ile& 153492762 A 0.000 52  -*   -*  rs782395114 0.0053*** 40682 SD 2 
c.513G>T Val171Ile& 153492764 T 0.000 52  -*   -*  rs782024115 0.0051*** 40648 SD 2 
c.521C>T Ala174Val 153492772 T 0.378 52 rs142076459 0.494 3775 rs142076459 0.4300 872 rs142076459 0.3817 30027 SD 0 
c.532A>G Ile178Val 153492783 G 0.378 52  0.470 3775 rs146189239 0.5379 699 rs5742604 0.3644 37551 SD 0 
c.538G>T Ala180Ser 153492789 T 0.060 52  -*   -*  rs139163406 0.0455 37010 SD 1 

1000G: dataset from 1000 Genomes Project; ExAC: Exome Aggregation Consortium; gnomAD v2.1: The genome Aggregation Database entails exome and whole-genome data; #OPN1LW (Ensembl Gene 
ID: ENSG00000102076; UCSC Coordinates X:153409699-153424508; GRCh37/hg19), OPN1MW (Ensembl Gene ID: ENSG00000147380; UCSC Coordinates X:153448108-153461634; GRCh37/hg19) and 
OPN1MW2 (Ensembl Gene ID: ENSG00000166160; UCSC Coordinates X:153485226-153498756; GRCh37/hg19); §Nucleotide changes that represent homologous variants among OPN1LW and OPN1MW 
gene copies given as the corresponding coding DNA sequence nomenclature; $ Amino acid sequence change resulting from the respective nucleotide change, =: synonymous variant, &The variants c.511G>A 
and c.513G>T are in strong LD and located within the same codon, ‡MAF: minor allele frequency (MAF), ΘRarer allele frequency determined from normal colour vision males (Winderickx et al., 1993); ΘΘTotal 
number of male individuals studied; restricted to arrays with one or several  OPN1MW gene copies with either the same haplotype or differing in  only one polymorphism (Winderickx et al., 1993); ¶Total count 
of alleles; *Low or not available frequencies due to non-unique short reads misplaced or collapsed for one single locus, **Frequency and total number of alleles derived only from genomes as exome data 
provided no high confidence genotype;***Variant annotation dubious; SD: warning flag indicating a variant falls in a segmental duplication region. Databases include homozygous, heterozygous and 
hemizygous alleles from females and males.  Winderickx and colleagues considered only hemizygous alleles from male subjects. 
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This sequence erosion between the red and green opsin genes has been noticed in 

human, chimpanzee, baboon and gibbon species (Hiwatashi et al., 2011; Kuma et al., 

1988; Zhou and Li, 1996); being the intra-species sequence similarity between 

paralogous genes higher than the similarity to orthologs in related species even if 

duplication and divergence occurred prior speciation. This prevents individual genes in 

the cluster from accumulating mutations and thus, these genes evolve depedent on 

one another which is known as concerted evolution (Bagnall et al., 2005). This fact 

underscores long-term gene conversion between OPN1LW and OPN1MW in humans, 

apes and other Old World primates (Fawcett and Innan, 2011; Shyue et al., 1994; 

Verrelli et al., 2008; Zhao et al., 1998). Maintenance of sequence diversity in exon 5 

responds to a selection pressure to preserve differential spectral sensitivity (Shyue 

et al., 1994; Zhao et al., 1998); specifically, the Tyr277 and Thr285 residues in the 

long-wavelength sensitive (LWS) opsin, and the Phe277 and Ala285 in the middle-

wavelength sensitive (MWS) opsin which account for ~7 and ~14 nm difference in 

peak spectral sensitivity, respectively (Deeb et al., 1992). Combinations of the latter 

are found in hybrid genes as a result of unequal homologous recombination (Merbs 

and Nathans, 1992). The c.538T>G/p.Ser180Ala substitution results in a ~5 nm shift 

(Merbs and Nathans, 1992). The c.538G is the minor allele in OPN1LW and the 

ancestral allele in OPN1MW (Table 1).  

Precisely, the c.538T>G/p.Ser180Ala is the only variant by which the original 

(‘LIAVS’) and the converted (‘LIAVA’) exon 3 haplotypes in OPN1LW of the 

grandfather (BCM72-I:1) and patient (BCM72-III:1), respectively, differ (Fig. 4; 

Publication II). According to the MAFs documented by Winderickx, 1000G, ExAC and 

gnomAD (Table 1), c.538T>G is a high-frequency polymorphism in OPN1LW. The 

latter is shared between OPN1LW and OPN1MW in the population (Asenjo et al., 

1994; Winderickx et al., 1993). Actually, all six non-synonymous SNPs found to be 

shared between OPN1LW and OPN1MW genes in a total of 75 normal colour vision 

and 58 colour-vision deficient Caucasian males were located in exon 3 (Winderickx et 

al., 1993) constituting a variety of haplotypes. The c.511G>A and c.513G>T seem to 

be mostly found within OPN1LW (Table 1). Due to the non-unique short reads and the 

fact that Winderickx considered only hemizygous alleles, certain SNPs may be below 

the minor allele frequency (MAF) threshold of 0.05 in the databases (Table 1), but are 

common in Winderickx et al., 1993. According to the latter study, most of the 
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haplotypes we found in our study can be considered rare (Fig. 1b and Table 2; 

Appendix 13.1.2, Publication II). Further discussion will follow in 6.3.2.  

Upon comparison of ~5 kb from intron 2 to the 5‘ part of exon 5 of OPN1LW genes of 

236 human males with undefined colour vision, 9 out of 14 variants in ~0.5 kb of 

coding sequence were in exon 3 (Verrelli and Tishkoff, 2004). An atypical haplotype 

structure highlighted by only sporadic significant LD between pairs of variants in and 

around exon 3 was found, suggesting frequent recombination or gene conversion 

(Verrelli and Tishkoff, 2004). The latter supported prior observations of partial LD 

between variants at 5' and 3' parts of exon 3, and between the 3' part of exon 3 and 

exons 4 and 5 (Winderickx et al., 1993).  

The shifts in the absorption maximum of the cone pigment(s) generated by the amino 

acid changes encoded by exon 3 polymorphisms do not contribute to adaptive 

selection. However, the unusual haplotype structure in exon 3 is not compatible 

with a model of neutrality (Verrelli and Tishkoff, 2004). With the exception of the 

Ser180Ala variant, no other polymorphic sites are found in exon 3 of the multi-allelic 

single LWS/MWS opsin gene in New World primates, indicating that haplotype 

diversity in exon 3 acquired its non-neutral character after gene duplication. Indeed, 

the overall divergence among polymorphic X-linked opsin genes in New World 

primates is ~3.5% less than between the duplicated genes of Old World primates 

(Hunt et al., 1998). While the Chi-element in exon 3 ‒ thought to trigger gene 

conversion ‒ is conserved across primates (Winderickx et al., 1993), the unusual 

haplotype structure in exon 3 is not present in chimpanzees (Verrelli et al., 2008) or 

gibbons (Hiwatashi et al., 2011). The OPN1MW gene is copy-number polymorphic 

in humans (Nathans et al., 1986) and a significantly higher frequency of multiple-gene 

arrays was found in human compared with chimpanzees (Terao et al., 2005). 

Moreover, the frequency of dichromacy ‒ repeatedly caused by unequal homologous 

recombination between OPN1LW and OPN1MW gene copies (Nathans et al. 1986) ‒ 

is higher in humans compared to macaques or chimpanzees (Kawamura et al., 2012). 

Dichromacy or anomalous trichromacy do not represent a severe handicap for 

humans at least in agricultural societies. Verrelli and Tishkoff proposed two 

mechanisms underlying the non-neutrality observed for OPN1LW exon 3: (1) 

alternative functional layers within the cone photoreceptors other than the spectral 

sensitivity may be involved, and (2) haplotypes rather than individual variants 

should be considered for functional investigations. 
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6.3.2 Haplotype-dependent splicing regulation of OPN1LW/MW exon 3 

Splicing might be compromised in OPN1LW (Ueyama et al., 2012); for instance, by 

the rare exon 3 converted haplotype ‘LIAVA’ in BCM72-III:1 (Fig.5; Publication II) 

which induces exon 3 skipping. Pathogenic exon 3 haplotypes in both OPN1LW and 

OPN1MW may originate by recurrent de novo mutations, allelic or unequal 

homologous recombination, or most frequently by gene conversion (Hurles, 2005).  

Cis-regulatory elements of splicing in exon 3 are disrupted in a haplotype-dependent 

manner as indicated by our analysis with sixteen BCM/XLCD families. In total, twenty-

four affected subjects with intact arrays of single, single-hybrid or multiple arrays and 

without common mutations in OPN1LW/MW (Fig.1) other than exon 3 interchange 

haplotypes were included (Fig. 1a; Appendix 13.1.2, Publication II). Most of the 

haplotypes found in these subjects are rare (Fig. 1b and Table 2; Publication II and 

Winderickx et al., 1993). In order to assess the efficiency in transcript processing, a 

series of twelve minigene constructs reproducing the observed haplotypes were 

expressed in Human Embryonic Kidney 293 cells that harbour the SV40 T-antigen 

(HEK293T; American Type Culture Collection CRL-11268). Sanger sequencing 

validated the identity of correctly and aberrantly spliced products from the Reverse 

Transcriptase (RT)-PCR (Fig. 6A). Moreover, we determined semi-quantitatively the 

ratio of incorrectly to correctly spliced transcripts by implementing a fluorescence-

based fragment analysis (Table 2 and Fig. 2; Publication II). In particular, the 

haplotype ‘LIAVA’ resulted in the complete absence of correctly spliced transcripts 

(Fig.2; Publication II). The majority of aberrantly spliced transcripts showed skipping of 

the entire exon 3 (Fig. 6B), most likely resulting in a frameshift that leads to a PTC in 

exon 4. Thus, the derived opsin protein is predicted to be truncated. The resultant 

transcript might be degraded by nonsense-mediated decay (NMD). For certain 

haplotypes inducing aberrant splicing, there was in addition a minor aberrant transcript 

species in which exon 3 and parts of exon 2 were lacking (Fig. 6C) which also results 

in a PTC.  

Aberrant splicing levels of ≥20% were found for 75% of the haplotypes characterized. 

Four haplotypes yielded levels of less than 10% of correctly spliced products. By 

pairwise comparison of the splicing competence among single-mutant haplotypes, 

i.e. those haplotypes which differ by only one polymorphism, we concluded that the 

c.532A>G/p.Ile178Val has the greatest single base effect (50%) on exon 3 inclusion 

levels. For instance, Haplotype 1 (‘LIAVA’) with 0% exon 3 inclusion compared to 
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Haplotype 8 (‘LIAIA’) with 40.75% exon 3 inclusion, or, Haplotype 4 (‘LVAVA’) with 

6.7% exon 3 inclusion compared to Haplotype 5 (‘LVAIA’) with 79.4% exon 3 inclusion 

(Table 2; Publication II). If c.532A>G/p.Ile178Val and c.521C>T/p.Ile174Val are 

simultaneously present (Haplotype 9, ‘MVVVAc.465G’ and Haplotype 10, ‘MVVVAc.465C’; 

Fig. 1 and Table 2; Appendix 13.1.2, Publication II), in comparison to Haplotype 12 

(‘MVAVA’) exon 3 inclusion levels rise from 50 to 80%. However, for each variant the 

effect exterted in exon inclusion inferred from the difference in exon inclusion is not 

maintained across all pairwise comparisons, suggesting that the effect of individual 

variants within the exon 3 haplotyes is not simply addittive. 

 

Figure 6. Sequencing of exon junctions of Reverse Transcriptase (RT)-PCR products derived 
from correctly and aberrantly spliced transcripts upon transient expression of OPN1LW/MW 
minigenes. A) Diagram of the correctly spliced product with exon 3 inclusion illustrated by traces of 
Sanger sequencing with intact exon-exon junctions between exon 2, exon 3 and exon 4. B) Aberrantly 
spliced product showing skipping of the entire exon 3, as indicated by the sequence of the exon 2-exon 
4 junction. C) A second aberrantly spliced product detected in minor levels lacking exon 3 and partially 
sequence of exon 2, most likely as a result of using a cryptic splice donor site within exon 2.  
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Since exon 3 skipping results in non-functional transcripts, such mutations or 

haplotypes ‒ if fully penetrant ‒ may cause colour vison deficiencies or even more 

severe cone dysfunction disorders.  

Any preceding event to protein function ‒ transcription, splicing, translation ‒ can have 

an impact on the ultimate synthesized proteins and therefore, potentially constrain 

protein evolution (Warnecke et al., 2009). Balancing selection has shaped haplotype-

specific alternative splicing in TAP2, a protein involved in contact and transport of 

antigenic peptides (Cagliani et al., 2011; Qu et al., 2007). Splicing regulatory 

sequences may influence codon usage and therefore, these sequences may maintain 

a balanced dual role with respect to functions (Parmley and Hurst, 2007). Nucleotide 

changes may imply a conflict between splicing and protein fitness (Falanga et al., 

2014) or, may have pathogenic effects at multiple functional layers (Donadon et al., 

2018). The effect of exon divergence on splicing modulation following gene duplication 

is yet poorly understood (Zhang et al., 2009).  

The c.538T>G/p.Ser180Ala could represent such an example where improvement of 

protein function and reduced splicing competence are kept in balance. The dual 
effect of sequence alteration has been highlighted for the exon 3 haplotype ‘LVAVA’ 

which results in a toxic photopigment in mice, presumably due to defects in folding or 

trafficking of the protein (Greenwald et al., 2017) in addition to a splicing defect with 

only 7% of correctly spliced transcripts (Fig.2b; Publication II). Such low levels either 

do not suffice (hypomorphic mutation) or, as proposed by Greenwald and colleagues, 

are followed by a second deleterious effect at the protein level which prevents 

functionality of the photopigment (resembling a null mutation). Hitherto, it remains 

elusive whether additional haplotypes, i.e. ‘MVAVA’, which results in a less 

pronounced splicing defect (53% correct transcripts; see Fig. 2 in Publication II), do 

also impair protein function.  
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In our study we observed certain phenotypic variability among patients with rare exon 

3 OPN1LW/MW haplotypes, as exemplified by the assigned clinical subtypes. Most 

likely this reflects the inherent genotypic diversity in this group. Due to the small size 

of the cohort, genotype-phenotype correlations are limited. While variability is mostly 

found in refraction, visual acuity and colour vision performance, agreement in ERG is 

found, being scotopic responses essentially normal and photopic responses 

considerably reduced yet quantification is limited (Supplementary Table S1; Appendix 

13.1.2, Publication II). As a matter of fact, phenotypic variability of BCM/XLCD and 

dichromatic subjects has been highlighted across and within mutational categories 

(Aboshiha et al., 2016; Carroll et al., 2009, 2012; Gardner et al., 2014, 2016; 

Patterson et al., 2016; Wagner-Schuman et al., 2010).  

The genotypes of our group can be divided into two main categories: (1) single gene 

and (2) multi-gene OPN1LW/MW arrays with a total number of ≥ 2 gene copies. 

Subjects from other studies are included for genotype-phenotype correlations. 

Single gene arrays can comprise either a single OPN1LW gene copy, a single 

OPN1MW or single-hybrid genes. A total of 5 subjects with a diagnosis of BCM or 

XLCD from two families presented single arrays with the ‘LIAVA’ haplotype in either 

single OPN1MW gene (N = 1; N: number of subjects) or in a single-hybrid gene 

configuration (N = 4) in our study (Supplementary Table S1; Appendix 13.1.2, 

Publication II). When tested, colour vision and photopic responses were impaired. All 

presented with nystagmus yet neither photophobia nor progression. A BCM/XLCD 

subject with impaired colour vision carrying a single OPN1LW gene with the ‘LIAVA’ 

haplotype was reported by Gardner and colleagues. Mizrahi-Meissonnier and 

colleagues reported one XLCD family carrying a single-hybrid gene with the ‘LIAVA’ 

haplotype and presenting with either protan or impaired colour vision performance (N 

= 2; see Table 2). The ‘LIAVA’ haplotype inactivating single genes resembles a null 

mutation. Among the subjects of 3 families carrying either an OPN1LW single gene (N 

= 2) or a single-hybrid gene (N = 2) with the ‘LVAVA’ haplotype, diagnose varied from 

BCM with impaired colour vision to cone-rod dystrophy (CRD) with protan defect 

(Supplementary Table S1;, Publication II and Table 2). Within the same genotype 

categories, others studies reported subjects with varying phenotypes from impaired to 

deutan colour vision performance (Table 2). Although single gene arrays with the 

‘LVAVA’ haplotype are associated with an XLCD/BCM diagnose, the phenotypes of 

these subjects are more variable than those with ‘LIAVA’-bearing single gene arrays.  
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The ’LVAVA’ haplotype results in minor levels of exon 3 inclusion (<10%) and thus is 

classified as strongly deleterious. An additional derived pathomechanism (as 

proposed by Greendwald et al., 2017) might account for the phenotypic variability 

observed among subjects carrying single genes carrying the ’LVAVA’ haplotype. 

Table 2. Subjects with single or single-hybrid OPN1LW/MW gene arrays 

Nº Family ID - 
Patient ID Gene Exon 3 Haplotype 

Phenotype 
Reference Colour 

vision 
Clinical 

diagnosis Progression 

1 

BCM66- 
16407  

OPN1LW 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA 

Impaired BCM No 
This study BCM194- 

25474  Normal BCM No† 

F16 - S18 - Impaired BCM/XLCD No Gardner et al., 2014 

10-0059 
(=JC_0347) Deutan Deutan/CD Yes 

Greenwald et al., 
2017; Carroll et al., 

2012 

2 

MOL0250 -
MOL0250-III:2 
(= JC_0118) 

OPN1LW 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G 

LIAVS 

Errors XLCDβ ND 
Mizrahi-Meissonnier et 
al., 2010; Carroll et al., 

2012 
MOL0250  - 
MOL0250-

IV:3 
Errors XLCDβ Yes 

Mizrahi-Meissonnier et 
al., 2010 MOL0267 - 

MOL0267-III:1  
Deutan 
>Protan XLCDβ ND 

3 F18 - S21 OPN1LW 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA Impaired BCM/XLCD Yes Gardner et al., 2014 

4 BCM93- 
19164  OPN1MW 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA Impaired XLCD No This study 

5 11-0115 
(=JC_0564) OPN1MW 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA Protan Protan/CD Yes 
Greenwald et al., 

2017; Carroll et al., 
2012 

6 

BCM73- 
16953  

Hybrid 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 

Impaired BCM No 

This study 

BCM73- 
17481  ND BCM No 

BCM73- 
20537 ND XLCD No 

BCM73- 
20770 ND BCM No 

MOL0057 -
MOL0057-III:1 Impaired XLCD Yes 

Mizrahi-Meissonnier et 
al., 2010 MOL0057- 

MOL0057-III:3 Protan XLCD ND 

7 

BCM112- 
23518 

Hybrid 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA 
Protan CRD Slow This study BCM112- 

22852  
F13 - S19  Impaired BCM/XLCD No 

Gardner et al., 2014 
F17 - S20   Impaired BCM/XLCD No 

†progression due to high myopia; βretained photopic ERG responses. ND: not determined. Adapted from Supplementary Table S1 
(Publication II; Appendix 13.1.2) 
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Within the second main genotype category of our study, that is, OPN1LW/MW gene 

arrays with multiple genes, the clearest impact of different exon 3 haplotypes on the 

phenotype is provided by the BCM72 family (Fig.3; Publication II and Table 3). While 

the ‘LIAVA’ haplotype present in the OPN1MW donor gene in BCM72-I:1 and in the 

converted OPN1LW gene in BCM72-III:3 exclusively produces aberrant processed 

transcripts, the ‘LIAVS’ haplotype present in the grandfather's (carried by the 

OPN1LW gene copy) yielded ~20% of correctly spliced transcripts (Fig. 5; Publication 

II). This level seemed to be tolerated since the grandfather had a phenotype of 

deuteranopia (a colour vision anomaly caused by non-functional M-cones) but had 

otherwise normal visual function (Publication II). In contrast, the grandson with the 

converted ‘LIAVA’ haplotype in the OPN1LW gene copy instead of ‘LIAVS’, presented 

with a by far more severely impaired vision. The two distinct phenotypes in BCM72-I:1 

and BCM72:III:1 result from a hypomorphic variant and a loss-of-function mutation, 

respectively. In agreement, affected subjects from two families (Nº 2, N = 3; Table 2) 

carrying a single OPN1LW gene array with the ‘LIAVS’ haplotype presented with non-

extinguished ERG photopic responses and relatively well preserved cone function. 

Intra-familiar variability at middle ages was observed at the fundus, varying from 

nominal macular findings to foveal atrophy (Mizrahi-Meissonnier et al., 2010). Also, a 

macula dystrophy was observed in BCM72-I:1 (Fig. 3b; Publication II and Table 3). 

Within the multi-gene OPN1LW/MW arrays, a first subcategory of subjects with 

identical haplotypes in all gene copies or the gene copies at the two most proximal 

positions in the array (which are most likely expressed) is distinguished. Considering 

subjects of our study and others (Gardner et al., 2014), a total of 7 subjects fall in this 

subcategory with ‘LIAVA’ + ‘LIAVA’ (N = 3), ‘LVAVA’ + ‘LVAVA’ (N = 2) and ‘MIAVA 

c.465C’ + ‘MIAVA c.465C’ (N = 2) and a phenotype compatible with BCM. Progression was 

reported for subjects with the ‘LVAVA’ + ‘LVAVA’ genotype; BCM126-20616 

(Publication II and Table 3) and  F21 - S26 subject  (Table 3) with reduced central 

vision from the second decade of life (Gardner et al., 2014). It remains unknown 

whether the degeneration in ‘LVAVA’-bearing patients is related to toxicity exerted by 

the opsin protein carrying ‘LVAVA’ (Greenwald et al., 2017). A second subcategory 

of multi-gene arrays would comprise configurations of ‘LIAVA’ + ‘MIAVAc.465G’ (N = 3) 

or ‘LIAVA’ + ‘MIAVAc.465C’ (N = 2) with all OPN1MW gene copies carring the same 

haplotype (Table 3; our study and Gardner and colleagues). All subjects were 

compatible with a BCM diagnose and made errors in the colour vision test. All 
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haplotypes from the first and second subcategories (except in BCM72-I:1) at the two 

most proximal positions are considered deleterious in terms of splicing competence 

(<10% of correctly spliced products).  

Table 3. Subjects bearing OPN1LW/MW multi-gene arrays 

Nº 
Patient 

ID - 
Family 

ID 

n
* 

OPN1LW  OPN1MW(s) Phenotype 
Ref. 

Exon 3 Haplotype Exon 3 Haplotype 1 Exon 3 Additional 
Haplotypes 

Colour 
Vision 

Diag-
nose Pr. 

1 

BCM72-
16874 

(BCM72-
I:1) 

4 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G 

LIAVS 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA
c.465C Deutan MD§ Yes This 

study 

2 

BCM72-
17075 

(BCM72-
III:1) 

4 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA
c.465C Protan BCM Yes This 

study 

3 

F14 - 
S16 

3 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA
c.465C Errors BCM/ 

XLCD No 
Gardner 

et al., 
2014 F14 - 

S17 

4 BCM126- 
20616  2 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA     Impaired BCM Yes This 
study 

5 F21 - 
S26 3 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA
c.465C ND BCM 

/XLCD Yes 
Gardner 

et al., 
2014 

6 

F20 - 
S24 

3 

c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

MIAVA 
c.465C 

c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

MIAVA 
c.465C 

c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA
c.465C ND BCM/X

LCD No 
Gardner 

et al., 
2014 F20 - 

S25  

7 

ZD379- 
19194  

3 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 

c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

MIAVA 
c.465C 

c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

MIAVA 
c.465C ND BCM 

No 

This 
study 

ZD379- 
19195  ND 

8 

BCM101- 
19818  

3 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 

c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

MIAVA 
c.465G 

c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

MIAVA 
c.465G 

Impaied BCM No This 
study 

F19 - 
S22  ND 

BCM 
/XLCD 

No Gardner 
et al., 
2014 F19 - 

S23 Errors ND 

*n: number of total copies in the array; Pr.: Progression; Ref.: Reference study; c.465?: the genotype for the position c.465C/G has not 
been specified; †progression due to high myopia; #BCM/XLIA: (Non-classical) BCM or X-linked incomplete achromatopsia; 
¶incongruencies in the genotyping of the same patient between the two studies; §MD: Late-onset Macular Dystrophy (in addition to 
deuteranopia). ND: not determined. Adapted from Supplementary Table S1 (Publication II; Appendix 13.1.2) 
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Table 3 (continued). Subjects bearing OPN1LW/MW multi-gene arrays 

Nº 
Patient 

ID - 
Family 

ID 

n
* 

OPN1LW OPN1MW(s) Phenotype 
Ref. 

Exon 3 Haplotype 
Exon 3 Haplotype 1 Exon 3 Additional 

Haplotypes 
Colour 
Vision 

Diag-
nose Pr. 

9 

MOL015
2-III:1  

2 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 

c.465(?); 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA 
c.465?     ND BCM ND 

Mizrahi-
Meissonn
ier et al., 

2010 

MOL015
2-III:2  

MOL015
2-III:3  

10 11-0271 
(=MF)¶ 2 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 

c.465(?); 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA 
c.465?      

Mainly 
Protan 
defect 

BCM/ 
XLIA# ND 

Crognale 
et al., 
2004; 

Greenwal
d et al., 
2017 

11 BCM51- 
12359 3 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 

c.465C>G; 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA 
c.465G 

c.465C>G; 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA
c.465G Protan XLCD ND This 

study 

12 
Protan-

opic-
Family 2 

3 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.532A>G; 
c.538T>G 

LIAVA 

c.465(?); 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA 
c.465? 

c.465(?); 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA
c.465? Protan BED ND 

McCleme
nts et al., 

2013 

13 ZD547- 
4544 2 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA c.532A>G; 
c.538T>G MVAVA     Protan XLCD No This 

study 

14 

Protan-
opic-

Family 1- 
Minne-

sota 

4 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA c.538T>G MVAIA 

c.465(?); 
c.521C>T; 
c.532A>G; 
c.538T>G 

MVVVA
c.465? Protan BED ND 

Young et 
al., 2004; 
McCleme
nts et al., 

2013 

15 

BCM133- 
20960 

2 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA 

c.453A>G; 
c.457A>C; 
c.465C>G;  
c.538T>G 

LVAIA     

Errors 

BCM 

No 

This 
study 

BCM133- 
20961  ND No† 

BCM133- 
23364  ND ND 

16 

Deuteran
-opic 

Family 1 
- original 

BED 

4 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.532A>G; 
c.538T>G 

LVAVA 

c.465(?); 
c.521C>T; 
c.532A>G; 
c.538T>G 

Hybrid 
MVVVA 

c.465? 
c.538T>G MVAIA Deutan BED ND 

Young et 
al., 2004; 
McCleme
nts et al., 

2013 

17 BCM98- 
19713  2 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.511G>A; 
c.513G>T; 
c.538T>G 

LIAIA c.538T>G MVAIA     Errors XLCD No This 
study 

18 BCM142- 
21958  3 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.556C>T 

LVAISS c.538T>G MVAIA 

c.453A>G; 
c.457A>C; 
c.465C>G; 
c.538T>G 

LVAIA Impaired BCM Yes This 
study 

*n: number of total copies in the array; Pr.: Progression; Ref.: Reference study; c.465?: the genotype for the position c.465C/G has not 
been specified; †progression due to high myopia; #BCM/XLIA: (Non-classical) BCM or X-linked incomplete achromatopsia; 
¶incongruencies in the genotyping of the same patient between the two studies; §MD: Late-onset Macula Dystrophy (in addition to 
deuteranopia). ND: not determined. Adapted from Supplementary Table S1 (Publication II; Appendix 13.1.2) 
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A third subcategory of genotypes is composed by subjects with either ‘LIAVA’ or 

‘LVAVA’ haplotypes in the first gene plus haplotype(s) with an intermediate to minor 

effect on splicing in the second and more downstream copies in the array. For 

instance, the combination ‘LIAVA’ + ‘MVVVAc.465C/G’ (N = 6) was found associated with 

a protan defect; diagnose varied from XLCD, BCM, incomplete achromatopisa to BED 

(our study and others; see Table 3). A non-classical BCM phenotype with retained M-

cone function was found in the subject diagnosed with incomplete achromatopsia 

(Crognale et al., 2004). The most recent genotype of this subject (Greenwald et al., 

2017) is shown in Table 3 (Nº 10). Residual M-cone function may stem from the low 

expression of a downstream functional OPN1MW gene copy carrying one of the 

‘MVVVA’ haplotypes. Thus, this category may represent XLCD cases with dichromacy 

resembling the phenotype of BED. Adaptive optics retinal imaging performed for a 26-

year-old deuteranope with a normal OPN1LW and an inactivating ‘LIAVA’ haplotype in 

the OPN1MW gene revealed an incomplete mosaic lacking one third of his cones and 

complete loss of M-cone function (Carroll et al., 2004; Mizrahi-Meissonnier et al., 

2010). Unlike dichromats with two functional gene copies, dichromats with one of the 

gene copies carrying a gene inactivated by ‘LIAVA’ likely developed M-cones in the 

fovea, which secondarily degenerate and eventually die (Carroll et al., 2004). Yet, it 

remains uncertain whether these M-cones are truely lost, or remained invisible due to 

shortening of outer segments.  

The ‘MVVVA’ haplotype, considered the most ancestral haplotype (Winderickx et al., 

1993), in either the second or third gene copy but always in OPN1MW (often with a 

more detrimental haplotype in OPN1LW) was found in a total of 3 subjects (2 families) 

in our study (Appendix 13.1.2, Publication II and Table 3) and in overall 12 subjects (8 

families) in other studies (Gardner et al., 2014; Mizrahi-Meissonnier et al., 2010; 

Crognale et al., 2004; Greenwald et al., 2017; McClements et al., 2013; Young et al., 

2004). 

The combination of ‘LVAVA’ plus an additional haplotype (N = 6) of our study and 

others (Table 3) was more diverse, having the second gene in the array either 

‘MVAVA’, ‘MVAIA’, ‘LVAIA’ or ‘MVVVA’ haplotypes. These subjects presented with 

dichromacy or had errors in the colour vision test and were diagnosed with either 

XLCD/BCM (our study) or BED (Young et al., 2004; McClements et al., 2013). The 

subject ZD547- 4544 of our study was genotyped with ‘LVAVA’ + ‘MVAVA’ (Nº 13; 

Table 3). Having the highest visual acuity among the entire cohort and a fundus with a 
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myopic optic nerve, this subject mainly presented a protan defect. Recently, both 

‘LVAVA’ and ‘MVAVA’ haplotypes have been found in subjects with high myopia while 

retaining normal visual acuity and colour vision that showed progression and macular 

dystrophy at middle ages (Orosz et al., 2017). Conversely, no progression was 

reported for the 46-year-old subject ZD547-4544 (Supp. Table. S1; Appendix 13.1.2, 

Publication II). However, it remains unknown whether the genotype is the same to that 

of our subject due to the lack of specific LD-PCRs (Orosz et al., 2017). 

Finally, two subjects of our study (BCM98-19713; Nº 17 and BCM142-21958; Nº 18 in 

Table 3, continued) with a multi-gene array do not fall in any of the aforementioned 

subcategories. BCM98-19713 showed reduced photopic responses, yet not as strong 

as in other subjects, which may be explained by his genotype of a two-copy gene 

array with ‘LIAIA’ and ‘MVAIA’ haplotypes in the proximal and distal gene copy, 

respectively. These haplotypes result in moderate and almost negligible levels of 

aberrantly spliced transcripts, respectively (Table 2; Appendix 13.1.2, Publication II). 

Moreover, this subject performed normal on the saturated D-15 colour vision test, yet 

confusions in the desaturated version of the test were apparent (Supp. Table S1; 

Publication II). Therefore, a different pathomechanism might be trigged by these 

haplotypes, or alternatively, further yet not detected mutations are found in these 

subjects. Namely, the BCM142-21958 subject carries a c.556C>T/p.P186S missense 

mutation in exon 3 of OPN1LW (Publication II). Yet, it remains hitherto as a VUS.  

The formation and integrity of the cone mosaic seems to depend on mutational type 

and the relative number of cones (L:M) expressing the non-functional photopigment 

(Patterson et al., 2016). Can the great phenotypic variability be somewhat attributed to 

differential expression (within an individual) and variable expressivity (among 

individuals) of OPN1LW and OPN1MW genes? The relative proportion of cones 

expressing the LWS pigment varied from 52.7 to 94.3% in males with normal colour 

vision (Hofer et al., 2005). A stochastic process, by which LCR binds either promoter 

of OPN1LW or OPN1MW, dictates the photopigment expressed (Smallwood et al., 

2002; Winderickx et al., 1992). Additionally, it has been postulated that modifiers 

(McMahon et al., 2004) or regulatory sequences (Gunther et al., 2008) of either 

OPN1LW and OPN1MW may modulate the relative composition of the cone mosaic or 

the mutation itself. 
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The converted haplotype ‘LIAVA’ differed solely by one variant from the haplotype in 

the acceptor copy (BCM72-I:1). Interestingly, the first subcategory of  multi-gene 

arrays described above, with identical haplotypes: ‘LIAVA’ + ‘LIAVA’, ‘LVAVA’ + 

‘LVAVA’ or ‘MIAVA c.465C’ + ‘MIAVA c.465C’ at the two most proximal positions (Table 3) 

suggests that gene conversion could have occurred between OPN1LW and 

OPN1MW. The arrays of the second subcategory with the ‘LIAVA’ haplotype in the 

OPN1LW  copy have haplotypes which differ in two and three variants from ‘LIAVA’ in 

the downstream OPN1MW gene copies: either ‘MIAVAc.465G’ or ‘MIAVAc.465C’, 

respectively. Interestingly, these three-copy arrays have the identical haplotype at the 

two most distal OPN1MW gene copies. Complete exon 3 conservation among all gene 

copies in the array was only found in subject BCM126- 20616 (Nº 4; Table 3). The 

other arrays in which not all copies are identical but differ from one to three variants 

could theoretically have underwent  conversion of partial stretches or recombination 

and represent transitions which have not been completely homogenized.  

In short, we have presented genotype and phenotype data from sixteen different 

BCM/XLCD families and characterized the output of twelve different exon 3 

haplotypes observed in the human OPN1LW/MW gene cluster of these families. 

Attending to the splicing efficiency retained by each exon 3 haplotypes on an 

implemented semi-quantification minigene-based assay, we could establish three 

different functional categories (strongly deleterious, intermediate and minor defective). 

Correlation between the functional splicing output and the genotype-phenotype data 

was observed and used for categorization. Remarkably, correlation and evidence to 

pinpoint the origin of an intrachromosomal gene conversion event that was detected 

after the course of two generations of a single pedigree is presented. 
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6.4 Publication III: Retinitis pigmentosa: impact of different Pde6a 
point mutations on the disease phenotype 

While in Section 6.3 combinations of exonic variants, i.e. haplotypes, were 

investigated, herein I describe the functional characterization of a single exonic non-

synonymous variant that interferes with splicing regulation in a context-dependent 

manner. An important finding of this study is that the c.1684C>T/p.Arg562Trp 

missense mutation in the murine Pde6a induces aberrant splicing by in-frame skipping 

of exon 13. This chapter also includes related unpublished data on the effect of 

c.1684C>T on splicing of the human PDE6A gene and the effect of c.1678C>T on 

splicing of the murine Pde6b gene. 

The c.1684C>T/p.Arg562Trp variant in exon 13 of PDE6A had been found in 

compound heterozygous state with the c.2053G>A/p.Val685Met mutation in exon 17 

of PDE6A in a patient with retinal dystrophy. The c.2053G>A/p.Val685Met transition is 

considered pathogenic because it has been associated with RP (Corton et al., 2010), 

has a MAF of 0.0000426; a total of 5 counts for the alternate allele (ExAC), and  the 

homologous mutation has been shown to cause retinal degeneration in mice 

(Sakamoto et al., 2009). In contrast, the variant c.1684C>T/p.Arg562Trp has never 

been described in the literature nor found in a large series of RP patients (n = 514) 

and controls (n = 504) (Prof. Bernd Wissinger, personal communication).  

By means of an enzymatic assay that relies on the recombinant expression of a 

PDE5/6 chimeric protein in SF9 insect cells (Grau et al., 2011; Muradov et al., 2003), 

Dr. Tanja Koepfli showed that c.1684C>T/p.Arg562Trp results in a mutant 

phosphodiesterase with reduced cGMP hydrolysis activity of ~10% of that of the 

wildtype protein (Fig.1; Appendix 13.1.3, Publication III). In order to model and 

investigate the disease in vivo, a knock-in mouse mutant for 

Pde6a:c.1684C>T/p.Arg562Trp was generated and subsequently crossbred with a 

mouse line carrying the Pde6a:c.2053G>A/p.Val685Met to model the compound 

heterozygous state, homologous to the patients' genotype (p.Val685Met/ 

p.Arg562Trp). A targeting vector comprising a neomycin cassette was generated and 

used to introduce the Pde6a:c.1684C>T/p.Arg562Trp mutation in mouse embryonic 

stem cells (mESC) by homologous recombination (Sothilingam et al., 2015). 

Recombinant mESC clones were used to produce chimeric mice, and the neomycin 
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selection cassete removed from the locus by Cre recombinase-mediated excision 

through mating with a C57BL/6 Cre deleter line. Crossbreeding led to homozygous 

Pde6a:c.1684C>T/p.Arg562Trp knock-in animals. Removing the neomycin cassette 

flanked by two loxP sequences left a single loxP site and remnant sequences from the 

targeting vector construction residing in intron 12 of Pde6a. Allelic quantification of the 

mutation in retinal cDNA of heterozygous (Fig. 2A; Appendix 13.1.3, Publication III) 

performed by Dr. Sukirthini Braun-Balendran revealed an allelic imbalance, namely 

an overrepresentation of the wildtype allele. Further qualitative cDNA analysis in 

homozygous knock-in mutant mice (Fig. 2B; Publication III) revelead two transcript 

species: first, normal spliced transcripts and secondly, transcripts lacking exon 13 

(Supp. Fig.S1; Appendix 13.1.3, Publication III). Approximately 2/3 of retinal 

transcripts derived from the knock-in allele are mis-spliced, according to 

pyrosequencing results (Fig. 2A and Fig. 2B; Appendix 13.1.3, Publication III) further 

supported by allelic cloning experiments. The skipping of exon 13 causes an in-frame 

deletion that is eventually translated into a shortened, most likely non-functional 

PDE6A protein lacking 36 amino acid residues (p.541_576del) at the N-terminal part 

of the catalytic domain including a metal binding domain (Supp. Fig. S5; Publication 

III). Correctly spliced transcripts still harbour the missense mutation and are expected 

to yield a PDE6A protein with reduced cGMP-hydrolysis activity (Fig. 1; Publication 

III). The total residual functional activity of PDE6 in homozygous mice carrying the 

p.Arg562Trp is estimated to be about 3% of the normal level. 

In order to elucidate the underlying cause of the Pde6a splicing defect observed in 

knock-in mutant mice, we envisaged three feasible scenarios which could putatively 

account for the generation of aberrantly spliced transcripts: (1) the most 

straightforward explanation is that the c.1684C>T/p.Arg562Trp mutant allele per se 

leads to misplicing. (2) The second possibility could rely on the presence of the foreign 

sequence introduced in the flanking intron, including the loxP sequence, which may 

have altered intronic splicing regulatory sequences. (3) A third explanation could be 

the result of a combined or interactive effect of the two sequence alterations, i.e. the 

c.1684C>T/p.Arg562Trp mutation and the remnant sequences in intron 12. The three 

possibilities were tested by means of in vitro minigene assays (Fig. 7). Other than the 

in vivo characterization by the mouse model, minigenes easily allowed to dissect the 

allelic impact of altered cis-regulatory sequences on splicing. I assessed the splicing 

efficiency of four pSPL3-based minigene Pde6a constructs (Supp. Fig.S2; Appendix 
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 Figure 8 (figure legend in the next page; see also Fig. 7; Appendix 13.1.5). 
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Figure 8. Multiple sequence alignment of exon 13 in Pde6a, PDE6A, Pde6b and PDE6B genes. 
Either the wildtype or the mutant alleles are shown at positions c.1684 and c.1678 of Pde6a/PDE6A 
and Pde6b/PDE6B, respectively (position indicated by a star above the alignment). Approximately 25 
bp of intronic sequences flanking exon 13 are shown at each splice site. The consensus is high at the 
splice sites (black bars below the alignment) showing full conservation among all 4 genes in 4 bases at 
the acceptor site (+1,-1,-2 and -3) and 5 bases at the donor site (-2 to +3) which are shown in dark blue 
(acceptor on the left, donor on the right). High consensus is found in a block of ~35 bp flanking the 
mutation with few variants. The c.1684/c.1678 site is marked with a star symbol. The mutation 
c.1684C>T creates an ESS (-TGGTGG-; depicted in green) in both Pde6a and PDE6A. The 
homologous mutation c.1678C>T in Pde6b and PDE6B is embedded in an ESE-rich region (depicted in 
red). In Pde6a and PDE6A the c.1686G synonymous variant is part of the ESS (-TGGTGG-) two bases 
downstream from the mutation. The homologous site carries the c.1680C (ortholog-specific) variant in 
both Pde6b and PDE6B which prevents the creation of an ESS in the presence of the c.1678T mutation 
(-TGGTGC-). Five bases downstream of the mutation, the c.1689T variant is only present in Pde6a. 
The c.1689C in the human ortholog PDE6A as well as the c.1683C of the murine Pde6b and human 
PDE6B at the homologous position create an ESE site (depicted in red), which is not created for Pde6a. 
At the bottom panel the main splicing factors predicted (SpliceAid 2 (Piva et al., 2012) and Human 
Splicing Finder (Desmet et al., 2009) to bind to each of the pre-mRNA of exon 13 with enhancer 
(depicted as boxes above the sequence) or silencer (depicted as boxes below the sequence) activities 
are shown. The hnRNPP splicing factor is predicted to bind the ESS (-UGGUGG-) created by the 
c.1684C>T mutation exclusively in exon 13 of Pde6a and PDE6A. In PDE6A next to the c.1684C>T 
mutation where hnRNPP is predicted to bind, two additional SR splicing factors are predicted: SRp40 
and SF2/ASF which were not predicted in the Pde6a mutant sequence. The homologous mutation in 
the ortholog human and murine genes is predicted to recruit a SRp40 splicing factor creating an ESE-
rich landing pad for enhancer splicing factors. Although splice site consensus is conserved, the 
predicted splicing factors binding to the intronic sequences differ substantially; for example, an intronic 
ESS-rich sequence flanking the donor site creates motifs for multiple hnRNPs in Pde6a and, to a lower 
extent in PDE6A. Multiple sequence alignment was performed with ClustalO (Sievers et al., 2011) and 
visualized with Jalview (Waterhouse et al., 2009). 

Notably, hnRNPP is expressed in human and mouse retina (FANTOM5; The Human 

Protein Atlas website and Mouse Genome Informatics). Nevertheless, it is currently 

unknwon to which extent species-specific differences in expression levels of hnRNPP 

or other splicing factor have an impact on splicing efficiency. The quantitative 

differences observed in the minigene assays with murine Pde6a constructs 

transfected in either murine or human cell lines (HEK293T and 661W, respectively; 

Supp. Fig. S4, Appendix 13.1.3, Publication III) could result from differences in the 

affinity and/or the expression levels of core or auxiliary splicing factors. Congruent 

results were achieved for murine Pde6a minigenes spliced in murine cone 

photoreceptor-derived cells, yet leaky misplicing was observed for the wildtype 

c.1684C allele of the murine Pde6a minigene construct in human HEK293T cells 

(Supp. Fig. S3; Appendix 13.1.3, Publication III). 
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Notwithstanding, cross-species incongruencies in exon 13 inclusion of the murine 

Pde6a and its human ortholog PDE6A may not only stem from differences in 

stoichiometry and expression of trans-splicing factors, but also from differences in cis-

elements in the nucleotide sequence of gene ortholologues which may influence the 

recruitment of splicing factors. The amino acid sequence in the vicinity of p.Arg562 is 

fully conserved between murine and human, yet a synonymous T-to-C transition is 

present 5 bp downstream of c.1684C>T mutation site in the human PDE6A (3 bp 

downstream of the created ESS which is highlighted in green in the sequence 

alignment; Fig. 8). This difference in the human sequence may create an ESE site for 

SRp40/SRSF5 as predicted by SpliceAid 2 (highlighted in red in the sequence 

alignment; Fig. 8), absent in the murine Pde6a.  

The sequence context in PDE6A may favour exon 13 inclusion, counteracting the 

c.1684C>T mutation, and thus might explain why human PDE6A minigenes 

harbouring the c.1684C>T mutation yielded much lower levels of mis-spliced 

transcripts in comparison with the corresponding murine Pde6a minigene construct 

(Fig. 9 and Appendix 13.2.3, Publication III; Supp. Fig. S1). 

Wild-type and mutant minigene constructs with the human sequence of PDE6A for 

heterologous expression in HEK293T cells were generated (Appendix 13.2.3; 

Supplementary material Section 6.4) as described for the Pde6a minigenes (Material 

and Methods section, Publication III). Both the 371-bp and 263-bp RT-PCR amplicons 

corresponding to correctly are aberrantly spliced PDE6A transcripts, respectively, are 

detected for minigenes carrying the c.1684C>T mutation (Fig. 9). The c.1684C allele 

results in complete exon 13 inclusion (Fig. 9).  

Splicing motifs according to SpliceAid 2 predictions are well conserved at the region 

close to the 5’ss donor (3’ terminal part of exon 13) as well as within the exonic core 

between Pde6a and its human ortholog, except for the hexamer sequences adjacent 

to the c.1684C>T in the middle of exon 13 (Fig. 8).  
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Figure 10. Qualitative assessment of Pde6a and Pde6b retinal transcripts in mice homozygous 
for either c.1684C>T/p.Arg562Trp (p.Arg562Trp) or c.1678C>T/p.Arg560Cys (rd10) and wild-type 
mice (C57BL/6 WT). The ~400-bp amplicon represents correctly spliced transcripts including exon 13. 
The amplicon 108-bp shorter than the latter, observed from Pde6a retinal transcripts of p.Arg562Trp 
animals, corresponds to transcripts lacking exon 13 (depicted as a filled black box between flanking 
exons in grey). Negative controls (no RNA: no input RNA included for primer hybridization for the cDNA 
synthesis, RTC: only master mix for reverse transcription, and NTC: no template control for the PCR 
amplification). The 100-bp ladder is shown in each side of the agarose gel. For supplementary 
methodology applied, see Appendix 13.2.2. 

Surprisingly, we did not detect any mis-spliced Pde6b transcripts encompassing exon 

13 in the rd10 mutant. Pde6a and Pde6b sequences differ in the vicinity of the 

homologous mutations only at two sites: (1) a T-to-C transition (c.1689T in Pde6a and 

c.1683C in Pde6b) five bases downstream of the mutation(s) potentially reconstructing 

an ESE (see Fig. 8 in this chapter and Fig. 7 in our review; Weisschuh et al., 2020; 

Appendix 13.1.5; Publication V), and (2) two bases downstream of the homologous 

mutation(s) a G-to-C transversion (c.1686G in Pde6a and c.1680C in Pde6b); which 

prevents the creation of the ESS motif (-TGGTGG-). Conversely, the hexamer -

TGGTGC- (c.1680C allele underlined) in rd10 mutant Pde6b has not been attributed 

to act as enhancer or inhibitor (regardless of the mutation c.1678C>T). In turn, when 

both c.1678C>T mutation (rd10) and the c.1680G>C ortholog-specific variant are 

together (in cis), these are embedded in an ESE motif, which is inexistent in the 

wildtype (c.1678C) of both murine and human gene ortologues Pde6b and PDE6B 

(Fig. 8). Moreover, the aforementioned ESE is not created by the homologous 

sequence in either wildtype or mutant (c.1684) of both murine and human gene 

orthologues Pde6a and PDE6A. In other words, the mutation c.1678C>T creates that 

particular ESE exclusively in the sequence context of Pde6b and PDE6B (Fig. 8;10-

11) promoting thereby inclusion of exon 13. 
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In contrast, the opposite effect ‒ exon 13 skipping ‒ is exerted by the c.1684C>T 

mutation in both murine Pde6a and human PDE6A. An ESE-rich sequence context 

surrounding the rd10 mutation (Fig. 8 and Fig. 11) might explain the disparity of 

splicing robustness observed between virtually equivalent mutations of two paralog 

genes in the same species. These findings underscore the importance of context-

dependent sequences in the final overall interpretation of splicing mutations, and the 

generally underestimated impact of synonymous variants. 

Discrepancies in the splicing efficacy of the same minigene constructs between 661W 

and HEK293T cell lines could be subjected to tissue- or species-specific regulatory 

mechanisms. The wildtype Pde6a allele results in a very similar splicing outcome 

when expressed in the murine retina or when harboured by mouse minigenes and 

expressed in 661W mouse photoreceptor-derive cells (same species, same or at least 

similar tissue/cell type), yet different to that of mouse minigenes expressed in human 

embryonic kidney-derived HEK293T cells. This mismatch may explain leaky exon 

skipping of the wildtype allele c.1684C harboured by the murine Pde6a minigene 

expressed in HEK293T (Supp. Fig.S4; Appendix 13.1.3, Publication III). If one would 

assume that the underlying crucial factor are only tissue- or photoreceptor-specific 

splicing regulation, a similar pattern of leaky exon skipping would be expected upon 

expression of the human wildtype PDE6A minigene in HEK293T. Contrary to this 

assumption, the human wildtype PDE6A minigene is efficiently and correctly spliced in 

HEK293T cells (Fig. 9). Thus, the disparity seems to be mainly determined by the 

species-dependent cis-regulatory sequence and the counterpart trans-acting splicing 

factors recruited. One of the most likely determining elements is the cis-sequence of 

an enhancer in the proximity of the c.1684C>T mutation in the human PDE6A 

sequence context which is absent in the murine Pde6a sequence due to the 

synonymous variant at c.1689 (Fig. 8).  

The 5’ ss sequence of exon 13 in the murine Pde6a has 6 bases complementary out 

of the 11 bases of the U1 snRNA in comparison to 5 bases for the human PDE6A. 

Thus, robustness of splice donor site in exon 13 is similar for both gene orthologues 

and most likely do not largely account for the the effect observed. Of note, the 

stoichiometry of splicing factors and the affinity or specificity to certain binding sites 

may vary within species. By comparing retinal transcripts carrying homologous 

mutations of Pde6a and Pde6b one could ignore species-dependent and tissue-
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specific differences (Fig. 10-11). Consequently, the cis-sequence context surrounding 

the mutation is presumably determinating the overall discordant splicing outcome.  

We could then extrapolate the results from the mouse retina to the murine minigenes 

transfected in mouse cells and to the human minigenes in human cells.  

Exon 13 skipping leads to Pde6a transcripts bearing an in-frame deletion. These 

transcripts are translated in a shortened Pde6a protein lacking a stretch of 36 amino 

acid residues (p.541_576del). The deleted segment encompasses the N-terminus of 

the catalytic domain (PFAM: 00233), including residues known to be essential for the 

enzymatic function of the human PDE6A (UniProt: P16499). The mutation is 

embedded in a metal ion binding motif His-Asn-Trp-Arg-His at p.559-563 that interact 

with zinc ions (He et al., 2000). The metal ion binding motif at p.559-563 is highly 

conserved from mammals to fish (Supp. Fig.S5; Appendix 13.1.3; Publication III).  

The c.1684C>T mutation could be considered hypomorphic in comparison for 

example with a full gene deletion (null allele) since not every Pde6a transcript is 

aberrantly spliced. About 1/3 of the transcripts include exon 13 and result in a mutant 

Pde6a protein carrying the p.Arg562Trp substitution which decreases the catalytical 

activity of the mutant protein. Thus, the mutation exerts a dual effect on splicing and 

protein function. Nevertheless, residual levels of phosphodiesterase activity are 

retained in p.Arg562Trp mutants. In agreement, the phenotype observed in 

homozygous and heterozygous mice carrying the mutation is not as severe as that of 

other missense mutations such as the c.2053G>A/p.Val685Met mutation. The rod 
degeneration in homozygous mice for c.1684C>T/p.Arg562Trp starts about 4 days 

later than homozygous mice for c.2053G>A/p.Val685Met and with 2 days offset (later) 

from the intermediate compound heterozygous mice with the latter two mutations; see 

Fig, 4E, J, O); Appendix 13.1.3; Publication III (Sothilingam et al., 2015). Homozygous 

mice for c.1684C>T/p.Arg562Trp showed a less milder phenotype than those carrying 

the c.2009A>G/p.Asp670Gly (Sakamoto et al., 2009) in both alleles which exhibited 

the slowest rod degeneration profile (Sothilingam et al., 2015). 
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Figure 11. Cis-regulatory elements of splicing in exon 13 of Pde6/PDE6. The discrepant effect of 
the analogous mutations, c.1684C>T/p.Arg562Trp in Pde6a and c.1678C>T/p.Arg560Cys in Pde6b  
(black bold letters) on in vivo splicing in the murine retina putatively involve cis-regulatory sequence 
elements (upper left and bottom left, respectively). The c.1684C>T/p.Arg562Trp mutation in exon 13 of 
Pde6a is predicted to create an Exonic Splicing Silencer (ESS) depicted by the green line spanning a 
hexamer including the mutation. The c.1678C>T/p.Arg560Cys mutation in Pde6b is embedded within a 
hexamer predicted to act as an Exonic Splicing Enhancer (ESE), which is shown as a red line. Note the 
difference in the context sequence (two synonymous variants; in red and blue bold letters) in the vicinity 
of the homologous positions c.1684 and c.1678 in Pde6a and Pde6b. One of the synonymous variants 
creates a second ESE hexamer in both wildtype and mutant Pde6b (see also Fig. 8). ESEs motifs 
suggest binding of SR proteins to exon 13 of Pde6b, thereby increasing exon recognition by interactions 
with the core spliceosomal proteins. Complete exon retention is observed for both wildtype c.1678C and 
c.1678T Pde6a alleles (Fig. 10). Figure legend continues in next page.  
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Figure 11 (legend continued). The ESS in Pde6a is created by the c.1684T mutant allele in 
conjunction with the downstream synonymous variant. The ESS putatively recruits hnRNP proteins 
inhibiting Pde6a exon recognition, and resulting in partial exon skipping as detected by retinal transcript 
analysis of homozygous Pde6a:c.1684C>T/p.Arg562Trp mutant mice (Appendix 13.1.3; Publication III; 
Fig.2B). In comparison, Pde6a wildtype and c.1684C>T mutant minigene constructs were expressed in 
HEK293T and 661w cells (upper right). In this scenario, the wildtype c.1684C construct yielded a 
certain extent of exon skipping in HEK293T, likely due to tissue-/species-specific differences in splicing 
regulation. Alongside, a comparison of minigene-based heterologous assays in HEK293T for human 
PDE6A sequence (bottom right) is shown. Note that exon 13 of the human PDE6A shares one 
synonymous variant with the murine Pde6a ‒ which results in the creation of an ESS when the mutation 
c.1684T is present ‒, and one synonymous variant with the murine Pde6b ‒ which creates an ESE. The 
mutation c.1684C>T/p.Arg562Trp induces a rather weak exon 13 skipping in PDE6A, as revealed by 
minigenes expressed in HEK293T cells (Fig. 9).  

In conjunction with c.2053G>A/p.Val685Met, the c.1684C>T/p.Arg562Trp explains the 

retinal phenotype observed in the mouse model which mirrors that of the RP patient. A 

double pathomechanism is exerted by the c.1684C>T/p.Arg562Trp. Similarly, partial 

impairment of splicing and reduced catalytic activity is exerted by the 

c.2368G>A/p.Glu790Lys mutation found in compound heterozygous state in PDE6C 

in two siblings affected with achromatopsia (Chang et al., 2009). 

Previously, a Pde6b missense mutation c.1814A>G/p.Asn605Ser, 19 bp upstream of 

the donor site, has been shown to result in out-of-frame exon 14 skipping in ~80% of 

retinal transcripts among other aberrantly spliced transcripts. Correctly spliced Pde6b 

transcripts were detected as low as 5% in the slow-degenerating atrd3 mice (Muradov 

et al., 2012). The expression of the analogous already spliced transcript in the human 

cone PDE6C, p.Asn610Ser, did not impair photoreceptor function in transgenic 

Xenopus laevis (Muradov et al., 2012) suggesting that the Asn-to-Ser substitution is 

benign. The pathogenic effect is caused by a splicing defect in the murine Pde6b and 

it remains uncertain whether this effect is recapitulated in the human PDE6C gene.   

Differences in splicing regulation among vertebrate species have been noted; with a 

more complex regulation in the primate lineage (Barbosa-Morais et al., 2012). 

Divergence of tissue- or organ-specific splicing might be in some instances less 

determining than species-specific splicing signatures. Indeed, splicing profiles are 

better conserved within a species than those of the same organ or cell type in different 

species. Disconcordance in 13 events of exon skipping between human and mouse 

were predominatly assigned to the divergence of cis-regulatory variants (Barbosa-

Morais et al., 2012). While mouse Smn and human SMN exhibit a high degree of 

concordance in minigene-based assays (Gladman et al., 2010), skipping of exon 7 as 
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observed in the human SMN2 is bypassed in porcine Smn1 due to the lack of an ISS 

in intron 7 (Doktor et al., 2014). Disconcordance in in vivo liver splicing profiles of a 

mutation altering the 5’ ss in patients affected with ornithine transcarbamylase 

deficiency with those of the homologous mouse model has been attributed to 

differences in the genomic context (Rivera-Barahona et al., 2015). The importance of 

sequence context is further highlighted by the action of compensatory variants. A 

synonymous variant in MCAD drives a compensatory effect by inactivating an ESS, 

thereby preventing exon skipping elicited by a missense mutation that inactivates an 

ESE in exon 5, which leads to medium-chain acyl-CoA dehydrogenase deficiency, a 

frequent defect in the β-oxidation of fatty acids in human mitochondria (Nielsen et al., 

2007).  

Inter-species differences in splice site recognition and splicing regulation as well as 

tissue or cell-type specific splicing patterns have been reported for numerous retinal 

expressed genes including IRD disease genes (Garanto et al., 2011). For instance, 

the deep intronic c.2991+1655AG mutation in CEP290, frequently observed in 

patients with Leber congenital amaurosis (LCA) patients induces the insertion of a 

cryptic exon in about 50% transcripts (den Hollander et al., 2006). Analysis of a 

humanized knock-in mouse model carrying >6 kb of human sequence, including the 

c.2991+1655AG mutation, revealed an unexpected splicing profile, particularly in the 

retina, and overall much lower levels (15%) of aberrantly spliced transcripts (Garanto 

et al., 2013). In contrast, non-human primate derived cell lines expressing CEP290 

minigenes recognized the cryptic exon and performed much closer to that of LCA 

patients (Garanto et al., 2015), congruent with a more sophisticated splicing 

machinery in recent evolutionary lineages (Barbosa-Morais et al., 2012). 

Strengthening splice sites of the cryptic exon allowed its recognition also in murine 

cells (Garanto et al., 2015).  

Conversely, recognition of cryptic splice sites might be in particular cases specific to a 

cell type, regardless of the species. The aberrant splicing profile elicited by the IVS1-

2A>G BBS8 mutation expressed from murine minigenes or BACs with the full-length 

human BBS8 in mouse photoreceptors was not recapitulated by murine minigenes 

expressed neither in HEK293T nor in inner neuron cells of the retina. In the latter two 

cell types, minigenes result in exon skipping regardless of carrying the wildtype or 

mutant allele. Thus, the basal splicing profile of the wild-type allele in BBS8 is likely 

photoreceptor-specific. Seemingly, the use of a cryptic 3’ss downstream of normal 
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acceptor site is exclusive to photoreceptors which explains the confined phenotype of 

non-syndromic RP elicited by this mutation (Murphy et al., 2015). 

Retina-specific RPGR transcripts have been described (Neidhardt et al., 2007); 

including the inclusion of an alternative exon (ORF15) which is exclusive to the retina 

(both in humans and mice) and harbour the majority of known disease-causing 

mutations in RPGR. Alternatively spliced genes represent 24% of all murine retinal 

genes, according to a transcriptome analysis at postnatal day 21 (Gamsiz et al., 

2012). In comparison, a recent transcriptome of the adult normal human retina 

revealed ~80,000 novel alternative splicing events of which 2,000 are putatively 

retina-specific (Farkas et al., 2013). Skipping of one or two exons were the most 

common alternative splicing events (35%). Yet, only 15% of these alternatively spliced 

transcripts maintain their open reading frame (ORF) beyond the skipped exons 

(Farkas et al., 2013). Recently, ubiquitiously expressed genes, such as Cep290, 

Cc2d2a, Ttc8 and Prom1, have been shown to harbour photoreceptor-specific “switch-

like” exons whose inclusion is increased during the developmental stage prior to 

maturation of outer segments in the mouse retina (Murphy et al., 2016).  

In short, a mouse model mimicking the phenotype driven by compound heterozygous 

mutations underlying human arRP prompted us to investigate the impact of 

c.1684C>T/p.Arg562Trp at the retinal transcript level in Pde6a. We dissected how 

aberrantly Pde6a spliced transcripts could be generated in vitro, in either HEK293T or 

661w cell lines. We pursued to validate our findings by assessing the effect of 

analogous mutations in either human PDE6A minigenes or murine Pde6b (rd10) 

retinal transcripts. Moreover, a comparison to deduce the differences within the 

sequence context among paralog and ortholog genes encoding for PDE6 was 

presented. A twofold explanation of the quantitative impairment of PDE6A is driven by 

the c.1684C>T/p.Arg562Trp at post-transcriptional and protein level in both Pde6a, 

and most likely also in the human PDE6A, leading to a milder phenotype than animals 

homozygous for c.2053G>A/p.Val685Met. The experiments and predictions presented 

suggest that aberrant splicing in murine Pde6a is modulated to a different extent by 

the neighbouring synonymous variant(s) present in the human PDE6A or the murine 

Pde6b genes. This may impact the relative contribution of the two pathomechanisms 

driven by the mutation in the two species. The enzymatic activity of the full-length 

PDE6A might be the counterparty that is impaired to higher levels in humans. 
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6.5 Unpublished II: Development of a multiplexed splicing assay 

6.5.1 Introduction  

As described in Section 3.3.2, variant interpretation remains a major challenge. The 

only criteria that can be applied for all variants in a proactive manner are in silico 

prediction tools (Weile and Roth, 2018). Hitherto, functional assays are mostly 

designed on a one-by-one basis rationale for single targeted mutations in the gene of 

interest and performed either side by side (in different tubes or wells) and/or at a 

different time point in independent experiments. Although supporting evidence can be 

attained, assessing one variant at a time represents a tedious bottleneck, entails great 

efforts to reduce assay variability and reproducibility and it is bias- and error-prone. 

Therefore, only few variants currently undergo functional assessment, limiting the 

overall impact of NGS-derived data on the medical management of patients. 

Accommodating the unceasing number of newly discovered VUS to this post hoc 

approach is impractical, expensive and time-consuming. Functional assays aiming to 

reduce the gap from variant sequencing to accurate interpretation and molecular 

diagnosis are required (Starita et al., 2017). 

Mirroring the burgeoning advances that sequencing has achieved simply by 

parallelization, functional assays can similarly be performed by multiplexing several 

variants in single assays. A priori (in advance) testing of gene variants from diseased 

and healthy individuals simultaneously would generate a comprehensive resource for 

variant interpretation (Section 3.3.2). For variants deposited in databases, functional 

evidence adds value to the revision of the assigned interpretation and categorization a 

posteriori. Coupling NGS to well-established assays enables parallelization of 

screenings that query functionality or expression influenced by particular protein or 

gene features at a single-base pair resolution. Multiplexed assays for variant effect 
(MAVEs) are emerging as an eminent solution for the challenge of variant 

interpretation (Gasperini et al., 2016). MAVEs can be applied proactively and are 

foreseen to enable functional assays at an unprecedented scale (Weile and Roth, 

2018). Pioneering papers on massively parallel reporter assay (MPRA) assaying 

the effect of variants on mammalian enhancers have been published as early as 2012 

(Melnikov et al., 2012; Patwardhan et al., 2012). Thenceforward, multiple functional 

features including protein activity, e.g. BRCA1 ligase and binding activity upon deep 

mutational scanning  (Starita and Fields, 2015; Starita et al., 2015), the effect of all 
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9,595 possible missense variants on peroxisome proliferator-activated receptor γ 

(PPARγ) activity (Majithia et al., 2016), or the impact of 7,244 missense PTEN 

(Phosphatase and tensin homolog) variants on lipid phosphatase activity (Mighell et 

al., 2018), and regulatory elements, e.g. cis-regulatory elements of expression in the 

mouse retina (Shen et al., 2016), effects of CNV (Tai et al., 2016) or non-coding 

regulatory elements (Elkon and Agami, 2017) and its alteration by large deletions 

(Gasperini et al., 2017) have been tested by MPRAs/MAVEs. 

As mutations affecting regulatory elements, including cis-regulatory elements of 

splicing, are difficult to predict a priori, MPRAs can be especially useful for screening 

putative spliceogenic mutations. Prior to the herein presented development of a 

multiplexed minigene splicing assay for OPN1LW/MW exon 3, the only reported 

splicing assay in batch had aimed to test the effect of all possible random hexamers 

(Ke et al., 2011) and the obtained data were used to generate a prediction algorithm. 

Yet, this work lacked the genomic context. In the meantime, a number of MPRA 

applications on splicing have been reported; the assessment of two million of short 

synthetic sequences in alternatively spliced constructs (Rosenberg et al., 2015), the 

impact of synonymous variants on exon inclusion (Bhagavatula et al., 2017; Mueller et 

al., 2015), the unbiased analysis of all possible substitutions on an alternatively 

spliced exon (Julien et al., 2016), the evaluation of ~5,000 exonic variants by a so-

called Massively Parallel Splicing Assay (MaPSy) (Soemedi et al., 2017), and recently, 

the testing of 2,059 variants in 110 alternatively spliced exons by Variant exon 

sequencing (Vex-Seq) (Adamson et al., 2018) and the examination of 27,733 variants 

from 2,339 human exons by Multiplexed Functional Assay of Splicing using Sort-seq 

(MFASS) (Cheung et al., 2018). All approaches mentioned above use different design 

and methodology, yet all made use of short-read sequencing. 

We designed a novel in vitro minigene assay to assess splicing competence of 

OPN1LW/MW exon 3 haplotypes (Section 6.3; Appendix 13.1.2) in parallel. We chose 

to use random molecular barcodes and to perform targeted mutagenesis restricted to 

two alternative bases per variant site to generate a library of exon 3 haplotypes (Supp. 

Fig. S1-S3; Appendix 13.1.4). In this section of the thesis, I summarize the technical 
efforts undertaken, including failures and successes until the generation of a pilot 

MPRA method that suits the particularities of our design and feasibility of application 

as further described in Section 6.6; Appendix 13.1.4, Publication IV and Appendix 

13.1.5, Publication V.   
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6.5.2 Results 

Input Library generation 

Barcode and exon 3 haplotype libraries were generated in parallel. The barcode 

library was cloned downstream of exon 6 of the original minigene construct as 

described by Ueyama and colleagues (Ueyama et al., 2012) and subsequently 

merged with the exon 3 haplotype library (Supp. Fig. S1; Appendix 13.1.4, Publication 

IV). Hybridization of a 91-mer ultramer oligonucleotide including the 8N 

(‘NNNNNNNN’) barcode tag with the 21-mer seed oligonucleotide and the extension 

reaction to generate a double-stranded DNA (dsDNA) molecule were optimized by 

trying different elongation times (3, 5, 7, 10, 15, 30, 45, 60 and 90 min). A 60 min 

elongation time was sufficient for complete extension as confirmed by resistance to S1 

nuclease digestion. The barcode pool of 91 bp dsDNA was cloned into the reference 

minigene plasmid by In-Fusion Cloning (IFC) and confirmed by SalI (introduced in the 

91-mer) digestion and Sanger sequencing. The IFC reaction was optimized to achieve 

high cloning efficiency by testing different molar ratios of vector to insert molecules. 

With a 1:20 ratio, a maximum yield of 3.5 × 106 transformants or colony forming units 

(cfu) per μg (cfu/μg) was obtained and 100% of clones were positive for the barcode 

insert as assessed by colony PCR screening (n = 30) and subsequent Sanger 

sequencing. Outgrowth of colonies in liquid culture was omitted to avoid out-

competition but rather colonies were harvested from agar plates for plasmid 

preparation. The number of pooled colonies for the barcode library (n = 33,000) was 

approximately half of the expected number of theoretically possible barcodes. 

Ultramer oligonucleotides synthesized with alternative bases at the variant sites were 

used to amplify two overlapping fragments of exon 3 and flanking sequence, which 

were subsequently used as template for an overlap extension PCR (Supp. Fig. S2; 

Appendix 13.1.4). A reduction in the amount of the plasmid template (carrying the 

Reference haplotype) to 5 ng and a DpnI digestion cleaving at methylated sites 

ameliorated the background of non-mutagenized clones. Insertion of the exon 3 

haplotype library into the barcode library by conventional cloning, i.e. ligation through 

cohesive ends turned out to be inefficient at three different vector:insert ratios tested. I 

leveraged the long overhangs from HindIII and AflII to the end of the overlap extension 

amplicon of the exon 3 mutagenesis library (Materials and Methods; Appendix 13.1.4, 

Publication IV) to perform IFC. An optimized 1:12 molar ratio (vector:insert) which 

yielded 1.3 × 106 cfu/μg. Applying colony PCR and Sanger sequencing on a sample of 
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n = 60 colonies, I observed 95% of clones carrying a proper insert. For the resultant 

Input Library the number of pooled clones (n = 3,500) was one order of magnitude 

higher than the actual haplotype diversity (n = 256), and one order of magnitude less 

than the complexity of the barcode library (n = 33,000).  

Massively parallel sequencing of the Input Library 

 “Mate-pair”-like short-read sequencing approach 

Sequencing the Input Library aimed to read the barcode and the 'linked' exon 3 

haplotype which are 2 kb apart in each single molecule. To accomplish this with short-

read NGS technology, we first tried a “mate-pair”-like approach to join barcodes and 

exon 3 sequences in close vicinity. First, amplification of the library with 5’ 

phosphorylated primers was performed followed by circularization with T4 ligase and 

ATP (1 mM final concentration). Second, inverse PCR bridging the site of ligation with 

tailed primers to introduce P5/P7 was performed to yield an amplicon size compatible 

with sequencing on the Illumina platform. A pilot experiment was performed with a 

mixture of two minigene constructs harbouring different known barcodes and exon 3 

haplotypes. Since circularization of monomeric molecules is crucial for this strategy, 

ligation reactions were treated with Plasmid-Safe ATP-dependent DNase from 

Epicentre (0.5 units per reaction). This treatment ensures removal of dsDNA linear 

concatemers, but does not degrade closed circular dsDNA concatemers resulting from 

multimeric intermolecular ligation. Different concentrations of phosphorylated 

amplicons down to 0.5 ng/µl were tested in the ligation reaction. Diluted DNA 

concentrations resulted in reduced amounts of high-molecular concatemer ligation 

products, yet a dimeric circular dsDNA band remained visible. In an effort to purify 

monomeric circular molecules by electrophoretic separation and gel extraction, I first 

assessed the differential migration behaviour of circular and linear monomeric 

fragments on agarose gels. Digestion with BclI, a restriction enzyme with a single 

recognition site in the target fragment was used to differentiate between circular and 

linear topology; thus, digestion with BclI only linearizes circular molecules to its 

monomeric size but cuts linear molecules into two smaller fragments. Using this 

strategy, I could demonstrate that circular monomeric fragments migrate at an 

apparent size of 1 kb in the agarose gel and is converted into a fragment of the 

expected size of 2.2 kb for the linear molecule upon BclI digestion. 
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These gel-extracted circular monomers were then used as template for the inverse 

PCR. However, Sanger sequencing of cloned inverse PCR amplicons revealed a 

mixture of correctly and uncorrectly matched exon 3 haplotypes and cognate barcodes 

at a similar rate indicating that gel excision upon electrophoresis was insufficient for 

the purification of monomeric circular molecules. An alternative strategy for 

sequencing of the Input Library was therefore pursued.  

Long-read SMRT sequencing  

SMRT sequencing enables determination of the entire sequence of interest between 

exon 3 and the barcode in the Input Library. The Input Library was digested with 

HindIII and SalI (Supp. Fig. S2; Appendix 13.1.4) and separated on a dye-free 1% 

agarose gel. Two wells were loaded with an aliquot of the digestion reaction, cut-off 

from the remainder of the gel and stained with Ethidium bromide to visualize and mark 

the location of the 2.2 kb fragment of interest. Re-aligning the stained and marked gel 

stripes with the unstained gel piece allowed excising the 2.2 kb from the unstained gel 

slice (~15 cm) avoiding UV-light illumination. The gel-extracted DNA was purified on 

silica-based columns and sent to the Max Planck Institute of Molecular Cell Biology 

and Genetics, Dresden for SMRTbell library preparation and sequencing on a PacBio 

RSII instrument.  

Massively parallel sequencing of the Output Library 

Paired-end (PE) sequencing using MiSeq (Illumina) was used for short-read 

sequencing. Quality control with DNA1000, DNA7500 or DNA High Sensitivity chips 

on an Agilent Bioanalyzer, as well as Qubit and KAPA quantification were performed 

either at the Molecular Genetics Laboratory or at the c.ATG Core Facility. 

A variety of different protocols and modifications thereof were tested and optimized to 

establish a valid protocol for the succesful sequencing of the Output Library. Main 

challenges were i) the low sequence diversity of the Output Library, and ii) the length 

of the molecules at the upper border of the MiSeq instruments' specification. 

Short-read Amplicon Sequencing with custom primers (Version 1.0) 

A fragment library consisting of RT-PCR amplicons with attached Illumina grafting 

P5/P7 adaptors was sequenced with high performance liquid chromatography 

(HPLC)-purified custom amplicon-specific sequencing primers. As the Output Library 

has an inherent low diversity, PhiX174 bacteriophage DNA was spiked in at two 
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different concentrations ‒ representing 70% and 40% of molecules per run, 

respectively. High proportion of PhiX174 DNA resulted in run abortion at the “Index 

Read” since the PhiX174 DNA is not indexed. Combining 20% of PhiX174 with 20% of 

an external WGS library with a relative large insert size, or 7% of PhiX174 with 16% of 

a WGS library and 17% of a metagenomic library yielded reads exclusively derived 

from external spiked-in libraries.  

Short-read Amplicon Sequencing with offset random spacers and Illumina sequencing 

primers (Version 2.0) 

The RT-PCR was carried out with primers having a gene-specific 3' portion and a 5' 

tail comprising the binding site for ”Read 1” and “Read 2” Illumina primers for 

sequencing followed by a set of 2, 4, 6 or 8 random “N” bases. Pairs of forward and 

reverse primers were designed and combined in the PCR so that each amplicon has 

the same length and a total of 10 random bases in order to compensate the low 

diversity of the library and improve cluster identification in the first 4 run cycles. The 

offset of 2-6 bases between the amplicons aimed to reduce the phasing and 

prephasing values. A modified run protocol of the “Chemistry.xml” file with 32 cycles 

instead of the default 26 amplification cycles (V2 kits) was used and adjusted by 

loading ~30% less than recommended concentration of 9 pM. Applying these 

modifications the sequencing run was undermined by overclustering. A reduction of 

~54% in the loading concentration resulted in optimal cluster density, yet the low 

signal intensity hindered proper cluster detection. A second modification of the 

“Chemistry.xml” file was implemented by increasing the duration of the First Extension 

(4,000 ms) and Amplification (30,000 ms) steps resulting in overclustering. 

Short-read Amplicon Sequencing with offset spacers with additional random bases, 

dual direction, P5-PE grafting primer and Illumina sequencing primers (Version 3.0) 

In this approach, all PCR primer tails included four consecutive random bases directly 

downstream of the sequencing primer binding sites to ensure diversity for proper 

cluster detection. The size of the amplicons bearing or lacking exon 3 was 990 and 

821 bp, respectively. All amplicons were increased by 16 bases of 8 random bases 

and 8 additional offset bases designed as to keep the diversity at a given site for 

sequencing (Supp. Table S2; Appendix 13.1.4, Publication IV). By this modification I 

pursued to increase the diversity throughout the insert length in order to improve the 

“Cluster Passing Filter” (Cluster PF) and the “Phasing/Prephasing” by amplifying the 
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library in both directions (see internal barcode; Supp. Fig. S3; Publication IV). Offset 

sequences design took into account avoidance of GC-rich sequences and 'patches' of 

very low diversity (i.e. homooligomeric sequences). The PE-P5 grafting primer which 

harbours the “GAUCT” sequence was used. The “Chemistry.file” with 32 cycles of 

amplification was further modified as follows: the duration of First Extension was 

increased to 15,000 ms while the Amplification step was reset to 15,000 ms. In this 

experiment, ~70% of the recommended 9 pM was loaded on a Nano flow cell (single 

lane; 2 tiles). A total of 325 cycles were extracted, called and scored. “Read 1”, “Index 

Read” and “Read 2” had 115, 8 and 202 cycles, respectively. While in “Read 1” 96% 

of bases had a quality score of 30 or higher (Q30; i.e. the estimated chance of base 

call error rate is 0.1%), the quality of “Read 2” had 10% less Q30 bases (Fig. 12).  

Figure 12. Snapshot of the “Sequencing Analysis Viewer” (Illumina) showing parameters of the 
successful sequencing run of the Output Library (Version 3.0 protocol). A) The Q-score heat map 
shows Q scores per cycle. The colour bars to the right of the chart indicate the values in a scale of 0 to 
100% of maximum value. A Q-score of Q30 indicates that a 0.1% chance of calling the wrong base (Q-
20 corresponds to 1% and Q40 to 0.01%). A high percentage of reads had a score over Q30. The low 
intensity in “Read 2” (not shown) and subsequent lower Q-scores for “Read 2” is a known issue which 
might be exacerbated by the special conditions of this run. B) The Cluster density (K/mm2) and the 
Cluster Passing Filter (Cluster PF) parameters are close to each other, indicating good clustering on the 
flow cell despite having a lower cluster density with a large size library (800-1000 bp) than a library of 
standard fragment size (200-600 bp).  

The sequencing run yielded 664,730 paired-end reads passing filtering (=86% of total 

reads) and a total of 110 Megabases (Mb) of sequence (Fig. 6). Ninety-seven percent 

of filter passing reads were assigned to an I7 index from 701-TAAGGCGA, 702-

CGTACTAG, 703-AGGCAGAA and 704-TCCTGAGC (Supp. Table S2; Appendix 

13.1.4, Publication IV) and used for low-plex pooling of single-index samples to ensure 

signal in both colour channels during the “Index Read”. The coefficient of variation 
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across all indexes (CV=0.0818) indicates good representation of the pooled four 

replicates in an equimolar ratio. 

Long-read SMRT Amplicon Sequencing  

For SMRT amplicon sequencing the cDNA was amplified with KAPA HiFi HotStart 

DNA Polymerase (KAPA Library Amplification Kit) followed by an immediate 

purification optimized to a ratio of 0.78 vol. AMPure PB Beads to 1 vol. of RT-PCR 

products. As part of the SMRTbell chemistry from PacBio, the 46-nt long blunt 

adaptors (5’ – pATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTGTTGAGAGAGAT – 

3’) able to fold into a stem-loop structure were ligated to both ends of the amplicon. 

This results in structurally linear double-stranded molecules, yet have a circular 

topology (Travers et al., 2010). Electrophoretic mobility of these molecules resemble 

that of dsDNA, and the total gain in size (92 bp; 10% of the amplicon size) result in an 

almost undistinguishable profile and virtually the same expected size of SMRTbell 

templates and initial RT-PCR amplicon libraries. For the Input Library an increase in 

size of ~4% over the 2.2 kb insert was not detectable after SMRTbell preparation (Dr. 

Sylke Winkler, personal communication). Final recovery of the SMRTbell library was 

68% (648 ng) of the input DNA used for the DNA repair reaction. Prior to sequencing, 

a complementary quality control was performed by digestion with KpnI. The single 

KpnI site ~100 bp from the 3’ end of the RT-PCR amplicon enabled to detect a clear 

size difference of libraries before and after SMRTbell preparation and confirmed 

ligation of the adaptors. The SMRTbell library was loaded on diffusion mode at 2 pM 

on the Sequel at the MPI in Tübingen (Dr. Christa Lanz) according to the instructions 

from the binding calculator of SMRTLink v.5 based on the average size and 

concentration measured by Bioanalyzer and Qubit, respectively. An immobilization 

time of 120 min, a pre-extension time of 30 min and a movie time of 600 min were 

used. The output was 2.33 Gb. The productivity is measured by the fraction of wells 

on the SMRTcell that were loaded with a single molecule (“P1 productivity”), which 

was 7.3%. The “P0 productivity” refers to empty wells and was 88.5%, indicating 

underloading. The N50 polymerase read length was 56,250 bp and the average read 

length was 32,459 bp. The computation of circular consensus sequence (CCS) was 

performed with default parameters with SMRT Link Version 5.0.1.9585 at c.ATG 

(Jakob Matthes). CCS demultiplexing was performed by the “tailed” mode, filtering for 

Minimum Predicted Accuracy and Barcode quality were adjusted to 0.99 and ≥ 45, 

respectively.   
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6.5.3 Discussion 

Generating a variant library for multiplexed functional assays with appropriate means 

to link the output readout to individual input variants requires the assessment of 

efficacy and efficiency at every single step. High efficiencies are needed for cloning, 

transformation, amplification and sequencing in order to keep the complexity, diversity 

and size of the library in balance. For instance, an increased length of homology arms 

(50-60 bp) for IFC during Input Library preparation improved cloning efficiency and 

yield of recombinants; in agreement with prior observations (Sleight et al., 2010). A 

critical point is the actual Input Library size, i.e. the number of colonies pooled for bulk 

plasmid DNA isolation which should be below the maximal complexity defined by the 

48 = 65,536 theoretical possible barcodes. When the actual size of the library 

approaches its maximal theoretical size, the likelihood of picking clones with identical 

barcodes increases (Bystrykh et al., 2014).  

Sequencing large molecules with an intact phasing of variants represents a challenge 

for short-read technologies. We aimed at developing a strategy to reduce the size of 

the molecules via circularization followed by inverse PCR which would bring the 

crucial sequence into close proximity in a smaller molecule. However, I realized a 

considerable proportion of intermolecular ligation products which result in illegitimate 

amplicons with interchanged barcodes indistinguishable from genuine PCR products. 

Gel purification of the desired circularized monomers did not result in satisfying results 

most likely due to co-purification of contaminant dimeric circular ligation products. 

Nowadays, this strategy might be improved with automatic size fractioning.  

To circumvent this problem, we explored the concept of using a 20 bp sequence, 

upstream the internal barcode of our library, as a "Reflex" site for copying the barcode 

to the opposite site of the amplicon as described by Casbon and colleagues (Casbon 

et al., 2013). Although virtually inexistent levels of intermolecular rearrangement are 

claimed, this cannot be completely ruled out. Further alternative approaches such as 

T4 ligation in-emulsion to increase the rate of intramolecular ligation products or the 

more recent microfluidics-based encapsulation of long fragments into droplets for 

amplification, fragmentation and barcoding of single molecules of up to 10 kb, 30 kb 

(Redin et al., 2017) or even reaching 200 kb (Zheng et al., 2016) may diminish this 

problem, but were not implemented due to the need of further optimization or need for 

sophisticated equipment. I rather opted for long-read SMRT sequencing as other 
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reports published afterwards (D’Amore et al., 2017) to ensure unequivocal phasing 

of haplotypes and barcodes in the Input Library.  

Despite the absence of intron 3 which reduces the amplicon size by 1,465 bp, 

sequencing of the Output Library was as challenging as for the Input Library. From the 

failure of the Library Preparation and Sequencing Protocol (LPSP) Version 1.0 (LPSP 

V1), I learned that although 'spiked-in' external libraries were close (yet shorter) to the 

length of our library, these were able to out-compete the Output Library. Moreover, 

mixing with low or high proportion of external balanced libraries ‒ only libraries of 

shorter average length were available ‒ was insufficient to override the low diversity. 

We thus refrained from further using PhiX174 or any external libraries and custom 

sequencing primers. As shown in a previous report on amplicon sequencing (Wu et 

al., 2015), increasing the diversity by using primers with offset spacers and random 

bases in LPSP V2 improved the detection of clusters. Modification of the sequencing 

parameters such as altered loading concentration, bridge amplification efficiency, 

clustering and intensity are interrelated. Finally, LPSP V3 with increased diversity 

combined with the improved binding and linearization efficiency on the flow cell, 

together with the optimal loaded concentration and increased extension was found 

optimal and yielded useful sequencing data (Fig. 12).  

The loading concentration for optimal cluster density was determined empirically, 

since lengthy clusters take up more space on the flow cell. The time for the First 

Extension was prolonged under the reasoning that synthesis of the second strand may 

not have been completed for ~1 kb fragments. Amplification time was not increased to 

avoid “overclustering”. Since we increased First extension time and assumed that 

LPSP V3 bound more efficiently than LPSP V2 to the PE flow cell, we further reduced 

the loading concentration by 70% to ~2.7 pM. Accordingly, 245K cluster/mm2 were 

detected, 30% of the ideal cluster density for a standard size library. These findings 

are in line with reports of long amplicon libraries on a MiSeq Nano flow cell (Burke 

and Darling, 2016). 
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6.6 Publication IV: A comprehensive reference for exon 3 splicing 
defects of the human OPN1LW and OPN1MW opsin genes by means 
of a parallelized minigene splicing assay 

Having its origin in the minigene-based splicing assay of individual haplotypes 

(Section 6.3), a parallelized assay was developed (Section 6.5). Leveraging massive 

parallel sequencing technologies enabled to perform splicing assessment of several 

hundreds of exonic variants at once. The first pilot assay demonstrated the feasibility 

of the parallelized approach and provided a more comprehensive assessment of exon 

3 OPN1LW/MW haplotyes with regard to splicing. 

In silico tools such as HSF, EX-SKIP and HEXplorer are able to predict exon 3 

haplotype-dependent deregulation, creation and/or loss of splicing enhancer and 

inhibitory elements. HEXplorer includes surrounding non-mutated context-sequence 

which represents an improvement, yet is still subjected to hexamer-based limitations 

(Erkelenz et al., 2014). In general, bioinformatic tools provide low predictability for 

SNVs other than those affecting the canonical splice sites (Soukarieh et al., 2016; 

Cummings et al., 2017; Kremer et al., 2017). Not surprisingly, overall predicted scores 

for whole haplotypes do not correlate well with outcomes achieved by functional 

minigene assays for individual haplotypes (Publication II), especially for those yielding 

mixtures of both correctly and aberrantly spliced transcripts. Lack of an appropriate 
toolkit for reliable prediction of the functional effect of known and newly observed 

OPN1LW/MW haplotypes hinders interpretation. An approach to determine and 

quantifiy the splicing outcome induced by every possible variation in a confined region 

with the highest diversity within exon 3 of OPN1LW/MW was pursued.  

The work presented in this publication consisted in generating a batch of minigene 

constructs that would comprenhend all possible combinations of the defined 

common eight variants in exon 3 of OPN1LW/MW. This means that I targeted a total 

of 28=256 haplotypes (2 possible alleles per variant; 8 variants). For visualization of 

the variants along exon 3 see Supp.Fig.S1; Appendix 13.1.4 and Fig. 8 in Appendix 

13.1.5, Publication V). The generation of such a collection of minigenes occurred in 

the form of a pool from the starting point and are only separated when transformed in 

bacteria and individually propagated in single clones. Ultimately these clones are 

pooled again prior plasmid isolation. The pool of minigene constructs is named after 
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“Input Library” because represents the input for the splicing assay. The minigenes in 

the pool are traceable, meaning that the haplotype sequence in exon 3 could be 

trailed once the in vitro splicing reaction in mammalian cells takes place, even if a 

particular combination of variants in exon 3 leads to skipping of the very same exon. 

Instead of scoring each variant with the relative abundance of reads spanning the 

tested exon between input and output libraries normalized to the wild-type allele (Ke et 

al., 2011; Julien et al., 2016; Soemedi et al., 2017; Ke et al., 2018), we applied a 

barcoding system integrated in the minigene backbone. For each molecule 

generated, this barcode enables tracing of the exon 3 haplotype from the original pool 

of minigenes in the Input Library all the way through up to its detection in the Output 

Library ‒ the pool of transcripts derived from spliced minigenes ‒ even if the exon 3 

encoding the haplotype sequence itself is alternatively spliced because the barcode 

remains in the transcript molecule (Fig. 1, Supp. Fig. S2-3; Appendix 13.1.4, 

Publication IV). The recently published Vex-Seq method (Adamson et al., 2018) also 

exploited barcodes; yet these were synthesized within the oligonucleotide pool along 

the exon tested. In contrast, the barcodes of our assay are located downstream of the 

ORF of OPN1LW/MW to prevent interfering with splicing regulatory signals.  

The barcode allowed to tell apart the original exon 3 sequence and provided the link 

with the splicing outcome (exon skipping and/or exon inclusion) associated to that 

particular exon 3 haplotype. This relies on the uniqueness of the barcodes; meaning 

that if the same barcode was found phased with two or more distinct haplotypes, this 

barcode was discarded. We found almost 2,000 unique barcodes in the Input Library. 

The other way around, if the same haplotype was found phased with one or more 

distinct barcodes, these barcodes were retained. Thus, over 1,500 unique barcodes 

were overall found tagging 248 targeted haplotypes. Due to the stochastic nature of 

the generation of the barcoded constructs we relied on the complexity of the barcode 

library in order to have enough unique barcodes per haplotype. This makes 

redundancy an intrinsic feature of our library. Multiple unique barcodes (median of 6) 

have been detected per haplotype in the Input Library stemming from originally 

different clones that carried the same haplotype in exon 3. Moreover, for each multi-

barcoded targeted haplotype we relied on several observations; an average of 29 

observations ‒ circular consensus sequencing (CCS) reads ‒ each of them derived 

from single molecules coming from the same or different minigene constructs with the 

same haplotype. We reason that this could control for a single-construct bias.  
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The outcome of the splicing assay for a total of 232 different OPN1LW/MW exon 3 

haplotypes was determined as the fraction of correctly spliced transcripts. This is 

calculated based on the number of reads supporting the presence of exon 3 over the 

ones indicating the absence of exon 3 (Supp. Table S3; Fig. 3B; Appendix 13.1.4). 

High reproducibility was achieved by our assay with correlation efficiencies above 

0.89 and reaching 0.97 among pairwise comparisons of the ratios obtained by the four 

technical replicates from the Output Library (Appendix 13.1.4, Publication IV), 

comparable or superior to previous published MPRAs (Adamson et al., 2018; Julien et 

al., 2016, Soemedi et al., 2017). 

The quantification based on capillary electrophoresis carried out for the individually 

assessed haplotypes observed in XLCD patients (Buena-Atienza et al., 2016; 

Publication II) was already novel since other reports (Ueyama et al., 2012; Gardner et 

al., 2014) have not performed experimental quantitation of the products derived from 

differentially spliced transcripts. Concerning the reliability of the results from the 

parallelized assay, we compared our results to a set of individually assessed 

haplotypes in barcoded-minigenes extracted from the Input Library for quality control 

in the generation process (Publication IV) and considered this as the truth dataset. 

Our parallelized assay aims to categorize haplotypes by quantifying (usable scores) 

the grey zone of outcomes between complete exon 3 inclusion and full exon 3 

skipping, which represent clearly non-pathogenic and pathogenic scenarios, 

respectively. The categorization (“minor defective”, “intermediate” or “strongly 

deleterious”) in terms of splicing competence determined by individual minigene 

assays yielded reasonable predictability with a sensitivity of 66.7% and a specificity of 

71.4%. Although the outcome of the comparison between the individual and 

parallelized assays was positive; seemingly, the parallelized approach indicates higher 

exon skipping levels. Further improvements in sequencing of the Output Library may 

bring the discrepancies and the overall shift closer.  

We observed a decent number of haplotypes yielding low ratios of exon inclusion; 

namely, more than the half of the haplotypes resulted in below 50% of transcripts 

being correctly spliced. About 1/4 of haplotypes rendered a mean of exon 3 rentention 

levels of less than 20%. A significant impairment is related to the c.532G or the 

c.538G alleles which were found to cause an overall reduction of ~38% and ~26% in 

the exon 3 inclusion levels, respectively (Fig. 3A; Appendix 13.1.4). Grouping 

haplotypes according to the genotype at the latter two variants resulted in highly 
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significant differences in the mean ratio for exon inclusion among all four groups 

except between the two groups harbouring either only the c.532G or only the c.538G 

allele. Remarkably, haplotypes carrying both c.532G and c.538G had the overall 

lowest ratio for exon inclusion (Fig. 3B; Appendix 13.1.4). By adding the c.511 variant 

to split these four groups, further grading of the cluster with the lowest scores (c.532G; 

c. 538G) was possible (Fig. 4; Appendix 13.1.4). Namely, haplotypes carrying c.511A; 

c.532G; c.538G showed a significantly lower ratio of exon inclusion in comparison to 

those with the background of c.511G; c.532G; c.538G. Although overall the presence 

of the c.521C>T variant leads to an increase in exon inclusion ‒ as also suggested by 

individual minigene assays (Appendix 13.1.2, Publication II) ‒ when individual 

haplotypes differing by either c.521T or c.521C allele were compared, the positive 

modifier effect of the c.521C>T variant was not statistically significant when the data 

from our MPRA assay was analyzed (Supp. Table S6; Appendix 13.1.4).  

For every targeted site in exon 3, it was shown that an accumulation of such variants 

correlated with a decrease in exon inclusion (Fig. 5; Appendix 13.1.4). In an attempt to 

elucidate the mechanisms underlying the interactions within variants, I analysed 

whether these responded to an additive model, or otherwise to positive or negative 

epistasis. In the latter case of epistasis this would mean that the effect of the 

haplotype of two variants was greater or lower than the sum of the individual effect of 

each variant (Fig. 6; Supp. Table S7-8; Appendix 13.1.4). An important additive 

interaction is that of the c.532G and the c.538G alleles, which accounts for the highest 

impact in fitness among the double variants, as expected from the sum of the 

individual effect of each variant. 

The underlying motivation of the parallelized assay was to provide predictive scores to 

aid interpretation in the disease context. We collected a sample of 1,175 fully resolved 

OPN1LW/MW exon 3 haplotypes of which 812 corresponded to the control group and 

243 were found in the disease group (BCM and XLCD). For 85% of the haplotypes 

observed we could relate the sample fraction to the levels of exon 3 retention 

determined by the parallelized assay, finding that those with the lowest levels of exon 

retention were enriched in the disease group (Fig. 8; Appendix 13.1.4). These findings 

reinforce the potential of the parallelized assay and its utility as an interpretation 

resource.    
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Previous reports have individually assessed the splicing competence of a number of 

exon 3 OPN1LW/MW haplotypes from XLCD subjects and in some instances 

including haplotypes obtained by site-directed mutagenesis in a one-by-one fashion. 

The total number of haplotypes that each study assessed would represent 7% 

(Ueyama et al., 2012), 3% (Gardner et al., 2014) and 5% (Buena-Atienza et al., 2016; 

Publication II) of those herein presented. With parallelization we have succedded to 

increase the capacity of the splicing assay by almost 20-fold in the number of 

OPN1LW/MW exon 3 haplotypes tested and reduced the number of required 

transfections by 58-fold. Not only the sequencing-based quantification surpasses the 

fragment analysis used in our prior study (Publication II), but the whole process of 

plasmid generation, transfection and cDNA synthesis is superior in terms of 

throughput. 

Yet, the total number of variants tested by our MPRAs has been only moderately 

boosted in comparison to other published MPRAs due to several reasons. Whereas 

the median length of a human exon is 134 bp (Savisaar and Hurst, 2017) minigene-

based MPRAs hitherto have assayed exons of shorter length; 51 bp (Ke et al., 2018), 

54 bp (Mueller et al., 2015), 63 bp (Julien et al., 2016), 68-97 bp (Adamson et al., 

2018) or 100 bp at most (Cheung et al., 2019; Soemedi et al., 2017). In contrast, the 

169-bp exon 3 of OPN1LW/MW herin tested is considerably larger. Likewise, the 

median length of a human intron is 1,567 bp (Savisaar and Hurst, 2017). Limited 

through the use of commercially synthesized oligonucleotides with a length of ~170 

bp, previous MPRA approaches included only 15-55 bp of 3’ and 5’ endogenous 

flanking introns (Soemedi et al., 2017; Adamson et al., 2018; Cheung et al., 2019). 

Moreover, these MPRAs take advantage of minigene backbones of heterologous 

genes, for instance the globin gene (Adamson et al., 2018), artifically split the gene of 

the green fluorescent protein GFP with intron backbones of either SMN1 or DHFR 

(Cheung et al., 2019), the Chinese hamster dhfr gene (Ke et al., 2018), or hybrid 

constructs including exon and intron sequences of adenovirus (pHMS81) and ACTN1 

(Soemedi et al., 2017). Other than the examples above, the OPN1LW/MW minigene 

library pool (Fig. 1; Appendix 13.1.4) relies on native donor and acceptor sites of 

adjacent exons to exon 3. By our mutagenesis approach we preserved the context of 

the entire cloned sequence: the complete cDNA sequence including five adjacent 

exons to exon 3 and the entire and unmodified intron 2 and intron 3 sequences of 

OPN1LW.  
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Hitherto minigene-based MPRAs have been adapted to existing short-length 

sequencing with few limitations to perform large-scale assays at the expense of 

loosing regulatory elements of biological relevance. We rather gave more importance 

to preserving the native sequence context and thereby paved way for a minigene-

based MPRA able to accommodate testing of variants within large exons, multiple 

exons, and even intronic sequences. We incorporated SMRT sequencing of the Input 

Library and subsequently used a combination of SMRT and short-read sequencing for 

the Output Library (Supp. Fig. S3; Appendix 13.1.4). In our strategy, long reads 

enabled the generation of a reference sequence scaffold. We pursued mapping of 

short reads in a haplotype-wise and isoform-specific manner. Quantification based on 

the short reads was guided by the pre-assembled long reads. Hybrid strategies have 

previously shown to take advantage of the improved sensitivity and specificity of read 

mapping, phasing of variants and the detection and discriminaton of full-length 

transcript isoforms of long reads (Au et al., 2013; Tilgner et al., 2014; Ning et al., 

2017) on one hand, and on the other hand, the high throughput and yield of short-read 

sequencing to complement for means of allele counting and basecalling accuracy. The 

latter strategy bears limitations which could be overcome by the imminent increasing 

throughput of long-read sequencing. For most reported MPRAs (Ke et al., 2011; Julien 

et al., 2016; Soemedi et al., 2017; Ke et al., 2018), short-read sequencing was applied 

for input and output libraries, enabling the calculation of enriching scores. Taking 

advantage of barcoding, we required only quantification of the Output Library and 

thus, avoided quantification across different types of libraries from different time points 

relative to the splicing reaction.  

MPRAs screening for splicing-disrupting variants can be divided into two types of 

approaches; those focused on a certain gene or exon of interest (Julien et al., 2016; 

Mueller et al., 2015) as ours for OPN1LW/MW exon 3 and MRPAs accommodating 

reported variants either in databases (Adamson et al., 2018; Cheung et al., 2019) or 

those incorporating known disease-causing variants (Soemedi et al., 2017). 

Approximately 2,000 and 28,000 ExAC variants in the context of about 110 and 2,400 

alternative exons were included in Vex-Seq and MFASS aproaches, respectively 

(Adamson et al., 2018; Cheung et al., 2019). In contrast, the gene-of-interest category 

of investigations includes base substitutions not listed in databases, aiming i) to obtain 

a comprehensive a priori characterization of each individual base and any substitution 

thereof, and ii) to obtain a map of crucial sites or substitutions which deepens insight 
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into the language of splicing for a certain gene or exon. Either known variable regions 

are specifically targeted by site-directed mutagenesis (Mueller et al., 2015 and our 

own study; Publication IV), or all possible single substitutions are generated by 

saturated mutagenesis (Julien et al., 2016; Ke et al., 2018). We included all possible 

combinations of haplotypes in a confined region with high variability and analysed 

interactions for double and triple variants (Appendix 13.1.4). At a smaller scale, similar 

analyses have been reported including dinucleotide substitutions and hexamers (Ke et 

al., 2018) or double-mutants (Julien et al., 2016). MPRAs concentrated on variants 

observed in individuals including non-pathogenic, putative and known pathogenic 

variants reported ~4% of variants that strongly impaired exon recognition (Cheung et 

al., 2019). Surprisingly, most (>80%) of such variants were located outside canonical 

splice sites (Cheung et al., 2019). Soemedi and colleagues reported that ~10% of the 

rare disease-associated missense and nonsense variants, and 3% of the common 

variants tested by MAPSy result in alteration of splicing (Soemedi et al., 2017).  

In some contrast to these figures from survey studies interrogating known variants for 

a large number of exons/genes, scanning or saturation mutagenesis studies focusing 

on individual complete exons reported high susceptibility to sequence variation 

interfering with splicing competence. By testing a series of 5,560 mutant constructs of 

exon 5 of the human Wilms’ tumor gene 1, Ke and colleagues found 70% of variants 

resulting in 2-fold absolute change of splicing enrichment scores, both increasing and 

reducing exon inclusion (Ke et al., 2018). Likewise, Julien and colleagues reported a 

high proportion (~60%) of splicing-altering variants in exon 6 of FAS. Moreover, 23% 

of all single and multiple variants in exon 7 of SMN1 resulted in aberrant splicing 

(Mueller et al., 2015). Similarly, we showed that ~25% of the targeted OPN1LW/MW 

exon 3 haplotypes cause high levels of exon skipping. The apparent disproportion 

might be due to the selection of genes or exons known to harbour splicing mutations 

or an especially susceptible exon definition.  

In conclusion, this study aims to assist the interpretation of each individual haplotype 

assessed within the parallelized assay and to facilitate the joint study of several 

variants and its sequence context. We have scattered the fitness of exon 3 towards 

splicing; nevertheless, only by assessing the variants that are commonly observed 

within the population and in rare haplotypes. Exon 3 seems to present robustness 

towards splicing aberrations. Moreover, we found that those haplotypes with the 

lowest correctly spliced levels of exon 3 are enriched in a disease population. 
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6.7 Unpublished III: Putative splicing factors binding cis-regulatory 
elements within exon 3 of OPN1LW/MW haplotypes 

6.7.1 Introduction 

Splicing factors are generally divided into SR and hnRNP proteins (Section 3.4.2) 

attending to the enhancing or inhibitory effect exerted upon binding to ESE/ISE or 

ESS/ISS, respectively. Certain splicing factors might not attend to the latter discrete 

classification, being able to either induce or inhibit the use splice sites according to 

their relative location (Zhou et al., 2014), surrounding sequence (Rimoldi et al., 2013) 

or co-interaction with other RBPs (Caceres et al., 1994; Huelga et al., 2012).  

Bioinformatic tools are based on experimental approaches to map the recognition 

sites for binding of pre-mRNA splicing factors; for instance, by systematic evolution of 

ligands by exponential enrichment (SELEX) which consists on iterative enrichment 

cycles of ligands with a high affinity from a pool (Tuerk and Gold, 1990) or in vivo 

cross-linking immunoprecipitation (Ule et al., 2003), and threrefore build consensus 

motif sequences for each splicing factor. Accessibility of RRMs to cis-regulatory 

elements of splicing is constrained by RNA secondary structures (Hiller et al., 2007). A 

deep interaction assay including mutagenesis to study RNA structure (Taliaferro et al., 

2016) revealed the importance of the context and showed mutation-dependent RNA 

secondary structure effects. The steady state equilibrium between double or single 

strandness at the splice factor binding site(s) might affect splicing.  

We sought to further dissect the regulatory landscape of splicing by querying the 

cognate trans-acting factors that bind, recognize and coordinate cis-regulatory 

sequences within OPN1LW/MW exon 3. The identification of splicing factors involved 

in the regulation of OPN1LW/MW exon 3 splicing by experimental assays has never 

been reported. By means of an in vitro RNA-pulldown assay, we pursued to identify 

splicing factors that differentially bind to exon 3 of OPN1LW/MW in a haplotype-

dependent manner. We identified hnRNPF as putative RNA-binding candidate protein 

with affinity for RNA probes encoding the haplotype ‘LIAVA’. We further pursued 

functional validation through silencing of the candidate splicing factor during transient 

expression of haplotype-harbouring minigenes that allow for testing retention or 

skipping of exon 3, leveraging the established splicing assay (Sections 6.4 and 6.5).  
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6.7.2 Results 

A preliminary analysis with the in silico algorithms HSF (Desmet et al., 2009) and 

SpliceAid 2 (Piva et al., 2012) was performed to predict cis- and trans-elements 

putatively involved in splicing regulation of OPN1LW/MW exon 3 (Table 4).  

Table 4 : Splicing factors predicted for OPN1LW/MW exon 3 variants by in silico tools  

Splice Factor HGNC 
Symbol* Family Motif† Variant‡ Cis-element§ ‘LIAVA’ 

effect¶ Algorithm# 

9G8 SRSF7 SR-rich AGATGG c.453G ESE Broken HSF 

   GATGGT c.457C ESE Broken HSF 

   GTGGGC c.511A ESE Broken HSF 

   GAGGTGGA c.453G ESE New HSF 

   GTGGAT  c.453G ESE New HSF 

SF2/ASF SRSF1 SR-rich GAGAGGT   c.453G ESE New HSF 

SRp40 SRSF5 SR-rich AGAGG c.453G ESE New SpliceAid 2 

   GCTGCT c.538G ESE New SpliceAid 2 

SRp30c SFRS9 SR-rich TGGAT c.457C ESE Broken SpliceAid 2 

   TGGAT c.532G ESE Broken SpliceAid 2 

SC35 SRSF2 SR-rich GGTCTGCA  c.465G ESE Broken HSF 

   GTCTGCAA c.465G ESE Broken HSF 

YB-1 YBX1  GGTCTGC c.465G ESE Broken SpliceAid 2 

   GATCTG c.532G ESE Broken SpliceAid 2 

   GGTCTGC c.538G ESE Broken SpliceAid 2 

hnRNP P  FUS hnRNP TGGTGT c.465G ESS New SpliceAid 2 

ETR-3 CELF2 CELF/BRUNOL CATCG c.511A ESE Broken SpliceAid 2 

SRp20 SRSF3 SR-rich GATC c.532G ESE Broken SpliceAid 2 

   CATCAT c.511A ESE New SpliceAid 2 

hnRNP A1 HNRNPA1 hnRNP GATGGA c.453G ESS Broken HSF 

   GATGGT c.457C ESS Broken HSF 

   GAGGTG c.453G ESS New HSF 

hnRNP H1 HNRNPH1 hnRNP TGGGC c.513T ESS Broken SpliceAid 2 

   TGGGT c.532G ESS New SpliceAid 2 

   TGGGC c.538G ESS New SpliceAid 2 

hnRNP H2 HNRNPH2 hnRNP TGGGC c.513T ESS Broken SpliceAid 2 

   TGGGT c.532G ESS New SpliceAid 2 

   TGGGC c.538G ESS New SpliceAid 2 

hnRNP H3 HNRNPH3 hnRNP TGGGC c.513T ESS Broken SpliceAid 2 

   TGGGT c.532G ESS New SpliceAid 2 

   TGGGC c.538G ESS New SpliceAid 2 

hnRNP F HNRNPF hnRNP TGGGC c.513T ESS Broken SpliceAid 2 

   TGGGC c.538G ESS New SpliceAid 2 

KSRP KHSRP KH-type TGGGT c.532G ESS New SpliceAid 2 

SRp55 SRSF6 SR-rich TGGGTC c.532G ESE New HSF 
*HGNC: Human Genome Organisation (HUGO) Gene Nomenclature Committee; †Recognized motif sequence (variant of ‘LIAVA’ 
haplotype that creates or breaks the motif highlighted in bold); ‡Variant entailed in the OPN1LW/MW exon 3 haplotype ‘LIAVA’; 
§Cis-acting regulatory elements: Exonic Splicing Enhancer (ESE) or Exonic Splicing Silencer (ESS); ¶Effect on the cis-regulatory 
element predicted to be recognized by a given splicing factor when ‘LIAVA’ haplotype is harboured in exon 3 instead of the 
Reference haplotype; #HSF:Human Splicing Finder (Desmet et al., 2009) or SpliceAid 2 (Piva et al., 2012) algorithms were used 
for bioinformatic predictions.  
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Multiple putative motifs for RBPs were retrieved for each of the variants that differ 

between the haplotype ‘LIAVA’ and the Reference exon 3 haplotypes (Table 4). The 

recruitment of certain splicing factors by ESE motifs such as 9G8 and SRp20 is 

predicted to be changed by different variants of the exon 3 haplotype so that new 

ESE sites are created and ESE sites are broken. For instance, the c.453G variant (in 

‘LIAVA’) results in the creation of two new ESE sites for the same splicing factor 9G8 

and abolishment of one ESE. Interestingly, one single variant may create and abolish 

both ESEs and ESSs for the very same splicing factor simultaneously, such as the 

c.453G for 9G8 and hnRNP A1, respectively. Many variants were predicted to 

individually exert mixed (inhibiting and enhancing) effects such as: c.453G, c.457C, 

c.511A and c.538G. In contrast, the c.532G was only predicted to be involved in either 

avoiding ESE sites or creating new ESS sites. Although the c.538G variant exhibited a 

similar profile, new ESE and ESS motifs were found overlapped. The variants c.465G 

and c.513T were associated with either only inhibiting or enhancing roles, 

respectively. These predictions are based on tetra- to octa-mers spanning one single 

variant site of the haplotype yet are not capable to include the sequence context ‒ 

additional variants within the haplotype ‒ into consideration.  

In silico predictions to determine the RNA secondary structure of exon 3 sequences 

were made with RNA2DMut (Moss, 2017). RNA2DMut uses RNAfold and relies on the 

Boltzmann structure ensemble to calculate the ensemble diversity (ED) enabling to 

query every substitution spanning all positions in the input sequence (Moss, 2017). 

The ED metric is the average base pair distance between the set of structures. For 

RNA carrying the Reference haplotype the ED was 49.92 whereas for ‘LIAVA’ was 

13.32; ~3.7x lower, suggesting the latter has a tighter ensemble and the Reference 

has a less defined structure or may show multiple conformations (Fig. 13). The 

predicted Minimum Free Energy (MFE) change in the Gibb’s folding energy (ΔG) for 

the Reference and ‘LIAVA’ input sequence was -58 and -70.9 in kcal/mol, respectively. 

The average ED of all 507 possible single mutations with respect to the Reference 

exon 3 sequence was 52.45, very similar to the average ED of the all variants from 

‘LIAVA’ (52.3). However, high ED values were retrieved for two variants of ‘LIAVA’; 

c.532A>G and c.538T>G with 74.55 and 74.17, respectively. These variants retrieved 

within the nine (c.532A>G) and the eleven (c.538T>G) highest values of all 507 

tested mutations (Appendix 13.2.4; Supp. Table S2). The associated predicted 
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centroid structure of the latter variants deviated greatly from the MFE structure, 

suggesting that these variants pertub the native structure (Fig. 13). 

Figure 13. The 2D model of ensemble centroid structure for pre-mRNA molecules bearing 
Reference and ‘LIAVA’ exon 3 haplotypes. The 2D models generated by RNA2DMut (Moss, 2017) 
for the sequence (showed as DNA nucleotides) comprising the complete exon 3 of OPN1LW/MW for 
the Reference (top) and the ‘LIAVA’ (bottom) haplotypes. The variants at positions c.453 (44), c.457 
(48), c.465 (56) are indicated with red arrows, c.511 (102), c.513 (104) and c.521 (112) with yellow 
arrows and c.532 (123) and (129) as green arrows. The magnified area for the Reference shows an 
open region including c.511G and c.513G whereas for the ‘LIAVA’ haplotype c.511A and c.513A seems 
to pair with the sequence upstream in exon 3 in between of polymorphisms c.453G and c.457C. The 
magnified region for ‘LIAVA’ shows that a tight region collapsing 3 different G-runs and forming a 
secondary structure stabilized by 11 G=C bonds, including c.532G, c.538G, c.465G and c.521C 
variants of the ‘LIAVA’ haplotype.  
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In our experimental approach we pursued to pinpoint RBPs which would differentially 

recognize and bind ESEs or ESSs present on the haplotype-encoded RNA baits 

through specific RRM motifs. Three RNA baits (Appendix, 13.2.4; Supp. Table S1) 

were designed: 1) a 109-mer recapitulating the deleterious 'LIAVA' haplotype, 2) a 

109-mer with the reference haplotype, and 3) a 109-mer scrambled control of 

comparable length, devoid of high score binding sites and balanced for nucleotide 

composition. HEK293T cell lysates were incubated with RNA baits under competing 

conditions and RNA-bound proteins were purified applying biotin-streptavidin affinity 

purification. The enriched protein fraction was then subjected to liquid 

chromatography-coupled mass spectrometry for identification (see details in Appendix, 

Appendix 13.2.4 and Supp. Fig. S2). Intensities derived from the Reference and 

‘LIAVA’ baits were normalized to the Scrambled RNA bait (Fig. 14).  

Figure 14. Volcano plot of protein enrichment in haplotype RNA-bound fractions. Statistical 
significance (y-axis) is represented as the minus logarithm (base 10) of the p-value and enrichment (x-
axis) is depicted by the logarithm (base 2) of the fold change. Fold change is calculated as 2 to the 
power of the absolute mean difference that results from substraction of the normalized mean ratio of 
‘LIAVA’ to the normalized mean ratio of the Reference. Hits with negative values left to the vertical 
dotted line and hits with positive values right to the vertical dotted line on the x-axis correspond to 
enriched proteins in the fraction of RNA-bound with ‘LIAVA’- and Reference-RNA baits, respectively. 
Significantly enriched proteins are shown above the dotted horizontal line (Student's T-test; Interval 
Confidence (IC) 95%; n = 6). Points below the horizontal dotted line and right and left to the vertical 
dotted lines depict enriched proteins that are not statistically significant, and points which are in 
between the two vertical dotted lines are unspecific proteins or not enriched for a specific haplotype.  
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Upon six replicate experiments we observed two proteins enriched in the Reference-

bait bound fraction, and two different proteins enriched in the ‘LIAVA’-bait bound 

fraction (Table 5).  

Table 5. Haplotype-dependent enriched proteins in the RNA-pulldown assay 

Gene 
Name 

Protein 
ID Protein Name Mean 

Ref* 
Mean 
‘LIAVA’† 

Mean 
Diff.‡ S.D.§ FC¶ Ratio Sig.# P-value** 

HIST1H1C P16403 Histone H1.2 3.23 0.86 2.37 0.87 5.17 1.40E-19 0.000489 

NOP10 Q9NPE3 
H/ACA 
ribonucleoprotein 
complex subunit 3 

0.88 -0.21 1.08 0.80 2.12 0.000103 0.188635 

HNRNPF P52597 Heterogeneous nuclear 
ribonucleoprotein F 0.64 1.40 -0.76 0.41 1.69 0.000436 0.003014 

MRPL12 P52815 39S ribosomal protein 
L12, mitochondrial 0.38 1.14 -0.75 0.93 1.69 0.000463 0.048780 

*Ratio of Mean Intensity: Reference to Scrambled; †Ratio of the Mean Intensity: ‘LIAVA’ to Scrambled; ‡Mean Difference 
Reference -’LIAVA’ is the value that results of the substraction of the normalised mean of ‘LIAVA’ from the normalised mean of 
the Reference; §Standard Deviation of the Mean Differences; ¶Fold Change (2 to the power of the absolute Mean Difference) 
normalized to the Scramble bait; #Significance A of the Ratio Reference/‘LIAVA’ indicates significant outlier values relative to a 
certain population with a two-sided test and Benjamini-Hochberg FDR correction with a threshold value of 0.05; **P-value of a 
Student's T-test of the Mean Difference Reference-‘LIAVA’ (IC 95%; n = 6, being n the number of independent RNA-pulldown 
experiments). 
 

Among those, three showed a statistically significant difference in enrichment between 

the normalized mean intensities of the Reference and ‘LIAVA’ bound fractions 

(Student’s T-test; n = 6). Apart from Histone H1 enriched in the Reference and the 

mitochondrial 39S ribosomal protein L12 enriched in ‘LIAVA’, we found a ~1.7-fold 

enrichment of the known splicing factor hnRNPF in the ‘LIAVA’-bait bound fraction 

(p-value = 0.003; Student’s T-test; n = 6; alpha = 0.05). Given the known function of 

hnRNPF, we considered this protein as a prime candidate putatively involved in the 

haplotype-dependent regulation of exon 3 splicing.  

The hnRNPF candidate remained significantly enriched in the ‘LIAVA’-bait bound 

fraction when the analysis was repeated only taking unique peptides into 

consideration (p-value = 0.007; Student’s T-test; n = 6; alpha = 0.05). Thus, the 

evidence from this mass spectrometry experiment for enrichment of hnRNPF in the 

‘LIAVA’-bait bound fraction was sound enough to perform further characterization. 

Both hnRNPF and the closely related hnRNPH were confirmed by Western blotting in 

HEK293T cell lysates as well as in eluted fractions of enriched proteins upon RNA 

pulldown. Although hnRNPH1 was significantly enriched in the ‘LIAVA’ bait bound 

fraction when only unique peptides were considered (Table 5); the difference of the 
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means between Reference and ‘LIAVA’ was not statistically significant for hnRNPH1 

(p-value = 0.081; Student's T-test, Interval Confidence 95%; n = 6; Table 5).  

Table 5. Enriched proteins in the RNA-pulldown assay with only unique peptides 

Gene 
Name 

Protein 
ID Protein Name Mean 

Diff* 
Ratio 
Significanc
e¶ 

P-value# 

CNBP P62633 Cellular nucleic acid-binding protein 0.03 0.82487 0.972 

TIMM13 Q9Y5L4 Mitochondrial import inner membrane translocase subunit 
Tim13 0.28 0.25571  0.659 

PTRH2 Q9Y3E5 Peptidyl-tRNA hydrolase 2, mitochondrial -0.38 0.04335  0.387 

CHTOP Q9Y3Y2 Chromatin target of PRMT1 protein 0.62 0.00205  0.092 

NHP2L1 P55769 NHP2-like protein 1 -0.47 0.01529  0.482 

DHX36 Q9H2U1 ATP-dependent RNA helicase DHX36 -0.33 0.06997  0.508 

OLA1 Q9NTK5 Obg-like ATPase 1 -0.32 0.07746  0.297 

NIPSNAP1 Q9BPW8 Protein NipSnap homolog 1 0.38 0.09338 0.377 

NPM3 O75607 Nucleoplasmin-3 0.09 0.96803  0.803 

MRPL14 Q6P1L8 39S ribosomal protein L14, mitochondrial -0.40 0.03547  0.435 

SRSF2 Q01130 Serine/arginine-rich splicing factor 2 0.15 0.68404  0.643 

SRPRB Q9Y5M8 Signal recognition particle receptor subunit beta 0.28 0.26003 0.375 

SRP14 P37108 Signal recognition particle 14 kDa protein 0.37 0.09918 0.073 

ACAD11 Q709F0 Acyl-CoA dehydrogenase family member 11 -1.43 2.59E-11 (+) 0.052 

MRPL12 P52815 39S ribosomal protein L12, mitochondrial -0.90 1.43E-05 (+) 0.082 

HNRNPH1 P31943 Heterogeneous nuclear ribonucleoprotein H -0.68 0.00079   (+) 0.081 
HIST1H2B
L‡ Q99880§ Histone H2B† -0.72 0.00042   (+) 0.564 

HIST1H1C P16403 Histone H1.2 2.36 4.40E-38 (+) 0.002 (+) 

HNRNPF P52597 Heterogeneous nuclear ribonucleoprotein F -0.78 0.00015  (+) 0.007 (+) 
R: Reference, L: LIAVA, S: Scrambled; *Mean Difference Reference -’LIAVA’ is the value that results of the substraction of 
the normalised mean intensity of ‘LIAVA’ from the normalised mean intensity of the Reference; ¶Significance A of the Ratio of 
the Intensity Means indicates significant outlier values ("+") relative to a certain population with a two-sided test and 
Benjamini-Hochberg FDR correction with a threshold value of 0.05 (default); #Paired Student's T-test of the difference 
between two mean intensities, p-value <0.05 ("+"), IC 95%, n = 6, being n the number of independent RNA-pulldown 
experiments; †Histone H2B type 1-L, Histone H2B type 1-M, Histone H2B type 1-N, Histone H2B type 1-H, Histone H2B type 
2-F, Histone H2B type 1-C/E/F/G/I, Histone H2B type 1-D, Histone H2B type 1-K, Histone H2B type F-S, Histone H2B type 2-
E, Histone H2B type 1-B, Histone H2B type 1-O, Histone H2B type 1-J, Histone H2B type 3-B; ‡HIST1H2BL, HIST1H2BM, 
HIST1H2BN, HIST1H2BH, HIST2H2BF, HIST1H2BC, HIST1H2BD, HIST1H2BK, H2BFS, HIST2H2BE, HIST1H2BB, 
HIST1H2BO, HIST1H2BJ, HIST3H2BB; §Q99880, Q99879, Q99877, Q93079, Q5QNW6, P62807, P58876, O60814, 
P57053, Q16778, P33778, P23527, P06899, Q8N257, Q96A08, Q6DRA6, Q6DN03. 
 

In order to validate a potential functional effect of the enriched binding of hnRNPF in 

the context of haplotype-specific OPN1LW/MW exon 3 splicing, I performed small 

interfering RNA (siRNA)-mediated depletion combined with heterologous minigene 

splicing reporter assays (Cooper, 2005) for OPN1LW/MW exon 3 (Section 6.3).  

Single knockdown of hnRNPF with an efficiency of ~60% at the protein level 

revealed no (rescue) effect on the splicing of the 'LIAVA'  minigene ‒ an haplotype 

which induces complete exon 3 skipping in this heterologus splicing assay (Buena-

Atienza et al., 2016). Due to the potential ability of hnRNPF/H to substitute or replace 

each other, I further performed single and double knockdown of hnRNPF and 

hnRNPH1. Single knockdowns of hnRNPH1 and hnRNPF achieved ~75% and 60% 
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least partial splicing competent. I performed then minigene splicing assays applying a 

single construct harbouring a 'LMVVA' haplotype (c.453G; c.457C; c.465C; c.511A; 

c.513G; c.521T; c.532G; c.538G) which yields <10% of correctly spliced transcripts. 

This haplotype had been obtained through mutagenesis (Section 6.5). In addition, the 

Input Library pool of barcoded minigenes (Section 6.6) was used. These splicing 

assays were performed under conditons of single or double knockdown of hnRNPF/H.  

Table 6. Splicing of exon 3 minigenes under conditions of hnRNPF/H depletion.  

Exon 3 Haplotype* siRNA Treatment† Mean (%)  
Exon Inclusion‡ S.D. § P-value¶ 

c.453G; c.457C; c.465C; c.511A; 
c.513G; c.521T; c.532G; c.538G 

Non-Targeting 6.8485 0.7298   

sihnRNPF 9.9063 4.1854 0.2794 

sihnRNPH1 6.0075 0.7736 0.4269 

sihnRNPF; sihnRNPH1 5.7959 1.7699 0.3549 

>200 pool of haplotypes** 

Non-Targeting 74.0649 0.8843   

sihnRNPF 70.3766 3.1725 0.2557 

sihnRNPH1 67.7218 3.2066 0.1152 

sihnRNPF; sihnRNPH1 69.0628 0.4838 0.0150 

*Exon 3 Haplotype encoded in the OPN1LW/MW minigene plasmid as described in Buena-Atienza et al., 2016; †siRNA-
mediated knockdown of endogenous transcripts in HEK293T cells used for the minigene assays; ‡Mean % of RT-PCR products 
derived from correctly spliced transcripts including exon 3 as measured by FAM-based fluorescent semi-quantitative fragment 
analysis in triplicates; §Standard Deviation of the Mean % of exon inclusion over three replicates; ¶P-value of a Student's T-test 
of the Mean Difference in Exon Inclusion between Non-Targeting treatment and each of the targeted siRNA-mediated single or 
double knockdowns (IC 95%; n = 3); **Pool of minigene constructs (Input Library; see Section 6.5, Section 6.6 and Appendix 
13.1.4, Publication IV).  
 

The mean (%) of correctly spliced transcripts was calculated from triplicate 

experiments based on the area-under-curve analysis as described previously (Buena-

Atienza et al. 2016). A two-sample Student’s T-test was used to calculate the 

confidence of 95% (alpha = 0.05) between the mean (%) correctly spliced levels 

detected in the Non-Targeting treatment and each of the three targeted knockdown 

treatments (Table 6). The double knockdown of hnRNPF and hnRNPH1 in cells co-

transfected with the “Input Library” (Section 6.6) induced a statistically significant 

reduction of about 5% in the exon inclusion levels (p<0.05; Student’s T-test).  

 

  



Results and Discussion 

95 

6.7.3 Discussion 

Bioinformatic analysis using SpliceAid 2 and HSF yield a variety of RBPs predicted to 

be able to recognize regulatory motifs and thus, candidates to bind differentially to 

either the Reference or the ‘LIAVA’ haplotype (Table 4). Overall, for the variants 

present in the ‘LIAVA’ haplotype new ESE sites were predicted to be created for 

SRSF1, SRSF3, SRSF5, SRSF6 and SRSF7 whereas new ESS sites could be 

recognized by FUS, hnRNPA1, hnRNPH1, hnRNPH2, hnRNPH3 and hnRNPF. 

Broken sites by individual variants of the ‘LIAVA’ haplotype; for instance, SRSF2, 

SRSF3, SRSF7, SFRS9 and YBX1, for the enhancers, and hnRNPA1, hnRNPH1, 

hnRNPH2, hnRNPH3 and hnRNPF for the inhibitory splicing factors indicate putative 

binding to the Reference. Several of the latter splicing factors recognize both created 

and broken sites. Seemingly, the c.532G variant was only related to an inhibitory 

profile. 

Unexpectedly, among the haplotype-specific enriched proteomic prey pool we only 

found a single well-known RBP, hnRNPF, with good candidacy for being involved in 

differential binding and splicing of OPN1LW/MW exon 3 haplotypes. Indeed, in silico 

tools had predicted both new and broken sites for hnRNPF (Table 4). hnRNPF is a 

member of the hnRNP family of RBPs known to participate in mRNA biogenesis 

(Piñol-Roma and Dreyfuss, 1993) and to play a role in splicing regulation defects 

underlying certain human diseases, for instance; SMA (Geuens et al., 2016), Breast 

Cancer (Goina et al., 2008) or Parkinson, where hnRNPF is involved in the haplotype-

dependent regulation of MAPT exon 3 expression (Lai et al., 2017).  

The 5’ biotinylated RNA baits with a length of 109 nucleotides were designed to cover 

all common variant sites of the haplotype within exon 3 of OPN1LW/MW and flanking 

sequence (c.441-c.549). This length exceeds by large the usually length in RNA-

pulldown experiments (~25nt RNA probes) and may have boosted the formation of 

stable secondary structures in our in vitro setting, thereby preventing the binding of 

additional putative trans-splicing factors (Goina et al., 2008; Rimoldi et al., 2013). 

Despite an almost negligible increase in GC content (‘LIAVA’: 56.88%; Reference: 

55.05%) by two additional guanine bases, the RNA bait carrying ‘LIAVA’ was 

predicted to fold into the thermodynamically most stable secondary RNA structures 

(lowest MFE; Appendix 13.2.4; Supp. Table S1).  
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Both c.532A>G and c.538T>G variants as part of the ‘LIAVA’ haplotype create 

guanine-rich elements (also called G-runs, G-tracts or G-triplets, which are located 

in close proximity (UGGGUCUGGG; G-runs underlined, c.532A>G and c.538T>G in 

bold in the respective order). Notably, a major impact on splicing competence was 

observed in our in vitro multiplexed assay (Fig. 3B; Appendix 13.1.4, Publication IV) 

when the two latter variants were phased.  

The candidate found to preferentially bind to the synthetic RNA carrying the ‘LIAVA’ 

haplotype ‒ hnRNPF ‒ is known to recognize polyguanine sequences (Matunis et al., 

1994). The quasi-RNA recognition motifs of hnRNPF harbour β sheets with aromatic 

residues able to mediate intermolecular hydrophobic contacts and hydrogen bonds 

with motifs entailing the three consecutive guanine bases of target single-stranded 

RNA (ssRNA) (Dominguez et al., 2010; Wang and Yan, 2017). The modular structure 

of RBPs with several RRMs guarantee recognition of several motifs even if located far 

apart (Lunde et al., 2007).  

However, the solely presence of isolated G-tracts might be insufficient for hnRNPF 

binding. An additonal G-tract (c.446-c.448) common to both ‘LIAVA’ and Reference 

haplotypes and a further G-tract (c.513-c.515) only present in the sequence of the 

Reference haplotype were found. hnRNPF was enriched for ‘LIAVA’ albeit present in 

all three RNA-bound fractions. Notwithstanding, a conglomeration of non-specific and 

specific G-runs in the 2D space structure was predicted only for OPN1LW/MW exon 3 

harbouring the ‘LIAVA’ haplotype (Fig. 13) which may favour the binding effiiency of 

hnRNPF (Dominguez et al., 2010) through a 3-bp linker (Shamoo et al., 1995). In 

contrast, the two non-specific and specific G-runs are predicted far apart from each 

other in the 2D model of the Reference RNA (Fig. 13). Seemingly, the predicted base 

pairings in the secondary dimension of RNA sequences carrying either the Reference 

or the 'LIAVA' haplotype in exon 3 of OPN1LW/MW differ considerably (Fig. 13). The 

relative position of the created or abolished motifs to each other within the haplotype 

region in exon 3 was striking; an agglomerate of G-runs in 'LIAVA' that resemble a 

landing pad for protein recruitment. RNA secondary structure may also be 

influenced by other variants within the ‘LIAVA’ haplotype in conjunction with the G-run 

elements. For instance, when a shift in the conformation from a loop structure 

containing regulatory elements to a region with several consecutive base-pairing 

double-stranded RNA (Buratti and Baralle, 2004). An effect can be observed if the 

loop is dissolved and a RBP with an opposite activity recognizes double-stranded 
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RNA motifs (Ke et al., 2018). Indeed, RNA secondary structures have been shown to 

modulate the interaction of hnRNPA1-specific motifs in exon 12 of Mag (Zearfoss et 

al., 2013) and hnRNPH and SRSF2 in exon 6D of HIV-1 (Jablonski et al., 2008).  

Applying the established heterologous minigene splicing assay (Section 6.3; 

Publication II), we assessed the effect on OPN1LW/MW exon 3 inclusion upon 

silencing of endogenous hnRNPF in HEK293T cells in vitro. However, depletion of 
hnRNPF yielded no significant difference in exon 3 inclusion levels in cells expressing 

the minigene harbouring the ‘LMVVA’ haplotype defined as c.453G; c.457C; c.465C; 

c.511A; c.513G; c.521T; c.532G; c.538G (Table 3). This haplotype carries all three G-

runs (two shared with the ‘LIAVA’ haplotype that is not present in the Reference and 

one that is beared in the Reference haplotype but not in ‘LIAVA’). The RNA2DMut 

model of ensemble centroid structure for ‘MVVVA’ and ‘LMVVA’ was virtually identical 

to that of 'LIAVA' (Supp. Fig. S3; Appendix 13.2.4). 

The difference of the mean level of hnRNPH1 in the bound fractions obtained with the 

Reference RNA bait and the ‘LIAVA’ was not statistically significant. A stronger signal 

for hnRNPH than for hnRNPF was observed by immunodetection in RNA-bound 

eluted fractions which might have to do with different affinities for the RNA target 

and/or the antibody used. A higher expression of hnRNPH in HEK293T cells has been 

previously proposed (Alkan et al., 2006). siRNA-targeted downregulation of hnRNPF 

produced no off-target silencing effect on hnRNPH. Conversely, hnRNPH expression 

increased upon hnRNPF depletion (Fig. 8). A prior report hypothesized that this effect 

is due to loosening the autoregulation loop of exon 4 splicing of hnRNPH (Mauger et 

al., 2008). hnRNPF/H may have partially overlapping functions (Garneau et al., 2005) 

and are part in a fine-tuned interconnected regulatory mechanism in splicing (Huelga 

et al., 2012). A caveat is the fact that the amino acid sequence identity between 

hnRNPF and the two hnRNPH homologs (72 and 70% with hnRNPH1 and hnRNPH2, 

respectively) is highest within the three RRM domains (Mauger et al., 2008). As a 

matter of fact, hnRNPF/H are able to recognize common RNA motifs comprising G-

runs such as UGGGA, UGGGC and UGGGU (Yoshida et al., 1999; Caputi and Zahler, 

2001; Alkan et al., 2006; Dominguez and Allain, 2006; Wang et al., 2007; Russo et al., 

2010; Giudice et al., 2016) although prediction tools (i.e. SpliceAid 2) only predict 

hnRNPH to bind to the G-run created by the c.532G (UGGGU) (Table 4).  
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This suggests that G-runs are per se weak consensus motifs, which might result in a 

competition for those binding sites in vitro. Additional cis-regulatory elements and 

trans-acting interacting partners might be necessary if hnRNPF- or hnRNPH-specific 

binding is mediated. Whereas hnRNPF belongs to a complex involved in neural-

specific inclusion of the 18-bp c-src N1 exon in WERI-1 extracts (Min et al., 1995), 

hnRNPH did not show a specific binding pattern in retinal-derived cells (Caputi and 

Zahler, 2001), indicating that hnRNPF and hnRNPH functions are not necessarily 

redundant at least under certain conditions. 

A stronger decrease in skipping was observed for alternatively spliced exons of the 

fibroblast growth factor receptor 2 (Mauger et al., 2008) and the acetylcholinesterase 

(Nazim et al., 2017) genes when both hnRNPF and hnRNPH were depleted instead of 

downregulation of either hnRNPF or hnRNPH alone. Similarly, we pursued siRNA-

knockdown of both hnRNPF and hnRNPH in order to rule out potential 

compensatory or evolved synergistic effects (Wang and Cambi, 2009). However, no 

significant effect on exon inclusion of the aforementioned ‘LMVVA’ haplotype (Table 3) 

was observed. Interestingly, a net overall enhancing effect on exon inclusion upon 

hnRNPF silencing was detected as statistically significant with the Input Library 

(Section 6.6) pool of exon 3 haplotypes (Table 3). Although hnRNPs are generally 

regarded as inhibitors of splicing (Gallinaro et al., 1981), a systematic analysis of the 

transcriptome upon hnRNPF depletion showed an overall reduction in exon inclusion 

(Huelga et al., 2012). In fact, both inhibiting (Mauger et al., 2008) and enhancing 

(Wang et al., 2007; Talukdar et al., 2011) roles of hnRNPF/H in splicing have been 

reported. The position of the G-run with respect to the splice sites (Schaub et al., 

2007) and the strength of the splice sites (Xiao et al., 2009) may influence hnRNPF/H 

activity, being mostly enhancing when binding to intronic G-runs ‒ which are enriched 

nearby the splice sites (McCullough and Berget, 1997) ‒ and inhibitory when acting on 

exons or pseudo-exons (Hai et al., 2008). The donor site at exon 2 of OPN1LW/MW 

(“UG│gu”) deviates from the highest consensus (“AG│gu”). Uracil is the second most 

common exonic base at -2 from the exon-intron boundary (“│”). Intronic G-triplets 

promote the usage of upstream 5’ss (McCullough and Berget, 2000). The G-runs 

might mask exon 3 as an intron and promote joining of exon 2 and exon 4. As a matter 

of fact, silencers were also created by G-tracts in introns (Sohail et al., 2014) and most 

surprisingly, distinct G-runs within a pseudoexon of the fibrinogen gamma-chain 

transcript have been show to result in antagonistic effects exerted by hnRNPF: the two 
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motifs nearby the splice sites act as silencers whereas the central G-run induces an 

enhancing role, supporting the dual and buffering activity of hnRNPF in splicing 

(Rimoldi et al., 2013). Hence, the presence of several G-runs in close proximity (as in 

exon 3 of OPN1LW/MW) which may exert opposite effects on the splicing 

competence of a particular exon may be difficult to dissect.  

The moderate overall net reduction in exon inclusion observed with the pool of 

minigenes upon considerable hnRNPF/H depletion is not fully conclusive. Further 

validation is needed to decipher to what extent hnRNPF/H contribute to the splicing 

regulation of OPN1LW/MW exon 3. Although the achieved silencing efficiency was 

high (Fig. 8) and comparable to that in other reports (Huelga et al., 2012; Remenyi et 

al., 2016; Rimoldi et al., 2013; Talukdar et al., 2011; White et al., 2012), it remains 

elusive whether a higher efficiency of the simultaneous silencing of hnRNPF and 

hnRNPH would be required to trigger a stronger impact on splicing competence of 

OPN1LW/MW exon 3. Since hnRNPH1 and hnRNPH2 share an identity of ~80% and 

96% in nucleotide and amino acid sequence, respectively (Mauger et al., 2008), 

further optimization of the triple knockdown with siRNAs targeting all three paralogous 

genes hnRNPF, hnRNPH1 and hnRNPH2 is required.  

From this experimental study on trans-acting factors participating in OPN1LW/MW 

exon 3 splicing and mis-splicing, the following recommendations are proposed for 

future studies: i) in vitro transcription of the full-length pre-mRNA transcript (Marín-

Béjar and Huarte, 2015) to generate a bait reminiscent of the endogenous pre-mRNA 

in terms of ensuring sequence space for accommodating splicing factors; only 11 nt 

upstream to the terminal 3’ end were available in the used synthetic RNA baits, ii) 

stable isotope labelling of amino acids in cell culture (SILAC) for joint purification of 

RNA-bound proteins for two different RNA baits to improve accuracy, reproducibility 

and relative quantification (Jazurek et al., 2016), iii) validation of mass spectrometry 

candidates in vitro by electrophoresis mobility shift assays (EMSA) and in vivo cross-

linking of RNA and RBPs fused with fluorescent proteins (Strein et al., 2014), iv) 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9 knockout 

(Fei et al., 2017) instead of siRNA knockdown, and v) if a trans-acting splicing factor is 

validated by knockdown or knockout experiments, the effect of its transient re-

expression (and expected rescue of the knockdown/knockout effect) may be explored 

albeit the noise of non-transfected cells is a higher pitfall for over-expression (Cooper, 

2005).
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7 General discussion  

The results presented in this thesis elucidated novel and unexpected aspects on the 

molecular genetic basis and pathomechanisms underlying BCM and related XLCD 

disorders. Thus, these will most likely improve the sensitivity and accuracy of the 

diagnosis of the latter conditions in the future. Extended pedigrees with multiple 

affected males are frequently recorded in patients with BCM. This and the recurrent 

observation of some frequent founder mutations demonstrate inheritance of disease-

causing mutations for many generations. Yet, little is known on the rate and causes of 

de novo mutations and the underlying mechanisms which results in simultaneous 

mutations in both OPN1LW and OPN1MW.  

Herein, I report the simultaneous presence of a novel intraexonic deletion in both 

OPN1LW and OPN1MW of a BCM subject, which putatively originated as a de novo 

event in a two-step mechanism (Section 6.2). While 30-100 SNVs occurr de novo per 

generation (Acuna-Hidalgo et al., 2016), de novo CNVs occur in only 1 out of 50 

individuals (Veltman and Brunner, 2012). Moreover, I was able to identify and map a 

novel de novo >70 kb deletion encompassing large parts of the OPN1LW/MW gene 

cluster in a sporadic BCM patient (Publication 1; Section 6.1). This deletion likely 

resulted from NAHR between Alu elements; a mechanism frequently associated with 

segmental duplications (Jurka et al., 2004). 

Molecular diagnostics of BCM subjects is challenging since the sum of copy number of 

OPN1LW and OPN1MW genes within the gene cluster varies in the population and 

the sequence identity between OPN1LW and OPN1MW is high. Short-read WGS and 

WES yield inconclusive or incorrect results and SNP arrays only partially detect CNVs 

(Bujakowska et al., 2017). Sanger sequencing of gene-specific amplicons is currently 

essential for accurate genotyping, especially for pinpointing breakpoints (Publication I; 

Section 6.1), and phasing differential SNVs within haplotypes belonging to either 

OPN1LW or OPN1MW (Publication II; Section 6.3). A technical caveat is still the 

discrimination among phased alleles from different distal OPN1MW(s) copies in cis or 

in different X-chromosomes in trans for females (Section 6.2). Barcoding of 

fragmented LD-PCR amplicons (Gould et al., 2018) and molecular inversion probes 

(Nuttle et al., 2013) circumvent some of the drawbacks for genotyping segmental 

duplications.  
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Segmental duplications including pairs of genes and pseudogenes are also prone to 

non-reciprocal recombination, a mechanism called non-allelic gene conversion 

(Hallast et al., 2005; Dumont and Eichler, 2013; Hartasánchez et al., 2014; Dumont, 

2015). The occurence of segmental duplications is an efficient mechanism in 

evolution since it allows accumulation of novel variants and thus functional 

diversification of duplicated genes that can be fixated by natural selection. An example 

for this mechanism is the presence of distinct OPN1LW and OPN1MW genes in Old 

World primates and their diversification in terms of spectral senstitivty through 

acquisiation of few crucial amino acid changes (p.180, p.230, p.277 and p.285). The 

opposite balancing force shaping segmental duplications is non-allelic gene 

conversion which acts by homogenizing sequence and simultaneously conferring 

haplotype diversity (Verrelli and Tishkoff, 2004).  

Being a known polymorphism shared between OPN1LW and OPN1MW, I showed that 

the c.538T>G variant is shuffled as a result of a single gene conversion event by 

evidence of phased haplotypes within the lineage of a single family (Publication II; 

Section 6.3) corroborating previous population-based evidence (Winderickx et al., 

1993). I could further demonstrate a functional difference between the ancestral and 

the converted haplotypes in terms of the fraction of aberrantly spliced transcripts, and 

thus explain the difference in presented phenotype (Publication II; Section 6.3). The 

splicing defect induced by rare exon 3 haplotypes is a rather novel pathomechanism 

underlying OPN1LW/MW-linked disorders. In this thesis I have compiled the exon 3 

haplotypes and their in-array composition in a large series of patients with severe 

XLCD and performed splicing assessment of a dozen haplotypes by a semi-

quantification method, thereby corroborating and further extending the work by 

Ueyama and coworkers (Publication II; Section 6.3). 

Exonic variants other than the canonical splice site mutations are generally 

underestimated in terms of burden for splicing precision and accuracy. Notably, 15-

20% of exonic fourfold degenerate bases have been estimated to belong to functional 

ESEs (Savisaar and Hurst, 2018). Ortholog- or paralog-specific synonymous variants 

can have an influence on splicing competence when along analogous variants among 

ortholog or paralog genes (Section 6.4). A higher correlation between sequence 

conservation and effect on splicing was found when only synonymous variants were 

considered (Adamson et al., 2018), suggesting that regulation at silent sites is not 

neutral to evolution. Most likely, splicing regulation is not independent from selective 
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pressure on variants altering the protein sequence (Mueller et al., 2015; Pagani et al., 

2005). Selection on protein-coding regions converge with selection forces to maintain 

splicing competence as documented by the fact that ~10% of rare pathogenic 

missense and nonsense variants disrupt splicing (Soemedi et al., 2017).  

Indeed, a pleiotropic effect was observed for the c.1684C>T/p.Arg562Trp mutation in 

Pde6a which compromised splicing efficiency to considerable reduced levels while 

remaining correctly spliced Pde6a transcripts code for mutant proteins, showing 

impaired phosphodiesterase activity (Publication III; Section 6.4). Although two 

synonymous variants (c.453A>G and c.465C>G) are comprised the OPN1LW/MW 

exon 3 haplotypes resulting in exon skipping, the variants with the highest impact on 

splicing are the non-synonymous c.532A>G/p.Ile178Val and c.538T>G/p.Ala180Ser 
variants (Appendix 13.1.4, Publication IV). The latter was shown to shift the 

absorbance maximum of the resultant photopigment (Merbs and Nathans, 1992) and 

may be under counteracting balancing evolutionary forces resulting in the 

maintenance of partially deleterious alleles at relatively high frequencies. Haplotypes 

that have a clear detrimental outcome on exon 3 splicing and/or protein function may 

undergo negative selection and thus kept at low frequencies (i.e. ‘LIAVA’), while that 

of individual SNPs can still be relatively high because they only exert subtle effects 

individually. Cis-regulatory mutations may contribute to phenotypic trait evolution 

(Wray, 2007). Evolutionary forces behind the splicing regulatory sequences may 

shape the compromise of splicing and protein function in humans. In Publication III we 

reported a missense mutation in PDE6A impairing both functional layers. This dual 

deleterious effect may account for the observation of this variant being ultra-rare or 

private in the population. 

Notwithstanding, my investigations on both examples, the PDE6A/B human and 

Pde6a/b murine exon 13, and the human OPN1LW/MW exon 3 haplotypes, 

emphasize that splicing is a highly sequence context-dependent mechanism where 

surrounding variants with no apparent effect on splicing per se can interact with the 

putative splicing-disrupting variant and modulate the final splicing outcome. It remains 

to be determined whether this complexity in the splicing code holds true for the 

majority of genes and exons in mammalian species. The complex regulatory network 

underlying splicing of exon 3 OPN1LW/MW (Publication II and Publication IV) denotes 

features resembling the CERES; elements with overlapping inhibiting and enhancing 

activities (Haque et al., 2010; Tammaro et al., 2014). Whereas the consequence of 
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exon 3 splicing defect is an out-of-frame event which presumably leads to NMD of the 

aberrantly spliced OPN1LW/MW transcripts, the c.1684C>T leads to in-frame deletion 

in a fraction of transcripts, and these render shortened Pde6a proteins.  

Consequently, a milder phenotype was observed for homozygous mice harbouring 

the c.1684C>T/p.Arg562Trp mutation in Pde6a (non-penetrant splicing defect) in 

comparison to the homozygous c.2053G>A/p.Val685Met mutant or animals from an 

intercross of both lines (compound heterozygotes) which showed more severe and 

faster photoreceptor degeneration (Publication III). Likewise, the more severe 

phenotype in subjects harbouring the ‘LIAVA’ haplotype in OPN1LW/MW genes well 

correlate with the fully penetrant exon 3 skipping defect, representing a null allele 

(Publication II). ‘LIAVA’-opsin expressing cones in XLCD patients lack outer segments 

and thereby functionality as photoreceptors. Yet they retain viability and inner segment 

structure, as measured by high resolution in vivo imaging, and thus may still be 

targeted and recovered by gene therapy (Patterson et al., 2018). In contrast, patients 

harbouring the ‘LVAVA’ haplotype present with a submosaic of residual normal 

functioning cones. Still, the integrity of foveal layering is less preserved in patients 

bearing rare exon 3 haplotypes compared to patients with the p.Cys203Arg mutation 

(Carroll et al., 2012).  

To characterize underlying pathomechanisms, a reductionist approach was followed 

(Yang et al., 2015): genotyping affected and unaffected individuals, variant 

identification, and use of model systems such as animal models (Publication III), cells 

(Publication II, Publication III) and in vitro assays (Section 6.7). Considering ~9 billion 

possible single substitutions and an estimated number of 30-100 de novo SNVs per 

genome ‒ with a mutation rate of 1-1.8 x 10-8 per nucleotide per generation (Acuna-

Hidalgo et al., 2016; Rahbari et al., 2016) ‒, characterization of every variant is 

relevant for assessment on pathogenicity potential and categorization. Switching from 

a retrospective to a prospective perspective requires high throughput functional 

characterization. This may be feasible through the implementation of MAVEs which 

can be used to train machine learning algorithms (Gray et al., 2018), as it has been 

shown for classification of variants creating cryptic splice sites (Lee et al., 2017). 

Nonetheless, MAVEs output and a priori assessment by means of artificial bioassays 

do not provide standalone evidence for variant categorization and should be 

understood as a resource to support clinical evidence (Nykamp et al., 2017). 



General discussion 

104 

Taking together, our individual and parallelized minigene splicing assays 

demonstrated that haplotypes with c.532G and c.538G lead to the highest increase in 

aberrantly spliced OPN1LW/MW transcripts (Publication II and Publication III), 

produced the tightest RNA secondary structures (Fig. 13) and both generated G-

triplets in close proximity to each other to which the splicing factor hnRNPF 

preferentially binds in vitro (Section 6.7). Guanine-rich motifs interact with U1 snRNP 

directly (McCullough and Berget, 2000) and might be less tolerated close to the splice 

donor site (c.532G and c.538G are located towards the 3’ end of exon 3). G-triplets 

generated by c.532G and c.538G may mask OPN1LW/MW exon 3 as a small intron 

where these are often found (≤200-bp introns) (McCullough and Berget, 1997).  

Recently, the impact of splicing-disrupting variants on gene expression and the impact 

of the natural variation on splicing have acquired high interest. Genetic variation 

associated with alternative splicing can be detected by splicing quantitative trait locus 

(sQTL) analysis of population-based genotyping and RNASeq data, and eventually 

can lead to the identification of variants affecting cis-regulatory elements of splicing 

(Park et al., 2018). These may frequently manifest as expression quantitative trait 

locus (eQTLs) in cis (cis-eQTLs) and ‒ in the context of disease ‒ may modulate 

disease expression as proposed for exon recognition in regions associated with late-

onset neurological disorders (Ramasamy et al., 2014). Applying MPRAs can resolve 

the causal variant(s) when sQTL are associated with defined haplotypes (Tewhey et 

al., 2016). Allele-specific splicing analyses interrogating coding SNPs may be used; 

yet, these are inconclusive if the coding SNP is located within the alternatively spliced 

region (Park et al., 2018).  

SMRT sequencing of individual transcriptomes and barcode-based MPRAs elude the 

latter drawbacks. MAVEs can also aid to dissect the multiple layers of misregulation 

implicated in pathogenicity. A multitude of factors including but not limited to chromatin 

structure (i.e. DNA methylation) and the effect on RNA Polymerase II, cis-acting 

elements (Publication II-IV), trans-acting RBPs (Section 6.7) which are at the same 

time constrained by composite effects, sequence context modulation, distance 

between motifs, RNA secondary structure, mRNA accessibility, tissue- and cell-

specific quantitative expression levels of RBPs and splice site strength, act in concert 

to determine exon fate (Baralle and Baralle, 2018).  
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8 Conclusions  

i) Germline de novo mutations in the human OPN1LW/MW gene cluster should be 

considered in sporadic patients with BCM-like phenotype. 

ii) Alu-mediated NAHR can cause deletions at the human OPN1LW/MW gene 

cluster. 

iii) Homogenization of the exon 3 sequence between OPN1LW and OPN1MW gene 

copies by gene conversion can cause the transfer of pathogenic haplotypes. 

iv) The actual combination of exonic variants as part of haplotypes; for instance, the 

‘LIAVA’ and derivative rare haplotypes in the OPN1LW and OPN1MW genes, and 

the interactions among variants can have a major impact on splicing. 

v) Incomplete penetrant splicing defects may still be pathogenic and contribute to the 

phenotypic variability caused by a defined disease gene ‒ as exemplified by the 

milder phenotype of mice homozygous for c.1684C>T/p.Arg562Trp in Pde6a, and 

by the exon 3 haplotype-dependent disease severity in patients with 

OPN1LW/MW-linked cone dysfunction. 

vi) The deleterious effect of exonic SNVs on splicing is context-dependent:  

synonymous variants close to the c.1684C>T/p.Arg562Trp mutation in the murine 

and the human PDE6A gene, or to the c.1678C>T/p.Arg560Cys mutation in Pde6b 

modulate the final splicing efficiency. 

vii) A comprehensive dataset on the splicing competence of almost all possible 

OPN1LW/MW exon 3 (defined) haplotypes was established to aid a priori 

interpretation of variants in XLCD subjects. A total of 264 minigenes; including 20 

barcoded and 12 non-barcoded minigenes assayed individually, as well as 232 

minigenes assayed in a parallel format have been relatively quantified in terms of 

exon 3 inclusion or skipping. 

viii) c.532 and c.538 are found to represent cis-regulatory elements of OPN1LW/MW 

splicing with the largest allelic impact on exon 3 inclusion. 

ix) Preliminary evidence for haplotype-dependent preferential binding of RBPs in vitro 

might suggest a putative role of G-triplets (mapped with the c.532A>G and 

c.538T>G variants) in splicing modulation of OPN1LW/MW exon 3.     
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9 Outlook 

Given the pace in technological improvement and development of suited algorithms 

(Merker et al., 2018; Vollger et al., 2019), I envisage that in the near future massive 

parallel sequencing will be applicable to determine the structure and sequence 

(composition) of the OPN1LW/MW gene cluster in routine genetic testing. High fidelity 

long reads from PCR-free enriched and/or genome sequencing (i.e. with read lengths 

≥50kb) will enable unambiguous phasing of gene copy-specific haplotypes including 

their composition in subjects pre- and post-gene conversion events (Sections 6.2 and 

6.3) together with single-cell gamete DNA sequencing. Ultra-long reads of >100kb 

(Jain et al., 2018) would enable to resolve the contiguity of the OPN1LW and 

OPN1MW(s) gene copies and mutations therein, which is needed for proper 

genotyping of subjects with OPN1LW/MW-linked disorders.  

The establishment and technological implementation of the parallelized splicing assay 

(Sections 6.5 and 6.6) opens several avenues for future research. The mutation 

spectrum may be further expanded, either targeting additional exonic and intronic 

variants or in an unbiased approach of random mutagenesis by means of 

degenerate oligonucleotide synthesis or by spiked or doped oligonucleotide 

mutagenesis (Isalan, 2006). Multiple barcodes of random bases could be alternated 

with constant regions in between allowing for a higher complexity and number of 

differences in sequence space. In order to increase the counts per haplotype from 

long reads, the number of passes per molecule can be reduced by concatenation of 

the amplicons. In addition to accurate CCS long reads, nanopore long-read 

sequencing could be used for deeper higher throughput sequencing. It remains yet 

uncertain whether such an approach would reduce ambiguous mapping. To 

circumvent PCR biases, duplicates and chimeras, the Output Library pool of cDNAs 

can be now sequenced directly without amplification. 

The MAVE (Section 6.6) eases comparative splicing assessment in multiple cell 
lines including cell lines of retinal origin. Ultimately, it would be most relevant to apply 

the MAVE in vivo in the retinae of animal models to characterize splicing in the native 
cellular context (Shen et al., 2016).  

A variety of tools and approaches involving lentiviral vectors (Inoue et al., 2017), 

adeno-associated virus integration site 1 (AAVS1)-specific (Cheung et al., 2019) or 
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CRISPR/Cas9-mediated (Findlay et al., 2014; Gasperini et al., 2017; Klein et al., 

2018) genome integration of the MAVE may help to reduce dosage bias and 

pleiotropic effects. The endogenous genomic context includes the possibility to study 

long-distance interactions (Singh et al., 2015) and provides an additional layer of 

regulation in the processing of OPN1LW and OPN1MW transcripts.  

Long-read genome sequencing combined with direct RNA (Workman et al., 2018) or 

full-length cDNA targeted sequencing (Dougherty et al., 2018) of OPN1LW- and 

OPN1MW-specific transcripts from bulk RNA can reveal exon connectivity and 

transcript splicing diversity of duplicated genes. The later strategy can be applied on 

iPSCs-derived photoreceptor progenitor cells (Sangermano et al., 2016; Albert et al., 

2018) or optic cups (Parfitt et al., 2016) from subjects carrying a single or multiple 

OPN1LW/MW gene copies with rare exon 3 haplotypes. To gain insight on the 

quantitative transcript profiles of exon 3 haplotypes that do not induce full exon 

skipping, fluid partitioning systems can be leveraged to sequence single cells 

expressing either OPN1LW or OPN1MW from a stem cell-derived cone population ‒ 

pre-sorted with biomarkers for the two latter cone opsin types (Welby et al., 2017). 

Finally, a multi-disciplinary strategy including advances in genomic engineering, 

stem cell differentiation and multiplexed splicing assays (Section 6.6) could achieve 

accurate characterization of splicing outcomes prospectively and at a higher 

throughput; without the need of establishing iPSCs from every patient. For instance, to 

leverage the potential of stem cell-derived cone photoreceptors, CRISPR/Cas9-based 

integration of a barcoded MAVE splicing reporter in the genome of such stem cell-

derived cone precursors would provide cell-specific native context for splicing. Stem 

cell lines with well-characterized OPN1LW/MW genomic structure may be engineered 

to integrate the MAVE splicing barcoded library reporters specifically to OPN1LW and 

OPN1MW genomic locations. Upon differentiation into cone (precursor) cells, long- 

and short-read sequencing can be perform on either bulk RNA (barcoding strategy 

can differentiate OPN1LW- or OPN1MW-specific MAVEs) or with cDNA from pre-

sorted single cells. In the latter scenario, experiments with MAVE-engineered stem 

cell-derived cones depleted for certain splicing factor(s) versus non-treated may 

decipher haplotypes sensitive to a given splicing factor (Sections 6.6 and 6.7). 

Moreover, one can envisage the application of the MAVE assay to screen for splice-

modulation molecules with potential therapeutic impact.  
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11 Abbreviations 

Abbreviation Description 
ACMG American College of Medical Genetics and Genomics 
adRP Autosomal dominant RP 
AMP Association for Molecular Pathology 
arRP Autosomal recessive RP 
BCM Blue Cone Monochromacy 
BED Bornholm Eye Disease 
bp base pair 
CCS Circular Consensus Sequencing 
CERES Composite Exonic Regulatory Elements of Splicing 
CF Cystic Fibrosis 
cfu colony forming units 
cGMP cyclic guanosine monophosphate 
Cluster PF Cluster Passing Filter 
CNG channel cyclic nucleotide-gated channel 
CNV Copy Number Variation 
CRD Cone-rod dystrophy 
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 
DSBs Double Strand Breaks 
dsDNA double-stranded DNA 
ED Ensemble diversity 
EMSA Electrophoresis Mobility Shift Assays 
eQTL expression Quantitative Trait Locus 
ERG Electroretinography 
ESE Exonic Splicing Enhancer 
ESS Exonic Splicing Silencer 
ExAC Exome Aggregation Consortium 
FAM Fluorescein Amidite 
FDR False-discovery Rate 
FRAM Fossil Right Arm Monomer 
gnomAD Genome Aggregation Database 
HEK293 Human Embryonic Kidney 293 Cells 
HEK293T Human Embryonic Kidney 293 Cells that contain the SV40 T-antigen 
HGMD Human Gene Mutation Database 
HI-NHEJ homeology-induced Non-Homologous End-Joining 
hnRNPF heterogeneous nuclear ribonucleoprotein F 
hnRNPH heterogeneous nuclear ribonucleoprotein H (family) 
hnRNPH1 heterogeneous nuclear ribonucleoprotein H1 
hnRNPH2 heterogeneous nuclear ribonucleoprotein H2 
hnRNPH3 heterogeneous nuclear ribonucleoprotein H3 
HPLC high performance liquid chromatography 
HSF Human Splicing Finder 
IC Interval Confidence 
IFC In-Fusion Cloning 
iPSCs Induced Pluripotent Stem Cells 
IRDs Inherited retinal dystrophies 
ISE Intronic Splicing Enhancer 
ISS Intronic Splicing Silencer 
kb kilobase 
LCR Locus Control Region 
LD Linkage Disequilibrium 
LD-PCR Long Distance Polymerase Chain Reaction 

LIAVA 
c.(453A > G; 457A > C; 465C > G; 511G > A; 513G > T; 521C; 532A > G; 
538T > G) and thus, enconding for a cone photopigment protein with the 
amino acid exchanges: p.[(=); M153L; (=); V171I; A174A; I178V; S180A] 
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Abbreviation Description 
LOVD Leiden Open Variation Database 
LPSP Library Preparation and Sequencing Protocol 
LWS long-wavelength sensitive 
MAF Minor Allele Frequency 
MaPSy Massively Parallel Splicing Assay 
MAVE Multiplexed assays for variant effect 
Mb Megabase 
MCS Multiple Cloning Site 
mESC mouse embryonic stem cells 
MFASS Multiplexed Functional Assay of Splicing using Sort-seq 
MFE Minimum Free Energy 
MPRA Massively parallel reporter assay 
MWS middle-wavelength sensitive 
MYA Million Years Ago 
NAHR Non-Allelic Homologous Recombination 
NGS Next Generation Sequencing 
NHEJ Non-Homologous End-Joining 
NMD Nonsense-mediated Decay 
OPN1LW Human Opsin 1, long-wavelength sensitive gene 
OPN1MW Human Opsin 1, middle-wavelength sensitive gene 
ORF Open Reading Frame 
PCR Polymerase Chain Reaction 
PDE6A Human Rod cGMP Phosphodiesterase 6A gene 
PE paired-end 
PPT Polypyrimidine Tract 
PTC Premature Termination Codon 
QTL Quantitative Trait Locus 
RBPs RNA Binding Proteins 
RetNet Retinal Information Network database 
RFLP Restriction Fragment Length Polymorphism 
ROS rod photoreceptor outer segments 
RP Retinitis Pigmentosa 
RRMs RNA Recognition Motifs 
RT-PCR Reverse Transcriptase PCR 
SELEX Systematic Evolution of Ligands by Exponential enrichment 
SF1 Splicing Factor 1 
SILAC Stable Isotope Labeling with Amino Acids in Cell Culture 
siRNA small interference RNA 
SMA Spinal Muscular Atrophy 
SMRT Single-Molecule Real-Time 
SNPs Single Nucleotide Polymorphisms 
snRNPs small nuclear ribonucleoproteins 
SNVs Single Nucleotide Variants 
sQTL splicing Quantitative Trait Locus 
SR  Serine/ariginine-rich  
ssDNA single-stranded DNA 
ssRNA single-stranded RNA 
UTR untranslated region 
VUS Variant of Uncertain Significance 
WES Whole Exome Sequencing 
WGS Whole Genome Sequencing 
XLCD X-linked Cone Dysfunction 
ΔG Predicted MFE change in the Gibb’s folding energy 
3’ss 3’ splice site 
5’ss 5’ splice site 
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12 Personal Contribution 

Publication I (Section 6.1; Appendix, 13.1.1): Buena-Atienza E, Nasser F, Kohl S, Wissinger B (2018) 
A 73,128 bp de novo deletion encompassing the OPN1LW/OPN1MW gene cluster in sporadic Blue 
Cone Monochromacy: a case report. BMC Medical Genetics 19: 107. 

Elena Buena-Atienza: wrote the manuscript, collected genetic and clinical data, contacted clinicians and 
discussed interpretation of results. I performed the experiments of microsatellite marker analysis, the 
breakpoint PCR segregation analysis, and the bioinformatic exploration of repetitive elements. I 
performed genotyping of family members.  

The other authors: wrote and revised the manuscript, clinical data collection, establishment of the 
breakpoint PCR  

Publication II (Section 6.3; Appendix, 13.1.2): Buena-Atienza E, Rüther K, Baumann B, Bergholz R, 
Birch D, De Baere E, Dollfus H, Greally MT, Gustavsson P, Hamel CP, Heckenlively JR, Leroy BP, 
Plomp AS, Pott JWR, Rose K, Rosenberg T, Stark Z, Verheij JBGM, Weleber R, Zobor D, Weisschuh 
N, Kohl S, Wissinger B (2016) De novo intrachromosomal gene conversion from OPN1MW to OPN1LW 
in the male germline results in Blue Cone Monochromacy. Scientific Reports (2016) 6, 28253 

Elena Buena-Atienza: completed genotyping of patients by copy number assays and sequencing when 
needed. I performed all cloning experiments to generate minigenes for haplotypes found in the 
BCM/XLCD patients, including verification of clones. Splicing assays for all minigenes including relative 
quantification of splice products and the downstream characterization of the transcripts including 
cloning of RT-PCR products and screening of several hundreds of colonies. I performed the 
microsatellite marker analysis and developed strategies to identify the gene converted tract. Contributed 
to summarize the clinical data and correlate it with genotypes and functional haplotype data available. 
Conceived, wrote and revised the manuscript. 

The other authors: genotyping of patients and collection of clinical data had been started, shared 
expertise in minigene splicing assays, contacting clinicians, supervision of this project. The manuscript 
was corrected by all authors.  

Publication III (Section 6.4; Appendix, 13.1.3): Sothilingam V, Garrido MG, Jiao K, Buena-Atienza E, 
Sahaboglu A, Trifunović D, Balendran S, Koepfli T, Mühlfriedel R, Schön C, Biel M, Heckmann A, Beck 
SC, Michalakis S, Wissinger B, Seeliger MW, Paquet-Durand F (2015) Retinitis pigmentosa: impact of 
different Pde6a point mutations on the disease phenotype. Human Molecular Genetics (2015) 24, 
5486–5499 

Elena Buena-Atienza: contributed to writing and revision of the manuscript, generation of figures, 
qualitatively characterized the mice retinal transcripts and performed cloning experiments and 
screening of hundreds of colonies. Established all minigene constructs by cloning and mutagenesis and 
performed the splicing assays in two cell lines.  

The other authors and service: wrote and revise the manuscript, generation of Pde6a mutant mice 
model, protein assay, pyrosequencing, histology, immunohistochemistry, immunofluorescence, calpain 
activity and TUNEL assay, microscopy, in vivo imaging and ERG.  

Unpublished Results embedded in Section 6.4  
Elena Buena-Atienza: performed experiments with rd10 mice, human minigenes and in silico searches.  

The other authors: provided retinal RNA from rd10 mice 
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Publication IV (Section 6.6, Appendix, 13.1.4): Buena-Atienza E, Codrea MC, Czemmel S, Baumann, 
Kohl S, Poths S, Nahnsen S, Wissinger B. A comprehensive reference for exon 3 splicing defects of the 
human OPN1LW and OPN1MW opsin genes by means of a parallelized minigene splicing assay. 
Manuscript in preparation 

Elena Buena-Atienza: I designed the project, interpreted the results and performed rational 
troubleshooting. I prepared all amplicon-based libraries derived from the RT-PCR Output Library upon 
splicing assay. I conceived the detailed strategy and methodology, I performed all the experiments 
autonomously, designed all the libraries, I prepared all the libraries for sequencing except for the SMRT 
library of the Input Library. I did troubleshooting and proposed alternatives and improvements when 
necessary. I performed downstream analysis, mined the data, statistical analysis, wrote the manuscript 
and prepared all figures with the exception of Figure 8. 

The other authors and outsourced services: MiSeq sequencing, long-red sequencing of the Input and 
Output Library, CCS analysis in SMRTLink (v.5.0.0), scripts for alignments, assembly, barcode 
deconvolution, genotyping of disease and control groups, generation of Figure 8. The co-authors read 
the manuscript and contributed to its revision with comments and suggestions. 

Publication V (Appendix, 13.1.5). Nicole Weisschuh, Elena Buena-Atienza, Bernd Wissinger. Splicing 
Mutations in Inherited Retinal Diseases. Manuscript accepted in Progress in Retinal and Eye Research 

This is a Review article which compiles work from other authors in the field but also work from the group 
of Prof. Bernd Wissinger including parts of the work presented in this thesis in Sections 6.4 and 6.6.  

Elena Buena-Atienza: I contributed to the writing of the manuscript, generation of Figures 7 and 8 and 
revision of the whole manuscript.  

The other authors: wrote the manuscript, generated figures and revised the whole manuscript.  

Unpublished Results I (Section 6.2, Appendix, 13.2.1): “A 142 bp intra-exonic deletion in both 
OPN1LW and OPN1MW underlying Blue Cone Monochromacy” 

Elena Buena Atienza: performed detailed investigations of the BCM262 family, segregation analysis, 
sequencing of the breakpoint PCR and bioinformatic analysis and interpretation.  

Mutation screening was performed by Britta Baumann and Prof. Bernd Wissinger. 

Unpublished Results II (Section 6.5): Development of a multiplexed splicing assay 

Elena Buena Atienza: conceived the strategies, designed and performed the experiments, established 
the primary analysis and performed the secondary analysis 

Sequencing was provided by the c.ATG Core Facility for NGS Tübingen. The original idea was 
conceived by Prof. Bernd Wissinger for which he received a joint grant from the European Union’s 
Seventh Framework Programme for research, technological development and demonstration [grant 
agreement no 317472].  

Unpublished Results III (Section 6.7, Appendix, 13.2.3): “Putative splicing factors binding cis-
regulatory elements within exon 3 of OPN1LW/MW haplotypes” 

Elena Buena Atienza: presented the idea, designed the RNA baits and prepared the RNA. Performed 
the RNA-pulldown assay and prepared samples for mass spectrometry. I contributed considerably to 
interpretation and design. I performed the siRNA knockdown experiments combined with minigene 
assays and subsequent quantification at protein and transcript level. 

Dr. Tina Beyer assisted with the RNA-pulldown assay and preparation of the samples for mass 
spectrometry and performed MaxQuant and Perseus analysis and, together with Dr. Karsten Boldt 
assisted in design and interpretation. Running of the mass spectrometer instrument was performed by 
trained technicians of the Medical Proteomic Center Tübingen. 
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Katherine Rose, Thomas Rosenberg, Zornitza Stark, Joke B. G. M. Verheij, Richard 

Weleber, Ditta Zobor, Nicole Weisschuh, Susanne Kohl and Bernd Wissinger. De 

novo intrachromosomal gene conversion from OPN1MW to OPN1LW in the male 

germline results in Blue Cone Monochromacy. Scientific Reports (2016) 6, 28253 

Online version available: https://www.nature.com/articles/srep28253 

This article is distributed under the terms of the Creative Commons Attribution 4.0 

International License (http://creativecommons.org/licenses/by/4.0/). 
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Supplementary Materials and Methods 
Patient recruitment and clinical evaluation  
Subjects diagnosed either with BCM, XLCD or similar disorders were recruited at different clinical centers. The study was 
performed in compliance with the tenets of the WMA Declaration of Helsinki. Study participants were recruited ad hoc at different 
centers specialized in inherited retinal diseases during routine clinical diagnostics. All participants gave written informed consent – 
approved by the respective local research and ethical review boards - for participation in the study for which blood or DNA 
samples were sent to Tuebingen for genetic analysis. Procedures of the genetic analysis were approved by the Ethics Committee 
of the Medical Faculty, Eberhard-Karls University Tuebingen. Venous blood samples were collected as well as family history. 
Patients underwent basic ophthalmologic examination which included evaluation of ocular motility and slit lamp examination of the 
anterior segment, visual acuity (VA), refraction, colour vision and visual field testing, assessment of retinal morphology applying 
imaging technologies such as funduscopy, optical coherence tomography (OCT), autofluorescence imaging, and ERG recordings 
under scotopic and photopic conditions.  

Genotyping of the MW/LW gene cluster  
Genomic DNA was isolated from blood samples according to standard procedures. The structure and integrity of the LW/MW 
gene cluster (e.g. single versus multiple opsin gene copies, presence of hybrid genes) on the X-chromosome was investigated by 
a two-step genotyping protocol. First, we used a protocol that screens for mutations most commonly found in BCM/XLCD patients 
and specifically tests for large genomic deletions at the OPN1LW/OPN1MW gene cluster and the upstream locus control region 
(LCR), the presence of single or multiple opsin gene copies, and the presence or absence of the common point mutation 
c.607T>C, p.C203R. Briefly, duplex PCRs including primers for the tested fragment and an autosomal control fragment were 
performed for: 1) a sequence defined as the common overlap of known deletions of the LCR (Nathans et al., 1989, 1993); 2) the 
OPN1LW promoter; and 3) the OPN1MW promoter to test for large genomic deletions and the presence of single or multiple 
opsin gene copies. In addition, two PCR fragments for exons 4 and 5, respectively, for both OPN1LW and OPN1MW were 
amplified and digested with BstUI and RsaI, respectively. The restriction fragment length polymorphism (RFLP) in exon 4 via 
BstUI analysed for the c.607T>C p.C203R mutation (RFLP positive cases are further validated by Sanger sequencing), while the 
RFLP in exon 5 via RsaI addressed the dimorphism at amino acid position 277 – p.Y277 being specific for the OPN1LW gene, 
and p.F277 for the OPN1MW gene. The second screening step analyzed for other deleterious point mutations or haplotypes for 
those subjects either single or multiple structurally intact gene copies by PCR and Sanger-sequencing. Specific long distance 
PCRs (LD-PCRs) were performed with primers LCR1F (5’-CACCCTTCTGCAAGAGTGTGGG-3’) and RGCP2-5R (5’-
GCGGACTAGTGATCTGCTGATGGTGTTGCTTA-3’) for the proximal gene copy, and E1G-F (5’-
GAGTACAGGTATTTGCCACTAAGC-3’) and RGCP2-5R for distal gene copies. LD-PCR products were directly sequenced with 
internal primers or re-amplified with exon-specific primers prior to sequencing. PCR products were purified by ExoSAP-IT 
treatment (Affymetrix, Santa Clara, CA) and cycle-sequenced applying BigDye Terminator V1.1 chemistry (Life Technologies, 
Darmstadt, Germany).  For the determination of exon 3 haplotypes we amplified a 400 bp fragment using primers BCM-Ex3-F (5’-
TGGTGGAAAGAAAGATGTCG-3’) and BCM-Ex3-R (5’-GCCCAGAGAAAGGAAGTGATT-3’) that was subsequently sequenced 
directly or after an intermitting cloning step if multiple mixed base positions were observed. For subjects with multiple gene 
copies, the total number of LW/MW opsin genes was determined by means of real-time quantitative PCR (qPCR) with genomic 
DNA as template. We used two different TaqMan assays that target different parts of the LW/MW genes: the HS_01912094 
assay (Life Technologies) targeting exon 6, and a custom-designed TaqMan assay (employing RGCP_TQF [5’-
CCCAACAGAAAGCTGAAAGC-3’] as forward and RGCP_TQR [5’-GTGCAAAACTTTCGGATTGG-3’] as reverse primers, 
respectively, and RGCP_TQP [5’-CAGCCCGAGTCCTGCCATTGG-3’] with 5’-FAM and 3’-BHQ1 modifications as probe primer) 
targeting a common segment of intron 1. In parallel, we performed qPCR reactions for a human genome single copy reference 
sequence (RNaseP TaqMan Copy Number Reference Assay; Life Technologies). We used a series of male controls with defined 
LW/MW copy number [n = 1-6; (4)] to generate a copy number dependent Ct calibration curve. All three assays were performed 
in triplicate for each sample. Obtained Ct values were used to infer copy numbers from the calibration curves.  

Minigene Constructs 
A HindIII site in the polylinker of the prototype construct was eliminated for the present study by means of inverse PCR with 
primers NotI-Inv3-Rv (5’-AAAAAAGCGGCCGCTGACGGTTCACTAAACGAGCTCT-3’) and NotI-Inv3-Fw (5’-
AAAAAAGCGGCCGCCGGATCCGGTACCATGGCCCAGCA-3’), followed by digestion with NotI and re-circulation. Derived 
minigenes with novel exon 3 haplotypes were generated by replacing a 279 bp HindIII-AflII fragment with a homologous fragment 
from defined subject obtained through PCR amplification with primers BCM-Ex3-r and BCM-Ex3-f  and digestion with HindIII and 
AflII. Alternatively, PCR products were first cloned in pCR2.1 (TA Cloning Kit, Invitrogen, Life technologies) before excision of the 
HindIII-AflII fragment and replacement cloning into the revised prototype construct. In vitro mutagenesis with primers IVM-Ex3-
174t-Fw (5’-TGGCCATCGTGGGCATTGTCTTCTCCTGGATCTG-3’) and IVM-Ex3-174t-Rv (5’- 
CAGATCCAGGAGAAGACAATGCCCACGATGGCCA-3’) was performed to obtain the haplotype ‘LVVIA’. All constructs were 
verified by Sanger sequencing. 
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Transfection and RNA extraction 
HEK293 cells were routinely maintained in Dulbecco´s modified Eagle´s medium, DMEM (Gibco, Life Technologies) 
supplemented with 10% fetal bovine serum (FBS; Gibco, Life Technologies), Penicillin-Streptomycin (Sigma-Aldrich Chemie 
GmbH) at 100 µg/ml, and Amphotericin B (Biochrom GmbH) at 2.5 µg/ml. Cells were seeded in 6-well plates in DMEM with 10% 
FBS and the following day, at 80-90% confluency, cells were transfected with 4 µg DNA of the minigene construct using 20 µl 
Lipofectamine 2000 per well and OptiMEM® supplemented with GlutaMAXTM (Life Technologies) as diluents and medium. After 6 
h incubation, cells were harvested by trypsinization with 0.05% Trypsine-EDTA (Gibco, Life Technologies), centrifuged at 1500 
rpm for 5 min and transferred to a 6 cm dish with DMEM supplemented with 10% FCS and antibiotics. 24 h post-transfection, 
cells were lysed and total RNA was extracted applying the peqGOLD Total RNA Kit (PEQLAB Biotechnologie GmbH).  

RT-PCR and relative quantification 
First strand cDNA synthesis was performed using 2 µg of total RNA and random hexamer primers, according to manufacturer’s 
instructions (Transcriptor First Strand cDNA Synthesis Kit, Roche). Subsequent PCR was performed with a 5’ FAM (6-
carboxyfluorescein) labeled forward primer, FEO35: 5’-ACCATGAAGTTCAAGAAGCT-3’, and O4-104-Rv:5’-
AGCAGGTGACCATGAGGA-3’ as reverse primer and using the QIAGEN Multiplex PCR Kit reagent chemistry (Qiagen) including 
1/10 volume of Q-solution. Cycling conditions were 95°C for 15s, 40 cycles of 94°C for 30s, 60°C for 90s and 72°C for 45 to 60s, 
and a final extension at 72°C for 7 min. PCR products were separated by electrophoresis on a 2% agarose gel. FAM-labeled RT-
PCR products were diluted 1:10 in water and mixed with 1 µl of GeneScan ROX500 size standard (Life Technologies) and 8 µl of 
Hi-Di Formamide (Life Technologies) in a total volume of 10 µl. Mixes were separated by capillary electrophoresis on an ABI 
3130XL Genetic Analyzer instrument (Life Technologies). The area-under-the-curve (AUC) was calculated with GeneMapper 5 
(Life Technologies) software. Ratios of splicing products were determined as the AUC for individual peaks divided by the sum of 
AUC of all differentially spliced products. 

Microsatellite analysis 
Centromeric (DXS8011, DXS8103, DXS1356, DXS8087) and telomeric (L441TA, L441CA, AF277A, AF277B and DXS1073) 
markers to the LW/MW cluster were used to genotype the three BCM72 family members (see Figure. 4A, Supplementary Table 
S2 and Supplementary Fig. S1). Primers were labeled either with TET, HEX or FAM. Standard PCR reactions were performed 
with 50-100 ng of genomic DNA. PCR products were diluted 2-10 fold with water, mixed with GeneScan ROX500 size standard 
and Hi-Di Formamide, and separated by capillary electrophoresis. GeneMapper 5 Software was used for allele calling. Markers 
for which the mother BCM72-II:1 was heterozygous were used to reconstruct haplotypes. 

Mapping of the gene conversion event  
LD-PCRs were performed for all three members of BCM72 using primers LCR1F and RGCP2-5R for the proximal gene copy, and 
E1G-F and RGCP2-5 for the distal copies. Upon AvrII-KpnI digestion, the resulting 7494 bp and 6211 bp fragments from LW 
(intron 1 to intron 5) and MW (intron 1 to intron 4) respectively, were purified with CHROMA SPIN+TE-1000 columns (Takara Bio 
Europe) and ligated to XbaI-KpnI double-digested pGEM3Zf(+). We selected two independent clones of the following gene copies 
for further analysis: (1) LW-derived clones bearing the ‘LIAVA’ haplotype from subjects BCM72-II:1 and BCM72-III:1, (2) MW-
derived clones bearing the ‘LIAVA’ haplotype from subject BCM72-I:1, and (3) LW-derived clones bearing the ‘LIAVS’ haplotype 
from subject BCM72-I:1. We sequenced exon 3 and flanking introns in these clones by means of primer walking. 

Bioinformatic predictions and reference sequences  
In silico splicing predictions were performed with SROOGLE (http://sroogle.tau.ac.il/) (28). NG_009105.2, NG_011606.1, 
NM_020061.5 and NM_000513.2 as reference sequences of the human OPN1LW and OPN1MW genes (NG) and mRNA 
transcripts (NM), respectively (NCBI database). All four reference sequences carry the exon 3 haplotype ‘MVAIA’.  



 

 

Supplementary Tables and Figures 
Supplementary Table S1. Compilation of patients’ demographics, clinical findings and diagnosis, and genotypes.  

Subject 
code 

Age at 
(last) 

clinical 
examinatio

n 

VA:  
OD 
OS 

Refraction:  
OD 
OS 

Fundus Color vision ERG Photophobi
a Nystagmus Progressio

n 
Clinical 

diagnosis 
Exon 3 

Genotype(s) 

Single LW or LW/MW Hybrid Gene Array 

BCM73- 
16953 51 years 0.15 

0.15 
-12 
-12 

Peripapillary atrophy, 
slight pigmentary changes 

in macula 

Impaired, 
OD: blue-yellow 

axis 
OS: no specific 

axis 

Photopic / 30 Hz 
flicker: no response 

Scotopic: normal 
No Yes No BCM Single LW/MW 

hybrid; ‘LIAVA’ 

BCM73- 
17481 14 years 0.05 

0.05 
-14 
-14 

Peripapillary atrophy, 
slight pigmentary changes 

in macula and blond 
appearance of fundus 

ND 
Photopic / 30 Hz 

flicker: no response 
Scotopic: normal 

No Yes No BCM 
Single LW/MW 

hybrid; ‘LIAVA’ 

BCM73- 
20537 3 years 0.2 

0.2 

-4.0(-
1.75x30°) 

-4.0(-
2.0x170°) 

Peripapillary atrophy, 
blond appearance of 

fundus, slight pigmentary 
changes in macula 

ND 
Photopic: severely 

reduced 
Scotopic: normal 

No Yes No XLCD 
Single LW/MW 

hybrid; ‘LIAVA’ 

BCM73- 
20770 3 months 0.2 

0.2 

-8.0(-
1.25x30°) 

-9.0(-
1.50x155°) 

Blond appearance of 
fundus ND ND No Yes No BCM 

Single LW/MW 

hybrid; ‘LIAVA’ 

BCM93- 
19164 14 years 0.3 

0.3 
-5 
-3 

Myopic optic nerve, 
peripapillar choroid 

atrophy, retinal atrophy at 
posterior pole 

Impaired Photopic: no response  
Scotopic: normal No Yes No XLCD Single MW 

gene; ‘LIAVA’ 

BCM66- 
16407 41 years 0.3 

0.3 
-13 
-14 

Peripapillary atrophy, 
myopic choroidosis 

Extreme red-
green defect; 
Berson test 
positive for 

BCM 

Photopic: absent 
Scotopic: normal Very mild No No 

 BCM Single LW gene: 
‘LVAVA’ 

BCM112- 
23518 14 years 0.16 

0.16 
-24 
-23 

Peripapillar choroid 
atrophy, thinning of RPE 

at posterior pole 

Protan defect, 
consistent with 

incomplete 
achromatopsia 

Photopic: no response  
Scotopic: severely 

reduced 
No Yes Slowly 

progressive CRD Single LW/MW 
hybrid: ‘LVAVA’ 

BCM112- 
22852 6 years 0.3 

0.3 
-9 

-9.5 Diminished foveal reflexes 

Protan defect, 
consistent with 

incomplete 
achromatopsia 

Photopic: severely 
reduced  

Scotopic: slightly 
reduced 

No Yes Slowly 
progressive CRD Single LW/MW 

hybrid: ‘LVAVA’ 

BCM194- 
25474 5 years 0.5 

0.5 

-16.00(-
1.75x35°) 
-16.25(-

1.00x35°) 

Temporal optic nerve 
atrophy, no true fovea 

reflex, global hypo- 
pigmented fundus 

Normal 
children‘s 

Ishihara test in 
both eyes. 

Photopic: strongly 
reduced,  

30Hz Flicker: reduced 
and delayed 

Scotopic: normal 

Mild No Progressive 
myopia BCM Single LW gene: 

‘LVAVA’ 



 

   

Supplementary Table S1 (continued) - Compilation of patients’ demographics, clinical data and diagnosis, and genotypes. 

Subject 
code 

Age at 
(last) 

clinical 
examinatio

n 

VA:  
OD 
OS 

Refraction:  
OD 
OS 

Fundus Color vision ERG Photo-
phobia 

Nystag-
mus 

Progre-
ssion 

Clinical 
diagnosis 

Exon 3 
Genotype(s) 

Multigene LW/MW Gene Array 

ZD379- 
19194 12 years 0.16 

0.16 ND Mild optic disc pallor ND 
Photopic / 30 Hz flicker: 

strongly reduced  
Scotopic: normal 

ND Yes No BCM 

Multigene (n = 3) 
LW(prox.): 

’LIAVA’ 
MW(distal): 
‘MIAVAc.465C’ 

ZD379- 
19195 7 years 0.16 

0.16 
+1 
+1 

Peripapillary atrophy and 
myopic fundus; some 
macular RPE mottling 

ND 
Photopic / 30 Hz flicker: 

strongly reduced  
Scotopic: normal 

ND ND ND BCM 

Multigene (n = 3) 
LW(prox.):’ 

LIAVA’ 
MW(distal): 
‘MIAVAc.465C’ 

BCM101- 
19818 3 years 0.1 

0.1 
-6 
-6 Normal Impaired Photopic: no response 

Scotopic: normal Yes Yes No BCM 

Multigene (n = 3)  
LW(prox.): 
‘LIAVA’; 

MW(distal): 
‘MIAVAc.465G’ 

BCM126- 
20616 41 years 0.25 

0.20 ND 
Temporal optic atrophy, no 
bone spicules or pigment 

deposits 

Impaired;  
F-M: several 

confusions along 
deutan axis 

Photopic / 30 Hz flicker: 
strongly reduced and 

delayed 
Scotopic: normal 

Yes ND Yes BCM 

Multigene (n = 2) 
LW(prox.): 
‘LVAVA’ 

MW(distal): 
‘LVAVA’ 

BCM72- 
17075 

(BCM72-
III:1) 

12 years 0.1 
0.1 

+0.5(-
1.5x8°) 
+0.5(-

1.5x48°) 
 

Slight pigmentary changes 
in macula Protan defect Photopic: no response  

Scotopic: normal No 

Yes 
(during 

first year 
of life) 

Yes BCM 

Multigene (n = 4) 
LW(prox.): 

‘LIAVA’ 
MW(distal): 

‘LIAVA’/ 
‘MVVVAc.465C’ 

BCM133- 
20960 10 years 0.6 

0.5 

-5.00(-
3.75x25°) 

-4.00(-
3.25x160°) 

Peripapillary atrophy 
related to myopia 

Moderate 
red/green axis in 

both eyes 

Photopic / 30 Hz flicker: 
reduced by 15% 
Scotopic: normal 

Moderat
e 

photoph
obia 

Fine, 
inconsta

nt 
nystagm

us 

No 
apparent 
progress
ion (in 3 

years 
follow-

up) 

BCM 

Multigene (n = 2) 
LW(prox.): 
‘LVAVA’ 

MW(distal): 
‘LVAIA’ 

BCM133- 
20961 32 years 0.6 

0.4 
-20.75 
-19.00 

Atrophic posterior pole 
related to high myopia, 
slightly narrowed retinal 

vessels 

ND 
Photopic: strongly reduced 

Scotopic: moderately 
reduced 

Severe 
photoph

obia 
No 

Very 
moderat

e 
progress

ion, 
maybe 
due to 
high 

myopia 

BCM 

Multigene (n = 2) 
LW(prox.): 
‘LVAVA’ 

MW(distal): 
‘LVAIA’ 



 

 

Supplementary Table S1 (continued) - Compilation of patients’ demographics, clinical data and diagnosis, and genotypes. 

Subject 
code 

Age at 
(last) 

clinical 
examinatio

n 

VA:  
OD 
OS 

Refraction:  
OD 
OS 

Fundus Color vision ERG Photo-
phobia 

Nystag-
mus 

Progre-
ssion 

Clinical 
diagnosis 

Exon 3 
Genotype(s) 

Multigene LW/MW Gene Array (continued) 

BCM133- 
23364 1 year Strabis

m 
-5 
-5 ND ND Photopic: decreased 

Scotopic: normal No No No 
follow up BCM 

Multigene (n = 2) 
LW(prox.): 
‘LVAVA’ 

MW(distal): 
‘LVAIA’ 

ZD547- 
4544 46 years 0.8 

0.8 

-5.0(-
3.75x15°) 

-6.0(-
3.75x175°) 

Myopic optic nerve 

Impaired;  
D15/Nagel: 

several confusions 
along protan axis 

Photopic / 30 Hz flicker 
strongly reduced and 

delayed  
Scotopic: normal 

Yes No No XLCD 

Multigene (n = 2) 
LW(prox.): 
‘LVAVA’ 

MW(distal): 
‘MVAVA’ 

BCM160- 
23130 6 years 0.3 

0.5 

-3.75(-
5.50x8°) 

-5.0(-
5.0x166°) 

Papilla with mild conus 
myopicus, thin retina, no 

true fovea reflex 

Impaired, 
red/green defect 

Photopic / 30 Hz flicker 
reduced and delayed  

Scotopic: essentially normal 

Subjecti
ve mild 

light 
sensitive 

No 
Progress

ive 
myopia 

BCM 

Multigene (n = 2) 
LW(prox.): 

‘LIAVA’ 
MW(distal): 

‘MVVVAc.465G’ 

BCM51- 
12359 12 years 0.2 

0.2 

-14.5(-
2.00x50°)  

-14.5(-
1.50x130°) 

Myopic discs with 
peripapillary crescent, 

stretched and attenuated 
retinal vessels, thinned 

RPE in the posterior pole 
and macula, and fine RPE 

mottling with granularity 
and early lacunar or coin-
shaped lesions in the mid-

periphery, OU. 

Protan defect 
consistent with 

incomplete 
achromatopsia 

Photopic: DA cone 
responses to red stimulus, 
photopic single flash and 
30Hz flicker responses 
strongly subnormal and 

delayed. Spectral LA cone 
ERG supports normal 
distribution of cones  

Scotopic: mildly subnormal 
b-waves amplitudes 

ND 

Small 
amplitud

e 
nystagm

us 

ND XLCD 

Multigene (n = 3) 
LW(prox.): 

‘LIAVA’ 
MW(distal): 

‘MVVVAc.465G’ 

ZD314- 
18057 10 years 0.2 

0.2 

-
6.5(+1.25x

100°) 
-

6.0(+2.25x
75°) 

Pale disk, no foveal reflex, 
no pigmentary 
abnormalities 

Impaired color 
vision,  no specific 

axis 

Photopic / 30Hz flicker 
strongly reduced and 

delayed  
Scotopic: normal 

Yes No No XLCD 

Multigene (n = 2) 
LW(prox.) 

‘LIAVA’ 
MW(distal): 

‘MVVVAc.465C’ 

BCM98- 
19713 23 years 0.3 

0.4 

-2.75(-
3,5x5°) 
-0.25(-

2.75x180°) 

Normal 

D-15/saturated: 
normal;  

D-15/desaturated: 
color confusion 

w/o specific color 
confusion axis 

Photopic / 30Hz flicker 
response reduced 
Scotopic: normal 

No No No XLCD 

Multigene (n = 2) 
LW(prox.): 

‘LIAIA’ 
MW(distal): 

‘MVAIA’ 

BCM142- 
21958 41 years 0.25 

0.20 ND 
Temporal optic atrophy, no 
bone spicules or pigment 

deposits 

Impaired;  
F-M: several 

confusions along 
deutan axis 

Photopic / 30Hz Flicker 
strongly reduced and 

delayed  
Scotopic: normal 

Yes ND Yes BCM 

Multigene (n = 3) 
LW(prox.): 
‘LVAISS’  

MW(distal): 
‘MVAIA’/’LVAIA’ 



 

   

Supplementary Table S1 (continued) - Compilation of patients’ demographics, clinical data and diagnosis, and genotypes. 

Subject 
code 

Age at 
(last) 

clinical 
examinatio

n 

VA:  
OD 
OS 

Refraction:  
OD 
OS 

Fundus Color vision ERG Photoph
obia 

Nystagm
us 

Progress
ion 

Clinical 
diagnosis 

Exon 3 
Genotype(s) 

BCM72 family 

BCM72-
16874 

(BCM72-
I:1) 

 

71 years 0.1 
0.1 

+1.75(-
2.5x91°) 
+0.75(–
0.5x95°) 

Macular dystrophy D-15/desat.: 
Deuteranomaly normal No No Yes 

Deutan/ 
Macular 

dystrophy 

Multigene (n = 4) 
LW(prox.): 

‘LIAVS’ 
MW(distal):: 

‘LIAVA’/ 
‘MVVVAc.465C’ 

BCM72-
17075 

(BCM72-
III:1) 

 

12 years 0.1 
0.1 

+0.5(-
1.5x8°) 
+0.5(-

1.5x48°) 
 

Slight pigmentary changes 
in macula 

D-15/desat.: 
Protan defect 

Photopic: no response  
Scotopic: normal No 

Yes 
(during 

first year 
of life) 

Yes BCM 

Multigene (n = 4) 
LW(prox.): 

‘LIAVA’ 
MW(distal): 

‘LIAVA’/ 
‘MVVVAc.465C’ 

BCM72-
16876 

(BCM72-
II:1) 

31 years 
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D-15 – Farnsworth Panel D-15, DA – dark-adapted, F-M – Farnsworth Munsell, LA – light-adapted, ND – no data, OD – oculus dexter (right eye), OS – oculus 
sinister (left eye), OU – oculus uterque (both eyes), prox. – proximal, RPE – retinal pigment epithelium, VA – Visual acuity, prox.: proximal.  

 

Supplementary Table S2- Physical location and genetic map distances of the microsatellite markers used for segregation analysis. 
Microsatellite 

marker 
Marshfield genetic map 

distance (cM) 
Physical distance (bp) according to 

GRCh37/hg19 assembly 
DXS8011 98.2 - 
DXS8103 100.73 - 
DXS1356 - chrX:152,698,178-152,698,407 
DXS8087 102.35 - 
L441TA - chrX:153,747,967-153,748,233 
L441CA - chrX:153,754,802-153,755,044 
AF277A - chrX:153,778,324-153,778,552 
AF277B - chrX:153,828,907-153829042 
DXS1073 102.35 -- 
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Supplementary Figure S3: Full size gel image of Figure 2a. Agarose gel electrophoresis of RT-PCR 
products obtained with RNA from HEK293 cells transfected with minigene constructs bearing various 
exon 3 haplotypes. The tested haplotype is given above the corresponding gel lane. A 100 bp ladder 
size standard was loaded in the leftmost lane. Both lanes ‘MVAIS’ and ‘MVAIS*’refer to minigenes 
carrying the control haplotype. ‘MVAIS*’ has a modified Multiple Cloning Site from the prototype 
construct ‘MVAIS’ (see Supp. Materials and Methods). NTC:  non-template negative control. A scheme 
on the composition of the RT-PCR products is given on the right. 

 

Supplementary Figure S4: Full size gel image of Figure 5a 
Direct comparison of RT-PCR products from the minigene splicing assays shows a substantial amount 
of correctly spliced transcripts (450 bp) for the ‘LIAVS’ exon 3 haplotype, whereas such products are 
undetectable for the ‘LIAVA’ haplotype. No products were obtained in the RT-PCR with RNA from 
untransfected HEK293 cells (lane ‘HEK293’) and the no template control PCR (lane ‘NTC’). 
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Abstract 
Mutations in the PDE6A gene can cause rod photoreceptors degeneration and the blinding disease 
Retinitis Pigmentosa (RP). While a number of pathogenic PDE6A mutations have been described, little 
is known about their impact in compound heterozygous situations and potential interactions of different 
disease-causing alleles.  

Here, we used a novel mouse model for the Pde6a R562W mutation in combination with an existing line 
carrying the V685M mutation to generate compound heterozygous Pde6a V685M/R562W animals, 
exactly homologous to a case of human RP. We compared the progression of photoreceptor 
degeneration in these compound heterozygous mice with the homozygous V685M and R562W 
mutants, and additionally with the D670G line that is known for a relatively mild phenotype. We 
investigated PDE6A expression, cGMP accumulation, calpain and caspase activity, in vivo retinal 
function and morphology, as well as photoreceptor cell death and survival. 

This analysis confirms the severity of different Pde6a mutations and indicates that compound 
heterozygous mutants behave like intermediates of the respective homozygous situations. Specifically, 
the severity of the four different Pde6a situations may be categorized by the pace of photoreceptor 
degeneration: V685M (fastest) > V685M/R562W > R562W > D670G (slowest). While calpain activity 
was strongly increased in all four mutants, caspase activity was not. This points to the execution of non-
apoptotic cell death and may lead to the identification of new targets for therapeutic interventions. For 



Appendix 

154 

individual RP patients, our study may help to predict time-courses for Pde6a-related retinal 
degeneration and thereby facilitate the definition of a window-of-opportunity for clinical interventions. 

Key Words 
Cyclic GMP; necrosis; electroretinography; retina; phototransduction 

Introduction 

Retinitis Pigmentosa (RP) is a hereditary neurodegenerative disease of the retina which affects 
photoreceptors and is a major cause of early-onset blindness in the industrialized world (1). The genetic 
mutations triggering RP usually lead to a disturbance of the phototransduction cascade, often 
associated with an elevation of cyclic guanosine mono-phosphate (cGMP) (2). In the dark, high 
guanylate cyclase activity increases cGMP levels (3). Phototransduction starts with a light-induced, 
conformational change of opsin molecules, causing sequential activation of transducin and phospho-
diesterase-6 (PDE6), the latter of which subsequently reduces the intracellular cGMP concentration. 
High cGMP levels maintain cyclic-nucleotide-gated (CNG) cation channels in the open state, allowing 
Ca2+ influx (4). PDE6 activation reduces cGMP levels, thus closing CNG channels and causing 
hyperpolarization and signal transmission to 2nd order neurons. 

Genetic mutations affecting PDE6 function lead to an excessive accumulation of cGMP and subsequent 
rod photoreceptor death (5,6), followed by a mutation independent, secondary death of cone 
photoreceptors (7). In rod photoreceptors, PDE6 is composed of two catalytic subunits – alpha (A) and 
beta (B) – and in the inactive state associates with two inhibitory gamma subunits. When all mutations 
affecting any of the three PDE6 alpha, beta, or gamma subunits are considered together, these are 
responsible for up to 4-8% of human RP patients (8-10). Previously, PDE6 dysfunction was investigated 
primarily in animal models affected by mutations in the Pde6b gene, such as the rd1 (11) or the rd10 
mouse (12). A variety of Pde6a mutations are also known to cause RP (13) but, so far these have been 
relatively little studied.  

RP animal models are normally studied in the homozygous state (e.g. as Pde6brd1/rd1) even though, in 
human RP patients, in outbred populations, homozygosity is relatively rare and, in fact, compound 
heterozygosity, where two different disease-causing alleles come together in one individual, is more 
frequent (e.g. PDE6AV685M/R562W). To account for this, we have used various Pde6a mutant mice and 
studied the progression of retinal degeneration both in the homozygous and compound heterozygous 
situations. To facilitate a comparison with the human situation, we focussed on Pde6a mouse mutants 
for which homologous RP patients have previously been identified. This relates to point mutations 
resulting in an amino acid exchange in various positions of the PDE6A protein, i.e. R562W, D670G, and 
V685M. For the sake of clarity, in the following these animal models will be referred to by the position of 
their respective mutations.  

The previously reported Pde6a D670G and V685M mouse mutants have been generated by N-ethyl-N-
nitrosourea (ENU) mutagenesis and were identified through a screen for altered fundus pigmentation 
(13). In this study, we generated and studied an additional Pde6a R562W knock-in mutant. The 
generation of this mutant followed the identification of a human RP patient compound heterozygous for 
the c.1684C>T/p.Arg562Trp and c.2053G>A/p.Val685Met mutations in PDE6A. Therefore the 
generation of the R562W knock-in mutant gave the opportunity to study the exact homologous 
genotype of the patient through crossbreeding of the R562W knock-in with the V685M mutant. We then 
used both homozygous and compound heterozygous Pde6a mutant animals to assess the relative 
impact of different genetic insults on the progression and the severity of retinal degeneration. The data 
generated here may serve as a reference for further pre-clinical studies in RP animal models and – 
extrapolated to the human situation – may guide future clinical trials for RP therapy development. 
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Material and Methods 
Animals 
All Pde6a mutants used were generated and maintained on the C57BL6/J strain background, were housed under standard white 
cyclic lighting, had free access to food and water, and were used irrespective of gender. The V685M and D670G animals were 
obtained from the Jackson Labs (Bar Harbor, MA, USA). The R562W knock-in mutant was generated by GenOway (Lyon, 
France) using standard procedures of homologous recombination in murine embryonic stem (ES) cells. Briefly, left arm and right 
arm homology fragments of 4,066 bp (covering exon 10 to exon 12 and parts of the flanking introns of Pde6a) and of 3,830 bp 
(covering exon 13 and parts of the flanking introns of Pde6a), respectively, were PCR amplified from a C57BL/6-derived BAC 
clone carrying Pde6a sequences. To generate the knock-in mutation the ‘CGG’ arginine codon was replaced by a ‘TGG’ 
tryptophan codon at the respective position in exon 13 in the right arm homology fragment by in vitro mutagenesis. The cloned 
fragments were verified by Sanger sequencing and then assembled for the final targeting construct that comprised a neomycin 
positive selection cassette flanked by loxP sites and inserted in intron 12 between the left and right arm homology fragments, and 
a diphtheria toxin expression cassette for negative selection. The targeting construct was electroporated into C57BL/6-derived ES 
cells according to GenOway's electroporation procedures (i.e. 108 ES cells in presence of 100 µg of linearized plasmid, 260 Volt, 
500 µF). Positive selection was started 48 hours after electroporation, by addition of 200 µg/ml of G418 (150 µg/ml of active 
component, Life Technologies, Inc.). Resistant clones were isolated and amplified in 96-well plates. Duplicates of 96-well plates 
were made. The set of plates containing ES cell clones amplified on gelatine were genotyped by both PCR and Southern blot 
analysis and the presence of the mutation was verified by sequencing. One fully characterized ES clone was used for injection 
into blastocysts of C57BL/6J-Tyrc-2J/J mice and obtained two highly chimeric male mice were obtained. These mice were mated 
with C57BL/6 cre deleter female mice to excise the neomycin selection cassette. The F1 progeny was tested for proper excision 
of the neomycin cassette by means of PCR and Southern blotting. Since the used C57BL/6-derived ES cells carry the rd8 allele 
(14), we mated the F1 with C57BL/6J animals and then crossbred F2 animals to obtain homozygous R562W mice devoid of rd8. 
For all animals used in this study day of birth was considered as postnatal day (P) 0. All procedures carried out on animals were 
reviewed and approved by the competent authority (Regierungspräsidium Tuebingen). All efforts were made to minimize the 
number of animals used and their suffering.  

Functional analysis of the p.R562W mutant gene 
We used an established system for the functional expression of PDE6 protein based on a PDE6C/PDE5 fusion construct and the 
use of the baculovirus/Sf9 insect cell system for recombinant protein expression (15,16). The mutated construct bearing a 
tryptophane codon instead of an arginine codon at the site homologous to p.R562 of Pde6a was generated by in vitro 
mutagenesis (Quik Change in vitro Mutagenesis Kit from Agilent, Waldbronn, Germany). Generation of recombinant bacmids, 
transfection of Sf9 insect cells and viral amplifications were carried out according to the manufacturers´ recommendations (Life 
Technologies/Invitrogen, Darmstadt, Germany). Lysis of cells and purification of recombinant protein was carried out as 
previously described (15) and PDE activity was measured using [3H]-cGMP (GE Healthcare) as substrate (17). Briefly, 5µg 
purified wild type and mutant protein, respectively, were incubated in a total volume of 40µl of 20mM Tris-HCl pH8.0, 50mM NaCl, 
15mM MgSO4, 2mM beta-mercaptoethanol, 0.1µM shrimp alkaline phosphatase and 5µM [3H]cGMP (100.000cpm) for 10 min at 
room temperature. The reaction was stopped by the addition of 0.5ml AG1-X2 anion exchange resin (Bio-Rad) in a 20% bed 
volume suspension. Samples were incubated with the resin for 10 min with occasional vortexing and then centrifuged at 9000xg 
for 2 min. 250 µl aliquots of the clear supernatant were removed and measured in a scintillation counter (Beckman LS 6000 Liquid 
Scintillation Counter, Beckman Coulter GmbH, Krefeld, Germany).  

RT-PCR and allelic quantification 
Homozygous and heterozygous Pde6a:R562W-knockin mice were sacrificed at the age of P14 and P80, respectively. In addition, 
we used P13 and adult C57BL6 wild-type mice as control. Retinas were dissected from enucleated eyes and used to prepare 
total RNA. The tissue was lysed mechanically in a Precellys homogenizer (Peqlab Biotechnologie GmbH, Erlangen, Germany) 
and total RNA isolated through affinity chromatography on silica membrane (peqGold Total RNA Kit; Peqlab Biotechnologie 
GmbH). Single-stranded cDNA was synthesized from 1-2 µg of total RNA by reverse transcription applying random hexamers for 
priming (Transcriptor First Strand cDNA Synthesis Kit, Roche, Mannheim, Germany). For qualitative RT-PCR we amplified 1/10 
volume of the first-strand cDNA with primers MmPde6a_cDNA_ex12Fnw (5-ACGCGGAGTCATACGAAATC-3) and 
MmPde6a_cDNA_ex15Rnw (5-ATGATGCCTTTCCAAGATGG-3) or Pde6a_cDNA_Ex11 (5’-AGAGGTGTACGGCAAAGAGC-3’) 
and Pde6a_cDNA_Ex14 (5’-GTTGTTCGTGCCTCTGTGGT-3’) applying standard PCR conditions RT-PCR products were cloned 
into pCR2.1 using the TA Cloning Kit (Invitrogen/Life Technologies) and plasmid DNA purified from single bacterial clones was 
sequenced applying cycle sequencing and BigDye Terminator V1.1 chemistry (Applied Biosystems/Life Technologies). 
Sequencing products were separated on an ABI 3130XL capillary sequencer (Applied Biosystems/Life Technologies). Raw 
sequences were processed using Sequencing Analysis Software V5.2 (Applied Biosystems/Life technologies) and assembled into 
contigs using SeqMan (Lasergene, Madison, WI, USA). Relative quantification between the R562W knock-in allele and the wild-
type allele was done by pyrosequencing. For relative quantification of allelic Pde6a transcripts we amplified 1/10 volume of first 
strand retinal cDNA of heterozygous mutant mice with primers Pde6a_Mm_Ex12-13_F (5’-TTCCACATCCCGCAAGAG-3’) and a 
5’-biotinylated reverse primer Pde6a_Mm_Ex12-13_R (5-Bio-CCAGCAAGGAGAACATGGTC-3’) applying standard PCR 
conditions. For comparison we amplified an exon 13 internal fragment of the Pde6A gene from genomic DNA of heterozygous 
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R562W knock-in mice (extracted from ear punches) with primers Pde6a_Mm_Ex13-DNA_F (5’-GTTCACAGGCCCTGGTGC-3’) 
and 5’ biotinylated Pde6a_Mm_Ex12-13_R (see above). PCR products were purified by immobilization on streptavidin coated 
sepharose beads (GE Healthcare, Munich, Germany) and vacuum filtration (Vacuum Manifold, Qiagen, Hilden, Germany). Single-
stranded PCR products were sequenced with primer Pde6a_Mm_Ex12-13_S (5’-GAATCACTTACCACAACTG -3’) on a Pyromark 
Q96 instrument according to the manufacturer’s recommendations (Qiagen).   

Minigene splicing assays 
Minigene constructs were generated by cloning both allelic products of a PCR with primers   EcoRI-PDE6A-MMf (5’-
aaGAATTCTGTATCAGTACGACCCAAGAC-3’; EcoRI recognition site underlined) and BamHI-PDE6A-MMr (5’-
aaGGATCCGAGTTGTATACTTCTCTATTCTTGGAA-3’; BamHI recognition site underlined) with genomic DNA of a heterozygous 
R562W-knockin mutant into the EcoRI and BamHI sites of the pSPL3 vector. The amplified fragment from the wild-type allele 
encompasses exon 13 of Pde6a and 424 bp of upstream intron 12 sequence and 308 bp of downstream intron 13 sequence. The 
fragment from the knock-in allele covers an additional 96 bp insert (comprising a single loxP site and flanking multiple cloning site 
sequences derived from the targeting vector) inserted 247 bp upstream of exon 13. Further constructs were obtained by 
introducing the c.1684C>T/p.R562W mutation into the wild-type allele construct and by reverting the mutation in the knock-in 
allele construct through in vitro mutagenesis according to the manufacturer’s protocol (Quik Change Mutagenesis Kit; Agilent). 
The inserts of the minigene constructs were verified by Sanger sequencing as outlined above. Purified plasmid DNA of the 
constructs were used to transfect HEK293 and 661W as follows: Cells were seeded in 6-well plates in DMEM (Gibco/Life 
Technologies) with 10% FBS (Biochrom GmbH, Berlin, Germany) and the following day, at 80-90% confluency, cells were 
transfected with 4-10 µg plasmid DNA of the minigene construct using 20 µl Lipofectamine 2000 per well and OptiMEM® 
supplemented with GlutaMAXTM (Gibo/Life Technologies) as diluents and medium. After 6 hours incubation, cells were harvested 
by trypsinization with 0.05% Trypsine-EDTA (Gibco/Life Technologies), centrifuged at 1500 rpm for 5 min and transferred to a 6 
cm dish with DMEM supplemented with 10% FCS and antibiotics (10 ml/l of Penicillin-Streptomycin solution [P4333; Sigma-
Aldrich Chemie GmbH, Munich, Germany] and 10 ml/L Amphotericin B [250µg/ml in water; Biochrom AG]). 24 hours post-
transfection, cells were lysed and total RNA was extracted applying the peqGOLD Total RNA Kit (Peqlab Biotechnologie GmbH). 
Single stranded cDNA was synthesized as outlined above and cDNA was amplified with primers SA2 (5’-
ATCTCAGTGGTATTTGTGAGC-3’) and SD6 (5’-TCTGAGTCACCTGGACAACC-3’) applying standard PCR conditions. RT-PCR 
products obtained from transfected HEK293 cells were cloned into pCR2.1 using the TA Cloning Kit (Invitrogen/Life 
Technologies) and plasmid DNA isolated from single bacterial clones sequenced as outlined above.  

Histology, immunohistochemistry, and immunofluorescence 
Animals were sacrificed in the morning (10-11 am), their eyes enucleated and fixed in 4 % paraformaldehyde (PFA) in 0.1 M 
phosphate buffer (pH 7.4) for 45 min at 4°C. PFA fixation was followed by cryoprotection in graded sucrose solutions (10, 20, 30 
%). Unfixed eyecups were directly embedded in cryomatrix (Tissue-Tek, Leica, Bensheim, Germany). Sagittal 12 µm sections 
were obtained and stored at -20°C. For immunofluorescence, sections were incubated overnight at 4°C with primary rabbit 
antibody against PDE6A (Novus Biologicals, Cambridge, UK; # NBP1-87312), rabbit antibody against caspase-3 (Cell Signaling, 
Danvers, MA; #9664), or sheep antibody against cGMP (1:400; kindly provided by Harry Steinbusch, Maastricht, The 
Netherlands), then washed in PBS and incubated for 1h with Alexa Fluor 488-conjugated, matching secondary antibodies 
(Molecular Probes, Inc. Eugene, USA). Negative controls were carried out by omitting the primary antibody. Sections were 
mounted with Vectashield (Vectorlabs, Burlingame, CA, USA) for microscopy. 

Calpain activity and TUNEL Assay 
Calpain activity was investigated using an enzymatic in situ assay (18). Unfixed cryosections were incubated for 15 min in calpain 
reaction buffer (CRB; 25 mM HEPES, 65 mM KCl, 2 mM MgCl2, 1,5 mM CaCl2, 2 mM DTT) and then incubated at 35°C for 1h in 
the dark in CRB with 2 mM fluorescent calpain substrate 7-amino-4-chloromethylcoumarin, t-BOC-Leucyl-Lmethionine amide (Life 
technologies, Darmstadt, Germany; #A6520). Fluorescence was uncaged by calpain-dependent cleavage of t-Boc-Leu-Met-
CMAC. Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay was performed using an in situ cell death 
detection kit (Fluorescein or TMR; Roche Diagnostics GmbH, Mannheim, Germany). For controls terminal deoxynucleotidyl 
transferase enzyme was either omitted from the labelling solution (negative control), or sections were pre-treated for 30 min with 
DNAse I (Roche, 3U/ml) in 50mM Tris-HCl, pH 7.5, 1 mg/ml BSA to induce DNA strand breaks (positive control). While negative 
control gave no staining, positive control stained all nuclei in all layers of the retina (19). 

Microscopy, cell counting, and statistical analysis 
Light and fluorescence microscopy were usually performed at room temperature on an Axio Imager Z.1 ApoTome Microscope, 
equipped with a Zeiss Axiocam MRm digital camera. Images were captured using Zeiss Axiovision 4.8 software; representative 
pictures were taken from central areas of the retina using a 20x/0,8 Zeiss Plan-APOCHROMAT objective. Adobe Photoshop CS3 
(Adobe Systems Incorporated, San Jose, CA) was used for primary image processing.For the quantifications of positively labelled 
cells (TUNEL, cGMP) pictures were captured on three entire sagittal sections for at least three different animals for each 
genotype and age using Mosaic mode of Axiovision 4.8 at 20x magnification. The average area occupied by a photoreceptor cell 
(i.e. cell size) for each genotype and age was determined by counting DAPI-stained nuclei in 9 different areas (50 x 50 µm) of the 
retina. The total number of photoreceptor cells was estimated by dividing the outer nuclear layer (ONL) area by this average cell 
size. The number of positively labelled cells in the ONL was counted manually. We considered cells as positively labelled only if 
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they showed a strong staining of either the photoreceptor nuclei (e.g. for TUNEL) or perinuclear areas (e.g. for cGMP, caspase-
3). Values obtained are given as fraction of total cell number in ONL (i.e. as percentage) and expressed as mean ± standard error 
of the mean (SEM). For the quantification of PDE6A protein expression, fluorescent pictures were loaded into ImageJ (Vers. 1.44; 
Wayne Rasband, National Institute of Mental Health, Bethesda, MA) and the line plot option was used to obtain maximum 
intensity values for the outer nuclear layer (ONL) and outer segment (OS) areas. The (unstained) ONL values were taken for 
background subtraction, the average pixel intensity in wt OS was arbitrarily set to 1; the mutant values were expressed as a 
function of that For statistical comparisons the unpaired Student t-test as implemented in Prism 5 for Windows (GraphPad 
Software, La Jolla, CA) was employed. 

Non-invasive in vivo imaging and functional testing 
A baseline characterization with electroretinography (ERG), spectral domain optical coherence tomography (SD-OCT) and 
scanning-laser ophthalmoscopy (SLO) was performed at 4 weeks of age. The groups were composed of 4 animals of each 
genotype. 

Electroretinography (ERG) 
ERGs were recorded binocularly from different Pde6a mutants as described previously (20). Mice were dark-adapted overnight 
and anaesthetized using a combination of Ketamine (66.7 mg/kg body weight) and Xylazine (11.7 mg/kg body weight). Their 
pupils were dilated and single flash ERG responses were obtained under scotopic (dark-adapted) and photopic (light-adapted 
with a background illumination of 30 cd/m2, starting 10 min before recording) conditions. Single white-flash stimuli ranged from -4 
to 1.5 log cd*s/m2 under scotopic and from -1.0 to 1.5 log cd*s/m2 under photopic conditions. Ten responses were averaged with 
inter-stimulus intervals of 5 s (for -4 to -0.5 log cd*s/m2) or 17 s (for 0 to 1.5 log cd*s/m2). 

Spectral-Domain Optical Coherence Tomography (SD-OCT) 
Retinal structures of the still anesthetized animals were visualized via OCT imaging with a SpectralisTM HRA+OCT (Heidelberg 
Engineering GmbH, Heidelberg, Germany). This device features a superluminescent diode at 870 nm as low coherence light 
source. Scans are acquired at a speed of 40.000 scans per second and each two-dimensional B-scan contains up to 1536 A-
scans (21-23). The images were taken with the equipment set of 30° field of view and with the software Heidelberg Eye Explorer 
(HEYEX version 5.3.3.0, Heidelberg, Germany). Resulting images were exported as a 8 bit colour bitmap files and processed with 
CorelDraw X3 (Corel corporation, Ottawa, ON Canada). 

Scanning-Laser Ophthalmoscopy (SLO)   
Eyes were kept moisturized with Methocel (Omnivision, Puchheim, Germany) so that SLO imaging was performed in the same 
session as OCT. It was carried out with a HRA 1 system (Heidelberg Engineering, Heidelberg, Germany) according to previously 
described procedures (24). Briefly, the HRA 1 system feature lasers in the short (visible) wavelength range (488 nm in both and 
514 nm), and also in the long (infrared) wavelength range (795/830 nm and 785/815 nm). The 488 and 795 nm lasers are used 
for fluorescein (FLA) and indocyanine green (ICG) angiography, respectively. GFP excitation was detected in the 
autofluorescence mode at 488 nm with a 500 nm barrier filter. 

Results 
Functional analysis of the p.R562W mutation in PDE6A 
To verify the pathogenicity and to assess the functional consequence of a recently identified new 
missense variant (p.R562W) in the PDE6A gene, we expressed the mutant PDE6 protein in Sf9 insect 
cells by using an established chimeric PDE6C/PDE5 construct (15). Purified recombinant protein was 
analysed for cGMP hydrolysis activity. In comparison with wild-type (wt) protein, the catalytic activity of 
R562W mutant protein was reduced to about 10% (Fig.1). 

Generation of a new mouse model for the R562W mutation  
In order to study the retinal phenotype caused by the R562W mutation, we generated (under contract at 
GenOway) a Pde6a:R562W-knockin mouse mutant applying state-of-the art homologous recombination 
in mouse embryonic stem cells. The knock-in allele bore the actual c.1684C>T/p.R562W mutation in 
exon 13 and, in addition, upstream, in intron 12, remnant sequences of the targeting process including 
a single loxP site flanked by 62 bp of sequence of the multiple cloning site derived from the targeting 
vector. We used heterozygous Pde6a:R562-knockin animals to test for proper expression of the mutant 
allele in the retina. Upon allelic quantification of Pde6a RT-PCR products, we found an excess of wild-
type allele derived transcripts in heterozygous animals (Fig. 2A).  

Further RT-PCR experiments with primers located in exon 12 and 14 revealed two major products in 
homozygous R562W mutants. The larger RT-PCR product was identical in size (403 bp) to the RT-PCR 
obtained from control animals, and the other about 100 bp smaller (Fig. 2B). Sequencing of cloned 
products from homozygous R562W mutant animals revealed that the smaller cDNA fragment lacks 
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exon 13. Additionally, we performed RT-PCR experiments in heterozygous R562W animals. 
Sequencing of cloned RT-PCR products showed absence of exon 13 in the smaller cDNA fragment 
while the larger cDNA fragment represented a mixture of correctly spliced wild-type and knock-in allele 
derived transcripts, respectively (Supplementary Material, Fig.S1). These findings indicated an 
incompletely penetrant splicing defect caused by the knock-in allele. Bioinformatic analysis suggested 
that the C>T transition created an Exonic Splicing Silencer (ESS) site which most likely explained the 
impaired exon 13 splicing (data not shown). Skipping of exon 13 resulted in an in-frame deletion of the 
open reading frame and translated into a PDE6A protein shortened by 36 amino acid residues 
(p.541_576del), which lacks the amino-terminal portion of the catalytic domain including the first metal 
binding motif. 

Since we could not rule out an effect of the resident modifications (loxP site and multiple cloning site 
sequences; loxP/MCS insert) in intron 12 in the knock-in allele on transcript splicing, we generated 
minigene constructs that include the murine exon 13 and 424 bp of upstream intron 12 and 309 bp of 
downstream intron 13 sequences inserted in to the pSPL3 exon trapping vector. Four different variants 
of the minigene constructs were cloned: (1) wt, (2) wild-type exon 13 and the 96 bp loxP/MCS insert in 
intron 12, (3) c.1684C>T/p.R562W mutation in exon 13 with wt intron 12 portion, and (4) the knock-in 
allele (c.1684C>T/p.R562W and loxP/MCS insert in intron 12) (Supplementary Material, Fig. S2). 
Constructs were transfected into HEK293 cells and total RNA was prepared 24 h post transfection. RT-
PCR for the expression construct with primers located in flanking exons of the pSPL3 vector indicate 
that the splicing defect observed in the knock-in mouse mutant was caused by the c.1684C>T/p.R562W 
mutation and not primed or influenced by the modifications in intron 12 (Supplementary Material, Fig. 
S3). Given that a considerable proportion of exon 13 skipped transcripts were also expressed from the 
wt minigene construct in HEK293T cells, we re-performed minigene assays for the 
c.1684C>T/p.R562W mutant construct in the mouse cone photoreceptor-like cell line 661W. RT-PCR 
with RNA from transfected 661W cells showed a strongly reduced proportion of transcripts with exon 13 
skipping from the wild-type minigene construct and roughly equal proportions of correctly spliced and 
exon 13 skipped transcripts from the mutant construct (Supplementary Material, Fig. S4). This 
corresponded to the findings in mutant mouse retina (Fig. 2B). 

Decreased PDE6A expression causes cGMP accumulation and photoreceptor death 
We first assessed the expression of the PDE6A protein in the retina of wt and Pde6a mutants, at post-
natal day (PN) 11, i.e. a time-point just before the onset of photoreceptor degeneration and widespread 
destruction of the outer nuclear layer (ONL). In wt retina PDE6A is present almost exclusively in 
photoreceptor outer segments (OS). In contrast, in V685M, V685M*R562W, and R562W PDE6A is 
essentially undetectable, with a faint, dot-like staining pattern in R562W OS indicative of a very low 
PDE6A protein expression. In D670G retina, PDE6A protein is detectable in OS; however, the amount 
of protein detected is clearly lower than in wt (Fig. 3A-E).  

The decreased detection of PDE6A in mutant retinas correlated with an increased accumulation of 
cGMP (Fig3F-J). Wt retina did not show signs of important cGMP accumulation (wt: 0.003% cGMP 
positive cells ± 0.003 SEM, 6), while in all four Pde6a mutants, the numbers of rod photoreceptors 
showing high levels of cGMP was elevated already at PN11 (V685M: 0.61% ± 0.04; V685M*R562W: 
0.19% ± 0.06; R562W: 0.17% ± 0.08; D670G: 0.007% ± 0.002; n = 3 for all). 

To further assess the progression of retinal degeneration in the various Pde6a mutants, we used the 
TUNEL assay to label dying photoreceptors and, conversely, quantified the number of rows of surviving 
photoreceptors (Fig. 4). In the V685M ONL the percentage of TUNEL positive cells peaks already at 
PN12, something that is also evidenced by the early and rapid loss of photoreceptor rows (Fig. 4B, G, 
L). In the compound heterozygous V685M/R562W and in the R562W cell death peaked at PN15 
although the peak amplitude was slightly lower in the R562W mutant (Fig. 4C, D, H, I, M, N).. When 
compared to the V685M situation, this corresponded to a delay in the onset and progression of 
degeneration of approximately two days in V685M/R562W retina and four days in R562W retina. The 
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D670G mutant showed a relatively small peak of cell death at PN21 and also the slowest overall 
progression of degeneration among the four Pde6a mutant genotypes (Fig, 4E, J, O).  

Retinal degeneration has frequently been associated with the execution of classical apoptosis and the 
activity of caspase-type proteases (25,26). However, more recent studies point to the activity of non-
apoptotic and caspase-independent mechanisms of cell death in hereditary retinal degeneration (27) 
which may instead rely on the activity of Ca2+ activated calpain type proteases (2,28). To address this 
question for the Pde6a mutants used here, we performed an immunostaining for activated caspase-3, a 
key effector in classical apoptosis. Since the chances for a positive detection of caspase-3 activity are 
highest when cell death is high, we focused on the peaks of degeneration as assessed by the TUNEL 
assay. In the early post-natal wt, a low level of caspase-3 activity was present, likely relating to 
developmental cell death in rodent retina (29). Remarkably, none of the Pde6a mutants showed any 
significant increase of caspase-3 activity when compared to wt (Fig. 5A-E; quantification in K). An in situ 
assay for Ca2+ activated calpain-type proteases (28) revealed very low levels of activation in wt retina. 
In Pde6a mutants however, the numbers of photoreceptors cells showing calpain activation was 
dramatically increased (Fig. 5F-J). When we then assessed the progression of calpain activity over 
time, we found a strong temporal correlation between calpain activity and cell death (Fig. 5L).   

Characterization of Pde6a mutants in vivo 
The four PDE6a mutant lines were morphologically and functionally characterized in vivo by means of 
SLO and OCT imaging and ERG recording at the age of 4 weeks. In SLO imaging, overall  fundus 
appearance was visualized with the green laser at 514 nm (Fig. 6 A, F, K, P); the retinal vasculature  
was studied with angiography applying indocyanine green (Fig. 6 B, G, L, Q) and fluorescein (Fig. 6 C, 
H, M, R)  and the appropriate laser wavelengths (795 nm and 488 nm, respectively). Retinal layering 
was studied by means of OCT imaging (Fig. 6 D-E, I-J, N-O, S-T). D670G mice revealed a heavily 
spotted fundus appearance in the native fundus imaging (Fig. 6 A) as well as in the fluorescein 
angiography mode (Fig. 6 C) whereas in the OCT analysis, a very thin ONL was visualized depicting 
the presence of only few photoreceptor rows (Fig. 6 D-E). A spotty fundus was also found in the R562W 
mice (Fig. 6 F) together with a further decrease in the retinal thickness where no outer retina was 
detected (Fig. 6 I-J). Compound heterozygous V685M/R562W mice showed a heavily affected retinal 
fundus with large areas of degeneration (Fig. 6 K, M). In these mutants the retinal thickness was 
strongly decreased, which resulted in enhanced visibility of choroidal structures in each SLO imaging 
mode (Fig. 6 K-M). Accordingly, the OCT analysis revealed a highly degenerated retina (Fig. 6 N-O). 
V685M was the mouse line with the strongest degeneration, retinal and choroidal structures were 
difficult to distinguish due to the severe decrease in the retinal thickness (Fig. 6 S-T). Altogether, a 
different degree of retinal degeneration was detected and a gradient based on the severity (from less to 
more affection) of the disease was established: D670G> R562W>V685M/R562W>V685M.  

The in vivo morphological findings correlated well with the functional data obtained with ERG. Full-field 
ERG measurements under both scotopic and photopic conditions allow the assessment of retinal 
function (Fig. 7A, B). Depending on the extent of morphological alterations, different ranges of ERG 
recordings could be observed. Retinal function was mostly preserved in the D670G variants (blue box 
and whisker plot (B&W)), greatly reduced in the R562W mice (green B&W) and completely missing in 
the V685M mutant (red B&W). The V685M/R562W variant, as an intermediate mutant line, is positioned 
between the R562W and V685M variants. Scotopic and photopic ERG traces at the highest stimulus 
intensity (Fig. 7C) were similar to those of a Rho-/- animal used as a functional control for cone-only 
responses (20,30). A comparison of the size of ERG amplitudes of different Pde6a mutants with age-
matched C57/BL6 wt mice revealed that amplitudes of Pde6a mutants were considerably smaller and 
represent 1/3 to 1/4 of wt animals (20). Taken together, these in vivo morphological and functional 
observations were closely matching the results obtained in ex vivo quantification of photoreceptor cell 
death and survival (Fig. 4). 

Discussion 
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In this report, we investigated the pathologic consequences of three different Pde6a point mutations for 
retinal photoreceptor degeneration. We analysed the effects of these mutations on PDE6 activity, 
photoreceptor cGMP accumulation, and progression and mechanisms of retinal degeneration. 
Previously, a variety of RP animal models have been generated and studied that carried human gene 
mutations homozygously (31-33). Here, we created an in vivo model carrying two different point 
mutations (Pde6a R562W/V685M), exactly homologous to a human RP patient genotype, representing one 
of the first ever attempts to create a compound heterozygous, patient-matched basis for the 
development and assessment of individualized RP therapies. 

Loss of PDE6 function, cGMP signalling, and cell death 
PDE6 is the main photoreceptor cGMP hydrolysing enzyme and displays the highest activity levels 
among all PDE´s (34). Although excessive accumulation of cGMP has been found in various animal 
models for RP, it is particularly prominent in animals that carry mutations in PDE6 (2). However, it is still 
unclear to what extent different PDE6 mutations cause cGMP accumulation and how this correlates 
with progression speed and severity of retinal degeneration. In all Pde6a mutants studied here the 
genetic defects led to a reduced PDE6 function as evidenced by an accumulation of cGMP. Compared 
to mutations where PDE6 function is abolished entirely, such as in the rd1 mouse (35), the 
accumulation of cGMP in the Pde6a point-mutants examined here is less prominent. 

High levels of cGMP are thought to cause an over-activation of CNG channels leading to excessive 
amounts of Ca2+-influx (28,36). This is compatible with the observed increase in the numbers of 
photoreceptor cells showing a high degree of Ca2+-activated calpain-type protease activity. Calpain 
activity is often associated with non-apoptotic forms of cell death (37) and in all Pde6a mutants it is 
strongly correlated in time with the progression of photoreceptor cell death. The relatively low amount of 
calpain activity positive photoreceptors, when compared to the rd1 mouse (38), likely reflects the lower 
extent of cGMP accumulation and thus lower Ca2+-influx. This may be particularly evident in the V685M 
mutant where the numbers of dying, TUNEL positive cells exceeds the numbers of calpain activity 
positive cells by approximately 2:1. In the more slowly degenerating mutants the relative extent of 
calpain activity is more important, to reach a ratio of approximately 1:1 in the D670G mutant. In either 
case these results are suggestive of a causal involvement of calpain activity in the degenerative 
process. 

Remarkably, in all four mutant genotypes the numbers of photoreceptors displaying high caspase-3 
activity was very low, at wt levels, and not correlated to the progression of the mutation-induced 
degeneration. Since caspase-3 is key to the execution of numerous terminal proteolytic events in 
classical apoptotic cell death (27), this result indicates that apoptosis does not play any major role in 
Pde6a mutation induced retinal degeneration. This is in agreement with a recent study on the 
prevalence of non-apoptotic cell death in ten different rodent retinal degeneration models (2). Similar 
observations were also made in monkey retinal cell cultures subjected to hypoxia/reoxygenation where 
calpain proteolytic activity was in fact found to inactivate caspase-type proteases (39). Overall, our 
results may provide important insights for potential therapy developments, suggesting the targeting of 
non-apoptotic processes, such as excessive cGMP-signalling or calpain activity as a feasible treatment 
approach. 

Variable speed of progression, functional and degeneration phenotypes 
The four different Pde6a mutants used here were found to have a variable pace of degeneration, 
corresponding to the effect of the genetic mutations on cGMP accumulation and – as a deduced from 
this – PDE6 function.  

Remarkably, there is a clear discrepancy between the extent of cGMP accumulation observed in Pde6b 
mutant rd1 photoreceptors and Pde6a V685M photoreceptors. Even though the speed of photoreceptor 
loss is comparable in both RP models, and both PDE6 protein isoforms have been suggested to be 
enzymatically equivalent (40), in rd1 retina 6-15% of photoreceptors show dramatic cGMP accumulation 
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(6) compared to only 0.6% in V685M retina. The extent of rd1 cGMP accumulation might be explained 
by a complete loss of PDE6 expression caused by the rd1 mutation. In the V685M mutant a minor 
amount of residual PDE6 activity could prevent such a dramatic accumulation of cGMP; however, even 
a more moderate elevation of cGMP (undetectable by immunohistochemistry) would still result in rapid 
photoreceptor degeneration.  

The phenotype of the novel R562W mutant is intermediate between that of the V685M and the D670G 
mutant. Unexpectedly, we found that the pathogenic effect of this underlying c.1684C>T substitution is 
twofold, at two distinct levels: pre-mRNA splicing and protein enzymatic activity. The C>T transition 
(+64 of exon 13) is predicted to create an Exonic Splicing Silencer (ESS) site (-TGGTGG-) which 
results in an in-frame skipping of exon 13. The splicing defect induced by the mutation is only partially 
penetrant and therefore correctly spliced transcripts derived from the mutant allele, which accounts for 
about 50-60% of transcripts (Fig.2B), will be translated into a full-length protein carrying the R562W 
substitution. This R562W mutant protein exhibits a reduction of its catalytic activity to about 10% 
compared to the WT protein. The shortened p.541_576del protein derived from Pde6a transcripts 
lacking exon 13, lacks a strongly conserved segment of the protein’s catalytic domain, including one of 
the two metal ion binding motifs which are important for functional activity (41). Therefore, we reason 
that the shortened protein may essentially be non-functional or with very strongly reduced activity. 
Moreover, protein stability of such shortened proteins is often reduced as also documented for mouse 
models for retinal dystrophies (42). The findings with the R562W mutant complements prior reports of 
splicing defects in retinal PDE6 genes caused by single nucleotide exonic mutations such as the 
c.1814G>A/p.N605S in Pde6b in the atrd3 mouse model (43) or the c.2368G>A/p.E790K in the human 
PDE6C in a family with achromatopsia (44). It also emphasizes the need for a thorough transcript 
analysis of the mutant gene for a proper assessment of its consequences.  

Typical for RP, the loss of the primarily affected rod photoreceptors was followed by a secondary loss of 
cone photoreceptors via a well-known but still etiologically unresolved mechanism (45). Differences in 
rod loss among the mutants thus corresponded well to the functional data in Ganzfeld ERG at PN30, 
although these essentially represent cone function. In particular, ERG amplitudes in the D670G mutants 
were at level with Rho-/- animals (30), while no more responses were left in V685M mutants. The results 
in the other lines were in between these extreme values. This correlation allows to provide an estimate 
of the minimal number of rod photoreceptors that still need to be physically present (i.e. surviving) in 
order to maintain residual cone photoreceptor function at a recordable level. In our setting, at least one 
intact row of rod photoreceptors was required in order to still preserve cone ERG at P30. 

R562W/V685M: A new patient-matched, compound heterozygous animal model for RP  
Current research on the mechanisms underlying recessive RP usually employs homozygous animal 
models, such as the Pde6brd1/rd1 mouse (11,46). In RP patients in outbred populations homozygosity is, 
however, less common than compound heterozygous mutations with two different disease-causing 
alleles (47,48). This creates incongruence between the currently used animal models for RP and the 
actual patient situation, in particular because the pathological consequences of compound 
heterozygous versus homozygous mutations are to date only poorly understood.  

According to H.J. Muller the action of recessive mutations may be explained be either constituting an 
amorph (classical null mutation) or a hypomorphic mutation, the latter associated with lower amounts of 
the gene product or reduced function or activity (49). If the amounts of the gene product or its activity is 
strictly additive and proportional to the phenotypic outcome, then  one would expect for compound 
heterozygous mutations an intermediate disease phenotype, which lies between the two respective 
homozygous disease phenotypes. However this must not be necessarily true, for instance in traits that 
develop in a threshold dependent manner. Moreover one needs to consider situation of intra-allelic 
complementation in which different mutations in the same gene may “neutralize” each other, a 
phenomenon most likely to occur in proteins that act as oligomers (50). Thus, comparative studies 
between homozygotes and compound heterozygotes bear important insights into the mode of action of 
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individual mutations, potential interactions between different mutant proteins, and the correlation of the 
disease phenotype with the amount and functional activity of the mutant gene product.  

Our results with the V685M/R562W retinal degeneration suggest that for the Pde6a gene a classic 
additive model for the interaction of the two mutations is valid, resulting in a proportional relationship 
between the amount of or the functional activity of the mutant gene product and the phenotypic 
outcome is valid. If generalized, this model enables to predict the outcome of an unknown genotype in 
terms of severity and disease progression if the phenotype of two adjoined genotypes in Pde6a is 
known. Our findings also demonstrate that a genotype-phenotype correlation with high predictability 
exists for Pde6a-associated retinal degeneration at least in murine mutants raised on the same genetic 
background. Therefore, the lack of consistent genotype-phenotype correlation sometimes observed in 
human RP patients is most likely due to secondary genetic factors and/or differences in lifestyle (51,52).  

Nevertheless, our study provides a rational basis for predictions on human RP phenotypes and disease 
progression in compound heterozygous situations, provided the pathological consequences of at least 
one of the disease-causing alleles are known. This knowledge could be very valuable for patient 
counselling and also – if suitable therapeutic approaches become available in the future – for the 
determination of the best possible time-frame for therapeutic interventions.  

The large genetic diversity in RP causing mutations - even if affecting the same gene - may cause very 
different degeneration phenotypes. Our detailed characterization of different homozygous and 
compound heterozygous mouse models for RP will provide a basis for further investigations, in 
particular on the development of future individualized therapies. The wide availability of a large variety 
of animal models will likely facilitate the generation of ‘personalized’ compound heterozygous animal 
models that match the human disease condition very closely. Such models could greatly speed up the 
development of a more personalized medicine in the field of retinal degenerations. For the individual RP 
patient, the prediction of time-courses for Pde6a-related retinal degeneration is currently of particular 
value. Upon availability of causative or symptomatic treatment options, the definition of a window-of-
opportunity for clinical interventions will gain further importance. 
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Figure 3: Loss of PDE6A expression causes cGMP accumulation. In the PN11 wild-type (wt) retina (A), immunostaining for 
PDE6A shows strong protein expression in photoreceptor outer segments. In contrast, at the same age, in V685M retina (B), the 
PDE6A protein is undetectable. Similarly, in the compound heterozygous V685M*R562W retina (C), the protein is essentially 
absent. In R562W retina (D) small immunoreactive dots at the level of the outer segments (OS) may indicate a minimal protein 
expression. In the D670G mutant (E), however, there is a clear PDE6A protein expression; albeit at reduced levels when 
compared to wt. At PN11, wt retina is essentially negative for cGMP immunoreactivity (F). All Pde6a mutants, however, display 
individual rod photoreceptor cells that have accumulated large amounts of cGMP (G-J). The quantification of cGMP positive cells 
in the outer nuclear layer (ONL) and the PDE6A pixel intensity in the OS (arbitrary units; AU) shows an inverse correlation (K). 
Images are representative for immunostaining performed on retinal sections from at least three independent animals for each 
genotype. 
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Figure 4: Photoreceptor cell death and survival. The TUNEL assay in the PN11 wild-type (wt) retina (A), occasionally labels 
cells dying due to developmental processes. In contrast, in all Pde6a mutants (B-E), photoreceptor cell death is dramatically 
increased. The images show the situation at the peak of cell death for the respective models. The line graph at the bottom left (F) 
illustrates the progression of photoreceptor cell death as evidenced by the TUNEL assay in the different Pde6a mutants. The 
peak times as well as the peak amplitudes correspond to the speed of retinal degeneration, which is illustrated by the loss of 
photoreceptors (G). Images are representative for TUNEL assays performed on retinal sections from at least three independent 
animals, quantifications in F, G include data from 3-7 animals per genotype and time-point. 
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Figure 5: Photoreceptor degeneration in Pde6a mutants correlates with calpain not caspase activity. Immunofluorescence 
for activated caspase-3 – a key marker for classical apoptosis – reveals no major differences between wild-type and mutant 
retinae (A-E). This is also illustrated by the quantification of caspase-3 positive cells, which shows only extremely low numbers of 
cells at the respective peaks of degeneration, with no significant (n.s.) differences to wild-type (WT) (K). In contrast, an in situ 
calpain activity assay reveals strong differences between wild-type (F) and all four Pde6a mutant genotypes (G-J). The 
progression of calpain activity was analysed over time (K) and showed a strong correlation to the extent of cell death and the 
progression of retinal degeneration (cf. Figure 4). Images shown are representative for at least three different stainings obtained 
at the respective mutant’s peak of degeneration. Note that the differences in the progression of Pde6a mutant degenerations are 
also illustrated here by the differences in retinal ONL sizes. Data shown in K and L was obtained from observations made on 4-6 
independent specimens for each genotype and time-point. 
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PDE6A_Human          MGEVTAEEVEKFLDSNIGFAKQYYNLHYRAKLISDLLG-AKEAAVDFSNYHSPSSMEESE 59 
Pde6A_Mouse          MGEVTAEEVEKFLDSNIGFAKQYYNFHYRGKVISDLLG-AKEAAVDFSNYHDVNSVEESE 59 
PDE6A_Dog            MGEVTAEQVEKFLDSNIIFAKQYYNLRYRAKVISDMLG-AKEAAVDFSNYHSLSSVEESE 59 
PDE6A_Opossum        MGEVTAAEVEKFLDANISFAKHYYNDQFRAKVISELLG-AKETAVDFSHFHSLTSVEESE 59 
PDE6A_Zebrafish      MAAVDKDVAEKFLDSNPMFAKQYYDSRFRAKVVSDLLSTTKQTAVDISSHHELSSMEECE 60 
PDE6B_Human          -MSLSEEQARSFLDQNPDFARQYFGKKLSPENVAAACE--DGCPPDCDSLRDLCQVEEST 57 
PDE6B_Maus           -MSLSEEQVRSFLDGNPTFAHQYFGKKLSPENVAGACE--DGWLADCGSLRELCQVEESA 57 
PDE6C_Human          MGEINQVAVEKYLEENPQFAKEYFDRKLRVEVLGEIFKNSQVPVQSSMSFSELTQVEESA 60 
                        :    ...:*: *  **:.*:. :   : :.      .    .     .  .:**.  
 
PDE6A_Human          IIFDLLRDFQEN-LQTEKCIFNVMKKLCFLLQADRMSLFMYRTRNGIAELATRLFNVHKD 118 
Pde6A_Mouse          IIFDLLRDVQEN-LQAEKCTFNVMKKLCFLLRADRMSLFMYRTRNGIAELATRLFNVHKD 118 
PDE6A_Dog            IIFDLLRDFQEN-LQAERCIFNVMKKLCFLLQADRMSLFMYRVRNGIAELATRLFNVHKD 118 
PDE6A_Opossum        IIFDLLRDFQEN-LQPEKSMFNVMKKLCFLLQADRMSLFMYRARNGIAELATRFFNVHKD 118 
PDE6A_Zebrafish      IIFDMVRDMQEN-LHMERAVFNLMRHLSFMIRADRMSLFMYRQRNGIAELATRIFNVHKD 119 
PDE6B_Human          ALLELVQDMQES-INMERVVFKVLRRLCTLLQADRCSLFMYRQRNGVAELATRLFSVQPD 116 
PDE6B_Maus           ALFELVQDMQES-VNMERVVFKILRRLCTILHADRCSLFMYRQRNGIAELATRLFSVQPD 116 
PDE6C_Human          LCLELLWTVQEEGGTPEQGVHRALQRLAHLLQADRCSMFLCRSRNGIPEVASRLLDVTPT 120 
                       ::::  .**.    *:  .. :::*. :::*** *:*: * ***:.*:*:*::.*    
 
PDE6A_Human          AVLEDCLVMPDQEIVFPLDMGIVGHVAHSKKIANVPNTEEDEHFCDFVDILTEYKTKNIL 178 
Pde6A_Mouse          AVLEDCLVMPDSEIVFPLDMGVVGHVAHSKKIANVPNTEEDEHFCDFVDNLTEYQTKNIL 178 
PDE6A_Dog            AVLEECLVAPDSEIVFPLDMGVVGHVAHSKKIANVVNTEEDEHFCDFVDTLTEYQTKNIL 178 
PDE6A_Opossum        AVLEDCLVMPDSEIVFPLDMGVVGHVAHAKKTVNVPNTEEDEHFCDFVDDLTEYKTKNIL 178 
PDE6A_Zebrafish      ATLEECLVPPDSEIVYPLDTGIVGHVATAKKTVNVPDVTKDSHFSDFVDNLTEYETKNVL 179 
PDE6B_Human          SVLEDCLVPPDSEIVFPLDIGVVGHVAQTKKMVNVEDVAECPHFSSFADELTDYKTKNML 176 
PDE6B_Maus           SLLEDCLVPPDSEIVFPLDIGIVGHVAQTKKMINVQDVAECPHFSSFADELTDYVTKNIL 176 
PDE6C_Human          SKFEDNLVGPDKEVVFPLDIGIVGWAAHTKKTHNVPDVKKNSHFSDFMDKQTGYVTKNLL 180 
                     : :*: ** **.*:*:*** *:** .* :**  ** :. :  **..* *  * * ***:* 
 
PDE6A_Human          ASPIMNGKDVVAIIMAVNKVDGSHFTKRDEEILLKYLNFANLIMKVYHLSYLHNCETRRG 238 
Pde6A_Mouse          ASPIMNGKDVVAIIMAVNKIDEPHFTKRDEEILLKYLNFVNLIMKVFHLSYLHNCETRRG 238 
PDE6A_Dog            ASPIMNGKDVVAVIMAVNKVDEPHFTKRDEEILLKYLNFANLIMKVYHLSYLHNCETRRG 238 
PDE6A_Opossum        ATPIMTGKDVIAVIMAVNKVDGSCFTKRDEEILMKYLNFANLFMKVFHLSYLHNCETRRG 238 
PDE6A_Zebrafish      ATPIMNGKDMVAVMMAVNKIGAPHFTAQDEETLKKYLNFANLVLRVFHLSYLHNCETRRG 239 
PDE6B_Human          ATPIMNGKDVVAVIMAVNKLNGPFFTSEDEDVFLKYLNFATLYLKIYHLSYLHNCETRRG 236 
PDE6B_Maus           STPIMNGKDVVAVIMAVNKLDGPCFTSEDEDVFTKYLNFATLNLKIYHLSYLHNCETRRG 236 
PDE6C_Human          ATPIVVGKEVLAVIMAVNKVNASEFSKQDEEVFSKYLNFVSIILRLHHTSYMYNIESRRS 240 
                     ::**: **:::*::*****:. . *: .**: : *****..: :::.* **::* *:**. 
 
PDE6A_Human          QILLWSGSKVFEELTDIERQFHKALYTVRAFLNCDRYSVGLLDMTKQKEFFDVWPVLMGE 298 
Pde6A_Mouse          QILLWSGSKVFEELTDIERQFHKALYTVRAFLNCDRYSVGLLDMTKQKEFFDVWPVLMGE 298 
PDE6A_Dog            QILLWSGSKVFEELTDIERQFHKALYTVRAFLNCDRYSVGLLDMTKQKEFFDVWPVLMGE 298 
PDE6A_Opossum        QILLWSGSKVFEELTDIERQFHKALYTVRAFLNCDRYSVGLLDMTKQKEFFDVWPVLMGE 298 
PDE6A_Zebrafish      QVLLWSASKVFEELTDIERQFHKALYTVRAFLNCDRYSVGLLDMTKTKEFFDLWPVLMGE 299 
PDE6B_Human          QVLLWSANKVFEELTDIERQFHKAFYTVRAYLNCERYSVGLLDMTKEKEFFDVWSVLMGE 296 
PDE6B_Maus           QVLLWSANKVFEELTDIERQFHKAFYTVRAYLNCERYSVGLLDMTKEKEFFDVWPVLMGE 296 
PDE6C_Human          QILMWSANKVFEELTDVERQFHKALYTVRSYLNCERYSIGLLDMTKEKEFYDEWPIKLGE 300 
                     *:*:**..********:*******:****::***:***:******* ***:* *.: :** 
 
PDE6A_Human          VPPYSGPRTPDGREINFYKVIDYILHGKEDIKVIPNPPPDHWALVSGLPAYVAQNGLICN 358 
Pde6A_Mouse          APAYSGPRTPDGREINFYKVIDYILHGKEDIKVIPNPPADHWALVSGLPTYVAQNGLICN 358 
PDE6A_Dog            APPYSGPRTPDGREINFYKVIDYILHGKEDIKVIPNPPPDHWALVSGLPTYVAQNGLICN 358 
PDE6A_Opossum        APPYSGPRTPDGREINFYKVIDYILHGKEDIKVIPNPAPDHWALVSGLPTYVAQNGLICN 358 
PDE6A_Zebrafish      VPPYSGPKTPDGREVIFYKVIDYILHGKEDIKVIPNPPADHWALVSGLPTYVAENGLICN 359 
PDE6B_Human          SQPYSGPRTPDGREIVFYKVIDYVLHGKEEIKVIPTPSADHWALASGLPSYVAESGFICN 356 
PDE6B_Maus           AQPYSGPRTPDGREIVFYKVIDYILHGKEDIKVIPTPPADHWALASGLPTYVAESGFICN 356 
PDE6C_Human          VEPYKGPKTPDGREVNFYKIIDYILHGKEEIKVIPTPPADHWTLISGLPTYVAENGFICN 360 
                       .*.**:******: ***:***:*****:*****.*..***:* ****:***:.*:*** 
 
PDE6A_Human          IMNAPAEDFFAFQKEPLDESGWMIKNVLSMPIVNKKEEIVGVATFYNRKDGKPFDEMDET 418 
Pde6A_Mouse          IMNAPAEDFFEFQKEPLDESGWMIKNVLSMPIVNKKEEIVGVATFYNRKDGKPFDDMDET 418 
PDE6A_Dog            IMNAPAEDFFAFQKEPLDESGWMIKNVLSMPIVNKKEEIVGVATFYNRKDGKPFDEMDET 418 
PDE6A_Opossum        IMNASAEDFFNFQQEPLDESGWMIKNVLSMPIVNKKEEIVGVATFYNRKDGKPFDEMDET 418 
PDE6A_Zebrafish      IMNAAQDEFFEFQKEPLDESGWMIKNVLSLPIVNKKEEIVGVATFYNRKDGKPFDEMDET 419 
PDE6B_Human          IMNASADEMFKFQEGALDDSGWLIKNVLSMPIVNKKEEIVGVATFYNRKDGKPFDEQDEV 416 
PDE6B_Maus           IMNASADEMFNFQEGPLDDSGWVIKNVLSMPIVNKKEEIVGVATFYNRKDGKPFDDQDEV 416 
PDE6C_Human          MMNAPADEYFTFQKGPVDETGWVIKNVLSLPIVNKKEDIVGVATFYNRKDGKPFDEHDEY 420 
                     :***. :: * **: .:*::**:******:*******:*****************: **  
                                   End GAF 2             
PDE6A_Human          LMESLTQFLGWSVLNPDTYESMNKLENRKDIFQDIVKYHVKCDNEEIQKILKTREVYGKE 478 
Pde6A_Mouse          LMESLTQFLGWSVLNPDTYESMNKLENRKDIFQDIVKYHVKCDNEEIQKILKTREVYGKE 478 
PDE6A_Dog            LMESLAQFLGWSVLNPDTYESMNRLENRKDIFQDMVKYHVKCDNEEIQKILKTREVYGKE 478 
PDE6A_Opossum        LMESLTQFLGWSVLNPDTYESMNKLENRKDVFQDMVKYHVKCDNEEIQEILKTREVYGKE 478 
PDE6A_Zebrafish      LMESLTQFLGWSVLNTDTYDKMNKLENRKDIFQDMVMYHVKCRKDEIQNILNTREMYDKE 479 
PDE6B_Human          LMESLTQFLGWSVMNTDTYDKMNKLENRKDIAQDMVLYHVKCDRDEIQLILPTRARLGKE 476 
PDE6B_Maus           LMESLTQFLGWSVLNTDTYDKMNKLENRKDIAQDMVLYHVRCDKDEIQEILPTRDRLGKE 476 
PDE6C_Human          ITETLTQFLGWSLLNTDTYDKMNKLENRKDIAQEMLMNQTKATPEEIKSILKFQEKLNVD 480 
                     : *:*:******::*.***:.**:******: *:::  :.:.  :**: **  :   . : 

End GAF 1 

Start GAF 1 

Start GAF 2 
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                                               Catalytic Domain 
PDE6A_Human          PWE-CEEEELAEILQAELPDADKYEINKFHFSDLPLTELELVKCGIQMYYELKVVDKFHI 537 
Pde6A_Mouse          PWE-CEEEELAEILQGELPDAESYEINKFHFSDLPLTELELVKCGIQMYYELRVVDKFHI 537 
PDE6A_Dog            PWE-CEEEELAEILQGELPDAEKYEINKFHFSDLPLTELELVKCGIQMYYELKVVDKFHI 537 
PDE6A_Opossum        PWD-CEEEELLEILQEELPDAEEYEINKFHFSDLPLTELQLVKCGIQMYYELKVVDKFHI 537 
PDE6A_Zebrafish      PDE-CEEDELEDILNEVLPDSEESEIFEFHFCDFEFSELDLVKCGIKMYYELGVVDKFHI 538 
PDE6B_Human          PAD-CDEDELGEILKEELPGPTTFDIYEFHFSDLECTELDLVKCGIQMYYELGVVRKFQI 535 
PDE6B_Maus           PAD-CEEDELGKILKEELPGPTKFDIYEFHFSDLECTELELVKCGIQMYYELGVVRKFQI 535 
PDE6C_Human          VIDDCEEKQLVAILKEDLPDPRSAELYEFRFSDFPLTEHGLIKCGIRLFFEINVVEKFKV 540 
                       : *:*.:*  **:  **..   :: :*:*.*:  :*  *:****::::*: ** **:: 
                                       R562W  Metal binding motif   
PDE6A_Human          PQEALVRFMYSLSKGYRKITYHNWRHGFNVGQTMFSLLVTGKLKRYFTDLEALAMVTAAF 597 
Pde6A_Mouse          PQEALVRFMYSLSKGYRRITYHNWRHGFNVGQTMFSLLVTGKLKRYFTDLEALAMVTAAF 597 
PDE6A_Dog            PQEALVRFMYSLSKGYRRITYHNWRHGFNVGQTMFSLLVTGKLKRYFTDLEALAMVTAAF 597 
PDE6A_Opossum        PQEVLVRFLYSISKGYRRITYHNWRHGFNVAQTMFTLLMTGKLKRYFTDLEALAMVTAAF 597 
PDE6A_Zebrafish      PRETLVRFVYSVSKGYRKITYHNWRHGFNVGQTMFTLLMTGDLKRYYTDLEAMAMVTAGL 598 
PDE6B_Human          PQEVLVRFLFSISKGYRRITYHNWRHGFNVAQTMFTLLMTGKLKSYYTDLEAFAMVTAGL 595 
PDE6B_Maus           PQEVLVRFLFSVSKAYRRITYHNWRHGFNVAQTMFTLLMTGKLKSYYTDLEAFAMVTAGL 595 
PDE6C_Human          PVEVLTRWMYTVRKGYRAVTYHNWRHGFNVGQTMFTLLMTGRLKKYYTDLEAFAMLAAAF 600 
                     * *.*.*::::: *.** :***********.****:**:** ** *:*****:**::*.: 
                                                                              Metal binding motif   
PDE6A_Human          CHDIDHRGTNNLYQMKSQNPLAKLHGSSILERHHLEFGKTLLRDESLNIFQNLNRRQHEH 657 
Pde6A_Mouse          CHDIDHRGTNNLYQMKSQNPLAKLHGSSILERHHLEFGKTLLRDESLNIFQNLNRRQHEH 657 
PDE6A_Dog            CHDIDHRGTNNLYQMKSQNPLAKLHGSSILERHHLEFGKTLLRDESLNIFQNLNRRQHEH 657 
PDE6A_Opossum        CHDIDHRGTNNLYQMKSQNPLAKLHGSSILERHHLEFGKTLLRDESLNIFQNLNRRQHEH 657 
PDE6A_Zebrafish      CHDIDHRGTNNLYQMKSGNPLAKLHGSSILERHHLEFGKTLLRDEALNIYQNLNRRQHET 658 
PDE6B_Human          CHDIDHRGTNNLYQMKSQNPLAKLHGSSILERHHLEFGKFLLSEETLNIYQNLNRRQHEH 655 
PDE6B_Maus           CHDIDHRGTNNLYQMKSQNPLAKLHGSSILERHHLEFGKFLLAEESLNIYQNLNRRQHEH 655 
PDE6C_Human          CHDIDHRGTNNLYQMKSTSPLARLHGSSILERHHLEYSKTLLQDESLNIFQNLNKRQFET 660 
                     ***************** .***:*************:.* ** :*:***:****:**.*  
                                  D670G         V685M 
PDE6A_Human          AIHMMDIAIIATDLALYFKKRTMFQKIVDQSKTYESEQEWTQYMMLEQTRKEIVMAMMMT 717 
Pde6A_Mouse          AIHMMDIAIIATDLALYFKKRTMFQKIVDQSKTYESTQEWTQYMMLEQTRKEIVMAMMMT 717 
PDE6A_Dog            AIHMMDIAIIATDLALYFKKRTMFQKIVDQSKTYETQQEWTQYMMLEQTRKEIVMAMMMT 717 
PDE6A_Opossum        AIHMMDIAIIATDLALYFKKRAMFQKIVDQSKTYESEQEWTQYMMLEQTRKEIVIAHARL 717 
PDE6A_Zebrafish      VIHLMDIAIIATDLALYFKKRTMFQKIVDQSKTYDSWDSWTKYMMLETTRKEIVMAMMMT 718 
PDE6B_Human          VIHLMDIAIIATDLALYFKKRAMFQKIVDESKNYQDKKSWVEYLSLETTRKEIVMAMMMT 715 
PDE6B_Maus           VIHLMDIAIIATDLALYFKKRTMFQKIVDESKNYEDKKSWVEYLSLETTRKEIVMAMMMT 715 
PDE6C_Human          VIHLFEVAIIATDLALYFKKRTMFQKIVDACEQMQTEEEAIKYVTVDPTKKEIIMAMMMT 720 
                     .**::::**************:******* .:  :  ..  :*: :: *:***::*     
 
PDE6A_Human          ACDLSAITKPWEVQSQVALLVAAEFWEQGDLERTVLQQNPIPMMDRNKADELPKLQVGFI 777 
Pde6A_Mouse          ACDLSAITKPWEVQSKVALLVAAEFWEQGDLERTVLQQNPIPMMDRNKADELPKLQVGFI 777 
PDE6A_Dog            ACDLSAITKPWEVQSKVALLVAAEFWEQGDLERTVLQQNPIPMMDRNKADELPKLQVGFI 777 
PDE6A_Opossum        LFGLKELTQ---RSPLVALLVAAEFWEQGDLERTVLQQNPIPMMDRNKADELPKLQVGFI 774 
PDE6A_Zebrafish      ACDLSAIAKPWEIQSKVALSVAAEFWEQGDLERTVLEQQPIPMMDRNKAEELPKLQCGFI 778 
PDE6B_Human          ACDLSAITKPWEVQSKVALLVAAEFWEQGDLERTVLDQQPIPMMDRNKAAELPKLQVGFI 775 
PDE6B_Maus           ACDLSAITKPWEVQSKVALLVAAEFWEQGDLERTVLDQQPIPMMDRNKAAELPKLQVGFI 775 
PDE6C_Human          ACDLSAITKPWEVQSQVALMVANEFWEQGDLERTVLQQQPIPMMDRNKRDELPKLQVGFI 780 
                       .*. :::    .. *** ** *************:*:*********  ****** *** 
 
PDE6A_Human          DFVCTFVYKEFSRFHEEITPMLDGITNNRKEWKALADEYDAKMKVQEEKKQKQQSAKSAA 837 
Pde6A_Mouse          DFVCTFVYKEFSRFHEEITPMLDGITNNRKEWKALADEYEAKMKALEEEKQKQQAAKQAA 837 
PDE6A_Dog            DFVCTFVYKEFSRFHEEITPMLDGITNNRKEWKALADEYDTKMKALEEEKQKQQTAKQGA 837 
PDE6A_Opossum        DFVCTFVYKEFSRFHEQITPMLDGITNNRKEWKALADEYDAKMKALEEEKQKKAEAQQAA 834 
PDE6A_Zebrafish      DFVCSFVYKEFSRFHVEITPMLERLLNNRKEWNALKEIHEAKVAKLDEAKKAKEEAHANS 838 
PDE6B_Human          DFVCTFVYKEFSRFHEEILPMFDRLQNNRKEWKALADEYEAKVKALEE--KEEEER---V 830 
PDE6B_Maus           DFVCTFVYKEFSRFHEEILPMFDRLQNNRKEWKALADEYEAKVKALEEEKKKEEDR---V 832 
PDE6C_Human          DFVCTFVYKEFSRFHKEITPMLSGLQNNRVEWKSLADEYDAKMKVIEEEAKKQEGGAEKA 840 
                     ****:********** :* **:. : *** **::* : :::*:   :*  : :        
 
PDE6A_Human          AGNQPGGNPSPGG-ATTSKSCCIQ 860 
Pde6A_Mouse          SGNQPGGNPTPGG-APASKSCCIQ 860 
PDE6A_Dog            AGDQPGGNPSPAGGAPASKSCCIQ 861 
PDE6A_Opossum        AGHQ--GKPVTGEGSTQSKSCSIQ 856 
PDE6A_Zebrafish      DHKQ--GNSVQPA--AQSKTCVIS 858 
PDE6B_Human          AAKKVGTEICNGGPAPKSSTCCIL 854 
PDE6B_Maus           AAKKVGTEVCNGGPAPKSSTCCIL 856 
PDE6C_Human          AEDS------GGGDDKKSKTCLML 858 
                       ..             *.:* :  

Supplementary Figure S5: Amino acid sequence alignment of retinal PDE proteins. 
A – Variant Sites in the studied Mutants 
A – Immunogen used to raise the anti-PDE6A antibody 
A – Metal binding motif   
V – Sequence deleted in the p.541_576del mutant (caused by exon 13 skipping) 
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Abstract  
Background: Interpretation of the consequences of DNA variants observed in genetic testing remains 
challenging. The impact of exonic variants that are located distant from the canonical splice sites on 
transcript processing is often neglected, while the putative pathogenic effect of the amino acid 
substitution remains the main focus. Based on previous reports that certain combinations of common 
variants within exon 3 of the human X-linked OPN1LW and OPN1MW cone opsin genes result in 
aberrant splicing and cause disease, we systematically assessed the impact of exon 3 haplotypes on 
splicing applying a parallelized minigene approach. 

Results: We determined the fraction of correctly spliced transcripts for a total of 232 OPN1LW/MW 
exon 3 haplotypes assayed as pools in parallel transfection experiments. More than half of the 
haplotypes resulted in a fraction of correctly spliced transcripts below 50%. Splicing is significantly 
impaired for haplotypes harbouring the c.532G or the c.538G alleles which caused an overall reduction 
of ~38% and ~26% in the exon 3 retention levels, respectively. An additive effect was observed for 
haplotypes harbouring both c.532G and c.538G. Review of 1,175 exon 3 haplotypes compiled from 
controls and patients with X-linked cone dysfunction and related disorders showed that haplotypes 
enriched in the patient group induce high levels of exon skipping in vitro.  
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Conclusions: Our systematic analysis showed that accumulation of exon 3 variants increased the 
fraction of mis-spliced transcripts. The c.532G and c.538G variants had the strongest allelic impact and 
together explain more than 50% of the haplotype-associated splicing disruption effect. Beyond this 
additive effect, our in vitro data underscores extensive and complex interactions among cis-regulatory 
elements involved in splicing of exon 3 of OPN1LW/OPN1MW.   

Keywords: Splicing, minigene, NGS, long-read sequencing, VUS, MAVEs, OPN1LW, OPN1MW 

Introduction 
The advent of massive parallel sequencing or next-generation sequencing (NGS) technologies has 
marked a milestone for diagnostic and research of Mendelian and complex diseases. While high 
throughput sequencing enables to generate data in unprecedented scale and speed, the interpretation 
of biological and clinical significance of NGS-discovered variants is still a major bottleneck. Community-
driven efforts have recognized the worth of standardized criteria for variant interpretation and 
classification (Richards et al., 2015; Karbassi et al., 2016; Nykamp et al., 2017). Yet, only a minimal 
fraction (~2%) of all missense variants reported in the Genome Aggregation Database has a clinical 
interpretation available in ClinVar (Starita et al., 2017). Even more, the so-called variants of uncertain 
significance (VUS) account for >50% of all missense variants with interpretation in ClinVar (Starita et 
al., 2017). VUS and variants without any interpretation represent a major burden for geneticists, 
clinicians and patients.  

Functional evidence using well-established assays is considered a strong criterion to further assess 
VUS regarding potential pathogenicity (Woods et al., 2016) although it should be accompanied by 
further evidence (Sobrido, 2016); including for instance, clinical history, segregation analysis, frequency 
of the variant in the general population and evolutionary conservation. Valid bioassays are yet lacking 
for many disease-associated genes or gene products. If available, these are often laborious and usually 
designed to assess individual variants one-by-one. Typically such bioassays are not standardized but 
done by experts in a particular field of research and at a pace much slower and in lower numbers than 
the identification of novel variants in the very gene. Currently, assessment and prioritization of exonic 
missense variants mainly relies on filtering attending to frequency, conservation, biophysical amino acid 
properties and protein features by means of in silico tools such as SIFT (Kumar et al., 2009) and 
PolyPhen-2 (Adzhubei et al., 2010). On the other hand, it is well-known that exonic variants – 
regardless of being non-synonymous or synonymous (D’Souza et al., 1999; Monani et al., 1999; 
Mueller et al., 2015) – and haplotypes (Caffrey et al., 2008; Park et al., 2016) may interfere with pre-
mRNA splicing, putatively resulting in mispliced transcripts that might turn into altered or absence of a 
given protein and thus cause disease. Bioinformatic algorithms are available to evaluate the putative 
effect of single nucleotide variants on splicing alteration (listed in Table 2; Anna and Monika, 2018). 
However, in silico tools provide only predictive results which in some instances are conflicting due to 
limited sensitivity and specificity.  

Splicing entails recognition of the canonical 3’ and 5’ splice sites and the branch site by the 
spliceosome (Burge et al., 1999). The spliceosome requires additional guidance to find the bona-fide 
splice sites and differentiate these from decoy splice sites to establish the exon-intron definition 
(Cartegni et al., 2002). Providing an additional layer of regulation, cis-regulatory elements of splicing 
that are located in exons can be classified, attending to the regulatory function exerted, into Exonic 
Splicing Enhancers (ESEs) and Exonic Splicing Silencers (ESSs). ESEs and ESSs can modulate 
splicing by promoting or inhibiting the binding of trans-acting RNA-binding proteins with enhancing or 
silencing activity, respectively. This in turn controls the assembly and conformation of the core 
components of the splicing machinery (Cartegni et al., 2002; Staffa and Cochrane, 1995). The current 
understanding of splicing regulation is still very limited. The discrete regulatory splicing landscape 
modeled by ESE or ESS hexamers lacks integration of sequence context-dependent effects and 
interactions between cis-elements and thus, may turn out overly simplified (Haque et al., 2010; Julien et 
al., 2016; Tammaro et al., 2014; Zhu et al., 2001). The most reliable assessment of putative splicing 
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mutations is direct cDNA transcript analysis with RNA derived from native tissue. However, such 
material is frequently unavailable or inaccessible; for instance, if the gene-of-interest is expressed only 
in certain organs or tissues. Alternatively, in vitro minigene splicing assays have been proven reliable 
for functional characterization of variants (Steffensen et al., 2014; Weisschuh et al., 2012). 

The high number of VUS underscores the shortcomings of current variant assessment strategies and 
post hoc one-by-one experimental validation of variants. Multiplexed assays of variant effect (MAVEs) 
provide novel means to test and assess a multitude of variants simultaneously, either known variants or 
the complete landscape of potential single-base variants in a gene or exon. The latter may result in a 
comprehensive 'fitness' landscape which can serve as a reference of functionality once a novel variant 
is identified. Using NGS as qualitative and/or quantitative proxy, MAVEs can accommodate a large 
number of variants to be assayed at different molecular levels: gene expression regulation (Melnikov et 
al., 2012; Patwardhan et al., 2012), protein function such as enzymatic activity and interactions through 
phage display and yeast-based assays, respectively (Starita and Fields, 2015; Starita et al., 2015), and 
impact on splicing by means of minigene reporter assays (Julien et al., 2016; Rosenberg et al., 2015).  

In this study we developed and implemented a parallelized minigene splicing assay to experimentally 
analyze the effect of common variants in exon 3 of the human OPN1LW and OPN1MW genes and 
combinations of such variants on splicing. OPN1LW and OPN1MW are present as a tandem repeat 
gene cluster on the X chromosome and encode for the apoprotein of the long-wavelength sensitive 
(LWS) and middle-wavelength-sensitive (MWS) cone photopigments, respectively (Nathans et al., 
1989). These genes share >98% nucleotide sequence identity including intronic and intergenic regions 
and are subject to frequent unequal homologous recombination and gene conversion events which 
potentially result in novel combinations of variants (haplotypes) of uncertain relevance. Notably, 
Ueyama and colleagues showed that certain rare haplotypes in exon 3 induces exon skipping and 
thereby, cause colour vision defects (Ueyama et al., 2012). We and others have confirmed and 
extended this finding to severe forms of X-linked cone dysfunction (Buena-Atienza et al., 2016; Gardner 
et al., 2014; Greenwald et al., 2017. In our previous study, we individually assessed 12 different rare 
exon 3 haplotypes – defined by eight common single nucleotide polymorphisms (SNPs) – by means of 
an in vitro minigene splicing assay. We observed a rather continuous range of exon 3 skipping levels for 
the studied haplotypes most likely reflecting a complex regulatory network of cis-acting elements to 
maintain exon definition. In contrast to the previous one-by-one minigene testing approach, we present 
in this report a strategy that leverages NGS for parallel functional assessment of splicing efficiencies. 
We sought to develop an assay to enable unbiased a priori functional testing of all possible 256 exon 3 
haplotypes of OPN1LW/OPN1MW deduced from the eight bi-allelic variant sites commonly observed in 
the general population.   

This study focused on three aims: i) to develop a new MAVE assay applied to OPN1LW/OPN1MW 
exon 3 haplotypes which could serve as a model for other gene systems requiring connectivity over 
large sequence distances between cis-elements, ii) to predict the putative pathogenic effect of novel 
exonic variants and/or haplotypes on splicing efficiency in the context of X-linked colour vision 
deficiencies and severe cone dysfunction disorders and, iii) to gain understanding on the splicing 
regulatory landscape of the OPN1LW/OPN1MW genes.  
Results 
Generation of a traceable OPN1LW/OPN1MW minigene reporter library 
We aimed at generating a minigene library to comprise all possible combinations (haplotypes) of the 
eight common single-nucleotide variants in exon 3 of OPN1LW and OPN1MW: c.453A>G, c.457A>C, 
c.465C>G, c.511G>A, c.513G>T, c. 521C>T, c.532A>G, and c.538T>G; Winderickx et al., 1993). The 
haplotype c.(453A; 457A; 465C; 511G; 513G; 521C; 532A; 538T), which does not induce detectable 
levels of aberrantly spliced transcripts in a uniplex minigene splicing assay in HEK293 cells (Buena-
Atienza et al., 2016) and the haplotype c.(453G; 457C; 465G; 511A; 513T; 521T; 532G; 538G), which 
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induces fully aberrant splicing served as control 1 (“Reference”) and control 2, respectively. Note that in 
many prior studies exon 3 haplotypes have been denoted according to the corresponding combination 
of encoded amino acid residues. According to this scheme, controls 1 and 2 correspond to ‘MVAIS’ and 
‘LIAVA’, respectively (see Supplementary Material; Supplementary. Fig. S1). For the generation of the 
minigene library, we performed targeted mutagenesis of OPN1LW exon 3 using the control 1 minigene 
as template and added an 8-bp barcode tag (Fig. 1A) to generate a large series of minigene plasmids 
carrying different haplotypes tagged by unique barcodes (Input Library; Fig.1B). We adopted a two-step 
site-directed mutagenesis strategy with overlapping degenerate Ultramers and their assembly by 
overlap extension PCR to account for the size of exon 3 (169 bp) and the 85 bp distance between the 
most proximal and most distal variant site (Supp. Figure S2). The resulting exon 3 mutagenesis PCR 
product included homology arms that allowed retro-fitting into the linearized Barcode Library by In-
Fusion Cloning (Supp. Fig. S2). This ensured that the targeted exon 3 haplotypes were tagged with 
unique 8-bp barcodes. A total of 90 single clones were Sanger sequenced to validate and quantify the 
presence, completeness and diversity of barcodes and exon 3 haplotypes during the library 
construction. To favour tagging of haplotypes by unique barcodes we generated a highly complex 
Barcode Library in far excess to the number of clones in the final Input library; see Materials and 
Methods.  

The parallelized minigene splicing assay was carried out by en masse transfection (Fig. 1C) of 
HEK293T cells with the Input Library followed by the qualitative and quantitative analysis of minigene-
derived transcripts in the Output Library. The most commonly observed splicing defect induced by 
(disease-associated) exon 3 haplotypes is skipping of the entire exon 3, and thus the loss of the 
sequences which induce this defect in the transcripts. Therefore, the barcode which is maintained in the 
transcripts serves as key or tag to trace back the original exon 3 haplotype. Readout (and data 
analysis) of the parallelized minigene assay thus is based on i) qualitative NGS sequencing of the 
mutagenized barcoded-minigene plasmid pool (Input Library; Fig. 1D), and ii) qualitative and 
quantitative NGS sequencing of the pool of minigene-derived transcripts isolated from the transfected 
HEK293T cells (Output Library; Fig. 1E). Long-read PCR-free sequencing of the Input Library (Fig. 1D) 
was used to phase exon 3 haplotype with its unique cognate barcode tag for each single plasmid 
molecule, accounting for the large distance between exon 3 and the barcode site in our 'native-like' 
minigene construct (which harbours the complete sequence of the exon 3-flanking introns and framed 
by cDNA fragments of exons 1-2 and exons 4-6 of OPN1LW; Ueyama et al. 2011). Output Library 
sequencing was performed by long-read and short-read paired-end sequencing of RT-PCR amplicons 
(Fig. 1E). In this context long reads were essential to capture correct phasing of haplotype-barcode and 
to generate a de novo reference assembly serving as a scaffold to enable mapping of the more 
abundant short reads using available Bioinformatics tools (Fig. 1F). Two main measures were obtained 
from the Output Library datasets: the first querying whether a particular read bears exon 3 sequences 
(exon 2-to-3 junction = exon retention) or exon 3 is skipped (by for instance the observation of exon 2-
to-4 junction), and, secondly, to determine the relative ratio of the two differentially spliced transcripts 
(retained/skipped) expressed as percentage of reads with retained exon 3 (Supp. Fig. S3). While long 
reads faithfully recapitulate the completeness of the sequence encompassing the relevant exon-exon 
boundaries from differentially spliced transcripts (isoform structure) including the unique identifier, short-
read sequencing achieved a considerable higher read count required for reliable relative quantification 
levels, as previously described (Fig. 2; Park et al., 2018). 

Performance and reproducibility of the parallelized minigene splicing assay 
We observed 248 haplotypes uniquely tagged in the Input Library. Targeted haplotypes represented 
89.7% of circular consensus sequencing (CCS; see also Materials and Methods) read counts among 
uniquely tagged haplotypes (Supp. Fig. S4A). The latter represented 27.8% of the Input Library; 
corresponding to 8,003 out of a total 28,968 CCS reads obtained from sequencing of the Input Library. 
Unique barcodes tagging targeted haplotypes represented 77% of the total (n = 1952) unique barcodes 
sequenced (Supp. Fig. S4B). On average, each unique targeted haplotype was tagged by six different 
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unique barcodes and observed in 29 CCS reads on average. The control 1 haplotype with no variants 
identified, which was used as template for the in vitro mutagenesis was observed in 0.6% (n = 44) of 
total CCS reads (Supp. Fig. S4C) and tagged by <2% (n = 31) of the total unique barcodes (Supp. Fig. 
S4D).  

Long-read sequencing of the Output Library yielded a total of 10,384 CCS reads containing unique 
barcodes. Targeted haplotypes in the Output Library were tagged by an average of ~5.5 different 
unique barcodes and ~27% of the CCS reads were retained upon filtering by quality barcode 
uniqueness. These figures are comparable to those of the Input Library sequencing indicating the 
absence of major constraints or bias during propagation (between Input and Output library). This also 
reflects that the diversity and uniqueness of barcodes and haplotypes is inherent to the constructed 
library (Input Library).  

The exon 3 retention fraction determined for each unique-barcoded haplotype in the Output Library 
(Supp. Table S3) with short-read sequencing (mapping assisted by long-reads) highly correlated across 
replicates (Fig. 2A; three replicates shown) with correlation coefficients ranging between 0.89 and 0.97 
for all pairwise comparisons of the four replicates (p-value < 2.2e-16; Supp. Fig. S5A). When compared 
with results from individual splicing assays for 20 different haplotypes harboured in barcoded constructs 
which were available from the quality control of the Input Library construction (see Materials and 
Methods), the outcome from the parallelized minigene splicing assay was largely concordant (Fig. 2B). 
A high positive correlation was found between long-read sequence data and individually quantified 
assays for the corresponding haplotype (r = 0.87, n = 20, p-value = 8.02e-07; Supp. Fig. S5B; Supp. 
Table S4 and Supp. Table S5). A high correlation was maintained between the parallelized and 
individually assayed datasets when both long- and short-read data were combined for hybrid mapping (r 
= 0.83, n = 20, p-value = 5.3e-06; Supp. Fig. S5B; Supp. Table S4 and Supp. Table S5). As expected, 
the mean exon 3 retention fraction calculated by the combined analysis versus the average distance 
scores alone correlated positively for the 20 haplotypes (r = 0.95, n = 20, p-value = 3.06e-10; Supp. Fig. 
S5B; Supp. Table S4 and Supp. Table S5) and for all haplotypes tested in the parallelized assay (r = 
0.86, n = 232, p-value < 2.2e-16; Supp. Fig. S5 and Supp. Table S5).  

Based on the results of 20 haplotypes assayed individually and quantified by fluorescence-labelled PCR 
fragment analysis, three categories of predominant exon skipping (“S”), intermediate levels (“I”) and 
minor (“M”) exon skipping were defined (Fig. 2B; Supp. Table S4) in agreement with our previous study 
(Buena-Atienza et al., 2016). When compared with the data from the parallelized experiment a 
sensitivity of 83.3% and a specificity of 57% were calculated for the parallelized splicing assay taking 
into account true positive, false positive, true negative and false negative values (Supp. Table S4). The 
false negative value stems from one haplotype sequenced by a low number of reads (Supp. Table S4) 
and the false positive values come from haplotypes with an exacerbated number of reads in 
comparison to other identifiers which could reflect biases towards smaller amplicons (=RT-PCR with 
skipping of exon 3) being preferably sequenced on the Illumina flow cell and thus, lower ratios for the 
mean % of exon retention.  

Impact of individual exonic variants and influence of the haplotype context on 
OPN1LW/OPN1MW exon 3 retention  
We compared the percentage of correctly spliced OPN1LW/OPN1MW exon 3 transcripts of all 
haplotypes carrying each of the eight variants with those harbouring the reference allele at a given 
position (regardless of the additional variants entailed in the haplotype). The four variant sites that 
significantly reduced the fraction of correctly spliced transcripts across all haplotypes were c.457C, 
c.511A, c.532G and c.538G (Fig. 3A). Notably, the c.532G variant induces the overall highest (~38%; 
Supp. Table S6) reduction of correctly spliced transcripts in comparison to haplotypes harbouring the 
c.532A reference (Wilcoxon test, p = <2e-16; Fig. 3A), followed by the overall ~27% reduction exerted 
by the variant c.538G (Wilcoxon test, p = 6.7e-10; Fig. 3A; Supp. Table S6). We further asked whether 
these two variants with the strongest individual effect may interact with each other and evaluated the 
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effect strength of the four possible variant combinations at these two sites. Haplotypes were sorted in 
four groups according to the variant combinations at c.532 and c.538; i.e. GG, GT, AG, and AT (Fig. 
3B). In fact, we found that haplotypes harbouring c.532G and c.538G simultaneously resulted on 
average in the lowest level of correctly spliced transcripts whereas haplotypes harbouring c.532A and 
c.538T resulted in the highest level of correctly spliced transcripts. Heterotypic variant combinations at 
these sites (i.e. 'GT' or 'AG') performed intermediate. The differences between the two homotypic 
variant combinations and between homotypic and heterotypic variant combinations were highly 
significant (Wilcoxon test, p = 1.0e-11; Fig. 3B).  

Since the c.511G>A variant showed the third highest difference for exon 3 retention levels (Fig. 3A), we 
performed pairwise comparisons between the sub-groups of haplotype comprising all different variant 
combinations at c.511, c.532 and c.538 variants applying the Wilcoxon test and p-values adjusted with 
Bonferroni correction (Fig. 4). Twenty-one of the 28 pairwise comparisons reached significance levels of 
p-value <0.01 (Fig. 4). Average levels of 'exon 3 retention' of sub-groups of haplotypes increased rather 
linearly ranging from the “AGG” (c.511A, c.532G and c.538G) subgroup with <5% of correctly exon 3-
spliced transcripts up to ~80% for the “GAT” (c.511G, c.532A, c.538T) subgroup of haplotypes (Fig. 4). 
Notably, these two extremes comprise opposite variants at all three positions. Moreover, the order of 
effect strengths on exon 3 retention, c.532A>G, c.538T>G and c.511G>A (from strongest to least) is 
maintained in the clustered analysis of triple variants (Fig. 4). Haplotypes carrying the c.511A in phase 
with c.532G and c.538G result in an overall significant reduction of exon 3 retention compared to those 
with c.511G (AGG vs GGG). 

Next, we pursued to analyze for each individual site the effect driven by the accumulation of additional 
variants. We divided the haplotypes based on the alternate alleles at a given site (e.g. c.453A or 
c.453G) and counted the number of additional variants with respect to the Reference haplotype (Fig. 
5A-H). For all sites, we found that an increased number of variants correlated with a decrease in exon 3 
retention. For c.532 as well as c.538 the presence of the variant allele significantly outweighed the 
cumulative effect of other additional variants (in conjunction with the reference allele) for most 
categories of numerically accumulated variants (Fig. 5G-H). A significant increase in exon skipping is 
observed for all haplotypes entailing two, three, four and five variants including the c.532G variant (Fig. 
5G). Similarly, haplotypes with the c.538G variant within a total of three, four and five accumulated 
variants showed a significant increase in mispliced transcripts (Fig. 5H). An opposite counteracting 
effect was observed for the variant allele at c.521, (and to a lesser extent) at c.513 and c.465, but only 
at one (e.g. c.465 in the category with two variants; Fig. 5C) or two numerical categories (e.g. c.513 in 
the categories with four and five variants; Fig. 5E, or c.521 with three and four variants; Fig. 5F). 
Overall, the four variants located towards the 3’ end of OPN1LW/MW exon 3 (Fig. 5E-H) have a greater 
effect on splicing regulation than those towards the 5’ end (Fig. 5A-D). 

Combinatorial analysis and interactions between double and triple variants 
The results presented in Fig. 3-5 suggest effects beyond that of single variants, indicating possible 
interactions between variants in the modulation of splicing. To further explore potential interactions 
between these variants, we tested whether the level of exon skipping is best explained by an additive 
model. A total of 28 combinatorial haplotypes with two variants sites different from the “Reference 
haplotype” are expected from our combinatorial design and were present in the Input Library (see Fig. 
S4C-D). First, we determined the ratios between the experimentally observed level of exon skipping for 
all 26 assessed haplotypes with two variant sites available (“double variants”) and the sum of values 
from the corresponding individual variants (expected values under a purely additive model). We 
calculated epistasis scores as the residuals of observations from expected values over the four 
replicates and performed a paired t-test; 95% confidence interval (Supp. Table S7). The observed exon 
skipping levels of only six of the 26 “double variants” could be explained by an additive model (Fig. 6; 
bottom arcs), while the others show positive and negative epistasis to variable extent (Fig. 6; upper 
arcs). Notably, in four out of the six “double variants” fitting an additive model, c.457A>C was one of the 
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two variants. Half of the “double variants” revealed a strong epistatic interaction which accounted for a 
>20% increase or decrease in exon skipping levels compared with the expected values from the 
corresponding single mutants. The analysis also showed only a low positive epistasis for c.532A>G and 
c.538T>G (p-value = 0.04072): the two variants with the strongest individual impact on exon 3 splicing. 
The variant c.453A>G is involved in positive and negative epistatic interactions. The latter deviate 
stronger from the expected values under the additive model, and are observed with downstream 
variants c.511G>A, c.532A>G and c.538T>G (p-values: 0.001, 0.001 and 0.001, respectively). 
Similarly, positive and negative epistatic interactions were noted for the variant c.521C>T; positive 
epistasis with c.453A>G, c.511G>A, c.513G>T and c.532A>G (p-values: 0.007, 0.003, 0.011 and 
0.003, respectively) and negative epistasis with c.538T>G (p-value = 0.024) (Fig. 6, Supp. Table S7). 
We further explored additive or epistatic interactions for the 49 experimentally assessed haplotypes with 
triple variants. Exon 3 retention values for 14 of these do not significantly differ from the sum of the 
values for the corresponding individual variants (Supp. Table S8). The remaining 35 haplotypes with 
triple variants showed evidence for positive epistasis (Supp. Table S8). 

Finally, all tested haplotypes can be visualized by applying hierarchical clustering  (Fig. 7A). A pattern is 
observed in the heatmap where c.532G and c.538G cluster in a ‘red’ block phased with other variants 
(Fig.7A). Haplotypes lacking the latter two alleles (‘dark blue’ for c.532G and c.538G) are found in 
clusters that do not induce high levels of exon skipping (blue or yellow; Fig. 7A). In a second alignment-
based approach according to the sequence identity among haplotypes, tree-based clustering was 
performed and three major clusters with high exon skipping rates (red) were identified (Fig. 7B).  

Reference tables for haplotype classification based on splicing efficiency 
We searched for the extremes of the distribution for either exon skipping or exon retention. A selection 
of 30 haplotypes from the whole dataset (Supp. Table S3) showing the highest and lowest rates of exon 
retention are summarized in Table 1. The c.511A, c.532G and c.538G alleles are enriched in 
haplotypes with highest scores for exon 3 skipping and c.532G is completely absent in haplotypes with 
lowest exon 3 misplicing rates. Haplotypes ranked in the top 15 for exon skipping seemed to be more 
abundant and to be tagged by more barcodes which could indicate biases derived from the Input 
Library construction. However, this deviation likely is derived from two overrepresented haplotypes with 
four exonic variants with respect to the reference haplotype; as shown by the exacerbated number of 
reads or high frequency in the Input Library (Supp. Fig. S4D) and thus high frequency (Table 1), that 
turned out to result in high levels of exon 3 skipping in the Output Library.  

Diversity of exon 3 haplotypes in human subjects: enrichment of deleterious exon 3 haplotypes 
in cone photoreceptor disease  
We determined OPN1LW/MW exon 3 haplotypes from 163 male subjects diagnosed with BCM, cone 
dystrophy, cone-rod dystrophy and one female BCM carrier. After filtering for unambiguous haplotypes 
and removal of haplotypes linked to other point mutations in OPN1LW or OPN1MW we obtained 198 
haplotypes (n = 151 from the proximal gene copy and 47 from distal gene copies) which were further 
sub-classified into a 'disease group' (i.e. potentially pathogenic haplotypes; n = 168) and a 'control 
group' (n = 30). We further compiled OPN1LW/MW exon 3 haplotypes from the available literature 
including population studies as well as studies on patients with BCM, XLCD/BED, and congenital colour 
vision defects (Buena-Atienza et al., 2016; Carroll et al., 2012; Carroll et al., 2010; Crognale et al., 
2004; Deeb et al., 1995; Gardner et al., 2010; Gardner et al., 2014; Greenwald et al., 2017; Hayashi et 
al., 2001; Jordan et al., 2010; Katagiri et al., 2018; Li et al., 2015; McClements et al., 2013; Mizrahi-
Meissonnier et al., 2010; Mountford et al., 2019; Neitz et al., 1999; Orosz et al., 2017; Patterson et al., 
2016; Ueyama et al., 2004). By that we obtained n = 1664 exon 3 haplotypes, 684 of which were 
incomplete, i.e. not all common exon 3 variants were reported. We further excluded three haplotypes 
linked to other point mutations in the OPN1LW/MW genes. The final study sample included 1175 fully 
resolved exon 3 haplotypes including 812 'control group' haplotypes and 243 haplotypes in the 'disease 
group'. In total, 33 different exon 3 haplotypes were observed, 25 of which were rare, i.e. < 1% in the 
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'control group' (Table 2). Seven of these haplotypes were exclusively observed in the 'disease group' 
including four haplotypes observed at least three times (in the 'disease group'). Three further 
haplotypes were strongly enriched, i.e. 8 fold increased frequency, in the 'disease group'. In fact, the 
profile of exon 3 haplotypes was evidently different between the 'disease group' and the 'control group' 
with eight of the haplotypes being significantly different in frequency (p<0.05 adjusted for multiple 
testing, Table 2). The lowest p-values for haplotypes enriched in the 'disease group' were obtained for 
'LIAVA' ('G-C-G-A-T-C-G-G', p=2.47E-20) and 'LVAVA' ('G-C-G-G-G-C-G-G', p= 1.40E-15), two well-
documented pathogenic haplotypes. The difference in haplotype frequencies was still significant when 
we compared proximal (mostly OPN1LW) and distal (mostly OPN1MW gene copies) separately (data 
not shown). For twenty-eight haplotypes observed in human subjects we obtained reliable data with the 
parallelized minigene splicing assay. We plotted the cumulated percentage of observed haplotypes in 
the 'disease group' and the 'control group' with respect to the splicing performance of such haplotypes 
(inverse Kaplan-Meier plot, Fig. 8). The graph indicates an enrichment of haplotypes with low splicing 
performance in the 'disease group'. Enriched haplotypes in the 'disease group' such as 'LIAVA', 
'LVAVA' and 'MIAVA' (Table 2) are also found within the lowest exon inclusion scores in Table 1 (id_85, 
id_70 and id_235, respectively). Likewise, haplotypes enriched in the 'control group' such as 'MVAIS' 
(Control 1) and 'LVAIS' (id_68; Table 1) show high levels of exon retention. 
Discussion 
We have developed a cost-effective method to parallelize minigene splicing assays for hundreds of 
variant combinations through the use of barcoded-minigene constructs which can be simultaneously 
assayed in a single experiment (Fig. 1). This strategy enabled parallel functional characterization of 
OPN1LW/MW exon 3 haplotypes at the transcript level. For this purpose, we generated a targeted 
mutagenized minigene library which was subjected to assay the effect of almost all possible 
combinations of eight common natural variants on splicing efficiency. In this pilot, experimental 
reproducibility of measured exon 3 retention across replicates performed with high correlation (Fig. 2A; 
Supp. Fig.S4A). In comparison with 20 selected haplotypes assayed in individual splicing assays, the 
results from the parallelized assay tended to yield a higher level of exon skipping, in particular for 
haplotypes predominantly inducing exon skipping (Fig. 2B, Supp. Fig. S5B). The data from the 
individual assays and the parallelized assay do show a non-linear correlation. While the individual 
assay and the parallelized assay differ in multiple technical steps and may each have its limitations, we 
reason that some elements of the parallelized assay such as preference of shorter molecules to be 
sequenced on NGS platforms and the hybrid read mapping strategy may have introduced additional 
bias towards an increased proportion of exon skipping in the parallelized approach. The sensitivity and 
specificity of the parallelized minigene assay was calculated taking the individual minigene assay as the 
gold-standard. Nonetheless, it remains challenging to evaluate reliability of each method due to the lack 
of a reference from splicing in the native tissue and cell type: the human red (long wavelength sensitive) 
and green (middle wavelength sensitive) cone photoreceptors.  

While the output of this study needs further supporting evidence for interpretation, our results most 
likely reflect useful predictors, especially for the extremes of the distribution. We would like to 
emphasize certain improvements and unique technical features of our parallelized minigene splicing 
assay compared with other studies. Firstly, splicing of OPN1LW/MW exon 3 was assessed in its native 
sequence context including the entire exon 3, full-length non-modified flanking introns 2 and 3, and 
upstream and downstream exon 1-2 and 4-6 sequences. Secondly, we applied PacBio long-read PCR-
free sequencing of the Input Library to unambiguously link exon 3 haplotypes with unique barcodes 
thereby avoiding PCR errors (Laver et al., 2016) and falsely attributed barcodes which may occur in 
other cloning workflows (e.g. subassembly cloning; Kitzman et al., 2015) or short-read mate-pair NGS 
sequencing. Thirdly, we used a hybrid NGS sequencing (PacBio single molecule real time sequencing 
and paired-end short-read sequencing) strategy for the RT-PCR amplicons of the minigene transcript 
pool of the Output Libraries. Long-read sequences ensured unequivocal correct assignment of splice 
junctions retaining or skipping exon 3 for each barcode-tagged molecule, and were used to generate a 
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de novo reference sequence scaffold for the exon 3-retained/skipped haplotype isoforms. Additional 
short-read paired-end sequencing-by-synthesis of amplicons covering the splice site of interest on one 
end and the barcode on the other was done to obtain deeper sequencing for relative quantification of 
differentially spliced transcripts. Short-read mapping required non-standard methods for read alignment 
and also taking advantage of the de novo reference scaffold to increase the fraction of mapped reads 
and to allow the search for haplotypes. A combination of the advantages from both long- and short-read 
sequencing technologies was pursued, similarly to hybrid approaches (Au et al., 2012, 2013; 
Deshpande et al., 2013; Choudhury et al., 2018).  

The obtained results emphasize a complex relationship between common exonic variants and exon 3 
splicing of OPN1LW and OPN1MW genes. Nonetheless, we were able to rank variants according to 
their impact on splicing with the strongest negative effect exerted by the variants closest to the 
downstream splice donor site (Fig. 3A). The single variant effect analysis (Fig. 3) clearly demonstrated 
that the c.532A>G has a strong negative impact on exon 3 splicing. Moreover, all TOP15 haplotypes 
with the highest levels of exon retention had c.532A and all but one of the TOP15 haplotypes with the 
highest levels of exon skipping had c.532G (Table 1). These results obtained from our comprehensive 
approach corroborate previous observations from a set of individual minigene assays with supporting 
genotype-phenotype associations (Ueyama et al., 2012; Gardner et al., 2014; Buena-Atienza et al., 
2016). We observed a similarly strong negative effect of the c.538T>G variant on exon 3 retention (Fig. 
3A), and co-occurence of variants c.532G and c.538G on the same haplotype exacerbated the effect in 
a close to additive manner (Fig. 3B, Supp. Table S7). Despite this negative impact on exon 3 retention, 
both variants are rather common in the human population, in particular in OPN1MW (frequencies: 0.138 
and 0.916 for c.532G and c.538G, respectively, in our control dataset, (Supp. Table S9). The c.538G is 
a coding variant which encodes an alanine residue at amino acid position 180. Such a photopigment 
has a spectral shift of about 4 nm to lower wavelength compared to a photopigment with serine at this 
very position and thus, results in an increase of the spectral difference between LWS and MWS 
photopigments (Merbs and Nathans, 1992). It remains to be determined whether this is an ecological 
advantage that may outweigh the 'lower fitness' of OPN1MW transcripts bearing the c.538G variants in 
terms of correct splicing. We further explored a potential functional interaction of the c.532G>A and 
c.538G>T variants with c.511G>A, the third most effective single variant. In this triple variant analysis 
we noted a significant negative effect of the c.511A variant on exon retention for haplotypes with both 
c.532G and c.538G alleles (Fig. 4). These findings further corroborate the cumulative effect of exon 3 
variants on the relative quantity of exon skipping. 

Instead, we investigated to which further extent the splicing defect can be attributed to the accumulation 
of additional variants deviant from the reference haplotype. We observed a general tendency towards 
exon skipping as more variants accumulate (Fig. 5A-H). A pathogenic threshold is seemingly surpassed 
when i) a certain number of variants are accumulated and ii) these occur at specific nucleotide positions 
affected by these variants, suggesting redundancy in exonic splicing motifs and thus robustness of exon 
3 splicing to individual variants. Among all variants the c.532G had the strongest impact of all single 
changes (number of variants, n = 1) to the reference haplotype accounting for an almost 50% reduction 
in transcripts retaining exon 3. The haplotype that accumulated all other variants with the exception of 
the c.532A>G variant, also accounts for about 50% of exon 3-skipped transcripts (Fig. 5G). The 
inherent difference in the number of haplotypes per category (with a defined number of variants 
compared to the reference) in this test decreases statistical power for the categories with low or large 
number of accumulated variants. For instance, there are only 8 different haplotypes in the ‘7 variants’ 
category (i.e. a total of seven variants compared to the reference), whereas the number of possible 
haplotypes for the ‘3 variants’ and the ‘4 variants’ category is much higher with n = 56 and n = 70 
haplotypes, respectively. This bias in statistical power likely explains that there was no significant 
difference in exon 3 retention between the c.532G and c.532A bearing haplotypes in the ‘7 variants‘ 
category but in the ‘4 variant’ category of haplotypes, the difference in exon retention between 
haplotypes carrying either the c.532A or the c.532G (n = 35 haplotypes each) is highly significant (Fig. 



Appendix 

182 

5G). In comparison, no significant differences in exon 3 retention were observed in the ‘4 variant’ 
category if stratified for c.453, c.457, c.465 or c.511. Although approximately half of the assayed 
haplotypes result in exon retention levels of <50%, our data also indicate that recognition of exon 3 of 
OPN1LW/MW during splicing is still highly tolerant given that accumulation of several variants seems to 
be needed in order to achieve levels that strongly alter splicing (e.g. ≤10% exon retention). As a general 
rule, at least four variants ‒ one being either the c.532G or the c.538G ‒ are agglomerated to exert a 
negative effect by reducing the splicing efficiency in about or more than 50%. Does the discrete creation 
or abolishment of ESS or ESE suffice to recruit, block and/or modulate splicing factors? A less simplistic 
model envisages synergy among cis-regulatory elements to regulate the probability of a splicing event 
to occur or shift probabilities between alternative splicing outcomes. Bioinformatic tools such as 
ESEfinder (Cartegni et al., 2003) or SROOGLE (Schwartz et al., 2009) predict several regulatory 
elements with distinct functions as overlapping hexamers across exons and introns. Hexamer-based 
algorithms such as HExplorer (Erkelenz et al., 2014) do not fully recapitulate evidence obtained by 
individual and parallelized OPN1LW/MW minigene assays (Supp. Fig. S6), the latter corroborating 
previous reports (Soukarieh et al., 2016).  

Rosenberg and colleagues found that the additive model explained >90% of the combinatorial effect 
sizes of splice site selection induced by non-overlapping 4-mers at either the 5’ or 3’ end of the exon 
(Rosenberg et al., 2015) and could explain >60% of the effects driven by known variants causing exon 
skipping in SMN1/2, CFTR, and BRCA2. Conversely, Julien and colleagues found that ~50% of the 
total effect size induced by the double mutants could be explained by a linear additive model without 
interactions, while extensive epistasis between variants was identified across the whole exon (Julien et 
al., 2016). We found combinatorial haplotypes with double and triple variants to be highly context-
dependent, albeit 50% and 30% of the effects observed by double and triple variants, respectively, 
could be explained by an additive model (Fig. 6; Supp .Table S7; Supp. Table S8). Double variants that 
showed additive behaviour, such as for instance the haplotype with c.457A>C and c.532A>G, showed 
no epistasis in triple combinations harbouring in addition c.511G>A, c.513G>T or c.538T>G variants 
(Supp. Table S7; Supp. Table S8). Possibly the additive effects for certain pairs of variants preclude 
epistasis with a third variant in some circumstances. This might be dependent on the recruitment and 
interactions among trans-acting splicing factors and/or secondary RNA structures. 

Through clustering of haplotypes based on their splicing competence exerted and by sorting exonic 
variants within the haplotype according to the exon skipping levels, we observed a pattern of high 
susceptibility for aberrant splicing including the c.532G or c.538G variants which in many instances are 
linked with c.511A (Fig. 7A), as for instance in the highly deleterious ‘LIAVA’ haplotype. These findings 
further support the single variant assessments (Fig. 3). A secondary cluster of haplotypes inducing high 
levels of exon skipping comprises the c.511G and c.513G variants as in the ‘LVAVA’ haplotype (Fig. 
7B). In the tree-based clustering however, the haplotypes 'LIAVA' and 'LVAVA' ‒ enriched in the 
'disease group' (Table 2) ‒ cluster together for sequence similarity and high levels of aberrant splicing 
with other additional seven related haplotypes. The two variant combinations encoding the 'MIAVA' 
haplotype (with either c.465C or c.465G) were found in a second major hotspot for high exon skipping 
clustering with four related haplotypes (Fig. 7B). A third cluster is highlighted with three haplotypes 
derivative of the 'LIAVA' haplotype which cause high levels of aberrant splicing but have not yet been 
observed in the population. Besides, it is apparent that the rules underlying the regulation of 
OPN1LW/MW exon 3 splicing are not simple but rather based on the dual and joint interactions within 
variants (Fig. 4-6).  

Purifying selection may act against haplotypes that have a stronger pathogenic impact (Castel et al., 
2018). Notably, the three variants with highest overall effect on splicing competence are non-
synonymous variants. Only the c.538G>A/p.Ala180Ser variant has a significant effect on spectral tuning 
that may explain evolutionary constraints. However, there may be other constraints such as protein 
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folding, stability, chromophore accessibility, half-life of excitation states among others which may shape 
and balance the landscape of coding variants in the X-linked cone pigment genes. 

Other parallelized splicing assays have tested up to several thousands of variants (Julien et al., 2016; 
Soemedi et al., 2017; Adamson et al., 2018; Cheung et al., 2019). Yet, the targeted exons in these 
studies were ≤ 100 bp long, shorter than the average human exon length of 134 bp (Savisaar and 
Hurst, 2017) and the 169-bp exon 3 of OPN1LW/MW targeted in our study. The assay strategy applied 
herein enable testing of haplotypes scattered through multiple large exons, including complete flanking 
endogenous introns and may well be adapted for a larger spectrum of variants through the 
implementation of an increase in barcode library complexity and higher sequencing depth of the Output 
Library.  
In our study we focused on the assessment of all haplotypes derived from the eight common exon 3 
variants observed in the human population. In our survey of exon 3 haplotypes in control (n = 812) and 
disease (n = 243) individuals, we observed 33 different haplotypes, 16 of which were rare (<1%) in the 
entire sample (Table 2). The frequencies of about a quarter of all haplotypes were significantly different 
between the disease and control group with five haplotypes being significantly more prevalent in the 
disease group. For ~85% of all haplotypes observed in human subjects we could retrieve the 
corresponding splicing competence tag from our dataset generated with the parallelized minigene 
splicing assay, which revealed high exon 3 skipping levels among those haplotypes enriched in the 
disease group (Fig. 8). The main difference in the population frequency versus exon 3 retention level 
plot (Fig. 8) is due to exclusivity or elevated frequencies of haplotypes with retention levels below 10% 
in the disease group, likely demarking the threshold of severe phenotypic consequence. A more 
complete distinction between ‘disease-causing’ and ‘control’ haplotypes is limited by the sampling (e.g. 
rarely clear evidence that the disease in the ‘disease group’ is caused by mutations in the 
OPN1LW/MW gene cluster and diversity of included clinical phenotypes) as well as the multiplicity of 
OPN1LW/MW gene copies, some of which are phenotypically irrelevant. While our study provides a 
comprehensive picture on the splicing competence of naturally occurring exon 3 haplotypes, it lacks 
single-nucleotide resolution to define potential cooperative or epistatic interactions between cis-acting 
elements in this exon. Future studies may therefore target exon 3 in its entirety or should look into 
whether binding sites for splicing factors are created or abolished and/or different mechanisms are 
involved, such as alteration of RNA secondary structures. We simplified the splicing assay by assessing 
exon 3 variants in the context of a 'partially spliced' OPN1LW construct (Ueyama et al. 2012). Future 
studies may contemplate the effect of long-distance interactions in the full endogenous genomic context 
maintaining the structural arrangement of the opsin genes (e.g. inserting the library by CRISPR/Cas9).  

In summary, we have scrutinized a confined gene region by a middle-throughput functional pilot assay 
that enabled testing the individual effect of >200 OPN1LW/MW haplotypes on exon 3 splicing, the 
assessment of the overall influence of each variant within the haplotype and searching for patterns in 
the splicing regulatory landscape by addressing an unprecedented combinatorial approach. Although 
further validation including deeper high-throughput sequencing and standardized pipelines as well as 
further research is required, the results derived from haplotypes hitherto not characterized may assist 
interpretation of uncertain genotypes observed in XLCD patients. This method can be adapted and 
implemented for putative intronic and exonic splice-disrupting variants of any disease-causing gene. 
The development of parallel functional splicing assays for unbiased classification of variants will enable 
prospective functional testing in the future.  
Materials and Methods  
Barcode Pool  
A single-stranded 91-mer oligonucleotide Ultra_BC.2: 5' AAG GAC GAC GAT GAC AAG TAG NNN NNN NNC CCT TTA GTG 
AGG GTT AAT CTA TAG TGA GTC GAC TTA GAG CTA CTG GGT GGC ATC CCT GTG A 3', including an 8-mer random 
barcode tag and a SalI restriction site, and a 21 bp oligonucleotide Seed_BC.2: 5' TCA CAG GGA TGC CAC CCA GTA 3' were 
custom synthesized by IDT (Leuven, Belgium). Seed_BC.2 and Ultra_BC.2 oligos were hybridized to extend the single-stranded 
91-mer into double-stranded molecules with CloneAmp HiFi PCR Premix (Clontech, Saint-Germain-en-Laye, France) at a final 
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concentration of 18 µM of Seed_BC.2 and 1.7 µM of Ultra_BC.2. Incubation conditions were 98°C for 3 min; 60°C for 10 s and 
extension at 72°C for 60 min.  

Exon 3 mutagenesis 
Site-directed mutagenesis was performed to generate the two alternate alleles at the eight common variant sites comprised within 
the haplotype previously defined in exon 3 of OPN1LW/OPN1MW: c.(453A>G; 457A>C; 465C>G; 511G>A; 513G>T; 521C>T; 
532A>G; 538T>G; Ueyama et al., 2012; Buena-Atienza et al., 2016; see also Supp. Fig. S1). Ultramers were purchased from 
IDT. Ultra-Ex3-01-Fw: 5’ ATG TGA GAT TTG ATG CCA AGC TGG CCA TCR TKG GCA TTG YCT TCT CCT GGR TCT GGK 
CTG CTG TGT GGA CAG CCC 3’ and Ultra-Ex3-01-Rv: 5’ CAG CTT GGC ATC AAA TCT CAC ATT GCC AAA GGG CTT GCA 
SAC CAC CAK CCA YCT CTC CCA GGA AAT GAT GGC C 3’ were synthesized with equimolar mixtures of phosphoramidite 
monomers at the respective positions and share a 26 bp non-degenerate complementary region. Two PCR products were 
amplified – corresponding to the 5’ and 3’ end of the exon 3 and flanking intronic sequence upstream and downstream of exon 3 
(108 and 111 bp, respectively) – with PfuUltra II Fusion HS DNA Polymerase (Agilent, Hamburg, Germany), 5 ng of the reference 
minigene construct as template (Buena-Atienza et al., 2016) and the following two primer pairs, i) Ex3-01-Fw: 5’ GCC CTG AAT 
TCT GTG TGC AGA CGT TTG GGG TCT AAG CAG GAC AGT GGG AAG CTT TGC T and Ultra-Ex3-01-Rv, and ii) Ex3-01-Rv: 
5’ ATA CAT TGA TAG ACA TTG CAC GCT CAG AGG GGC CCA GAG AAA GGA AGT GAT TTG CCT TAA GGT CAC and 
Ultra-Ex3-01-Fw, respectively. PCR cycling conditions for i) and ii) were an initial denaturation of 96°C for 2 min, 96°C for 20s, 
65ºC (i) or 70ºC (ii) for 20s and 72°C for 15s for 30 cycles, and a final extension step at 72°C for 2 min. Upon DpnI digestion at 
37°C for 1 h, the two PCR products were column-purified (MinElute PCR Purification Kit, Qiagen, Hilden, Germany) and used as 
template for an overlap-extension PCR (OE-PCR) with PfuUltra II Fusion HS DNA Polymerase (Agilent) and the outermost 
primers Ex-01-Fw and Ex-01-Rv. PCR cycling conditions for the OE PCR were an initial denaturation of 96°C for 2 min, 96°C for 
20s, 56ºC for 20s and 72°C for 30s for 30 cycles, and a final extension step at 72°C for 2 min. The final 388 bp OE-PCR product 
was column-purified (MinElute PCR Purification Kit, Qiagen). 

Barcode library cloning 
The vector backbone was generated by inverse PCR with the reference minigene construct as template (Buena-Atienza et al., 
2016) and primers IFC-inv-BC-Rv: 5'- CTA CTT GTC ATC GTC GTC CTT GTA A -3' and IFC-inv-BC-Fw: 5'- TAC TGG GTG 
GCA TCC CTG TGA -3'.  The PfuUltra II Fusion HS DNA Polymerase (Agilent) was used for the inverse PCR with following 
cycling conditions: 96°C for 2 min, 96°C for 20s, 65ºC for 20s and 72°C for 145s for 30 cycles, and a final extension step at 72°C 
for 5 min Upon DpnI digestion at 37°C for 1 h, the inverse PCR product was gel-purified with the MinElute Gel Extraction Kit 
(Qiagen). The double-stranded 91-mer barcode pool was cloned into the inverse PCR product downstream of exon 6 at the 3’ of 
the stop codon by In-Fusion Cloning (IFC) with 21 bp of homology overlaps at each side. The IFC reaction was optimized to a 
molar ratio of 1:20 (vector:insert). The IFC reaction was incubated for 15 min at 50°C, following the IFC kit instructions (Clontech), 
diluted 1:25 in TE buffer and transformed in Stellar competent cells (Clontech). Bacterial outgrowth in liquid culture was avoided. 
A total of 33,000 colonies were harvested from eight independent transformations. All Petri dishes containing colonies stemming 
from the same transformation were harvested together as a pool for one single plasmid DNA isolation. Plasmid DNA was 
extracted with a total of eight midiprep columns (GenElute™ Plasmid Miniprep Kit, Sigma-Aldrich, Hamburg, Germany) and 
pooled in equal amounts of plasmid DNA.  

Exon 3 mutagenesis library cloning 
The barcode library was digested with HindIII and AflII and the 9.3 kb band vector backbone purified by gel extraction (MinElute 
Gel Extraction Kit, Qiagen). The exon 3 mutagenesis library (=388 bp purified PCR product) was cloned by IFC into the digested 
barcode library with homology overlaps of 50 bp and 60 bp at the HindIII and AflII overhangs, respectively. The IFC reaction was 
optimized to a molar ratio of 1:12 (vector:insert). Incubation and transformation was performed as indicated above. A total of 
3,500 colonies from six transformations were pooled. The resulting plasmid library DNA was extracted as indicated above and we 
will refer to it as ‘Input library’. 

Input library Long-Read sequencing 
The Input library (20 µg) was digested with HindIII and SalI at a final concentration of 0.6U/µl and 0.4U/µl, respectively, for 3 h at 
37°C and thereafter purified on a MinElute Spin Column (Qiagen). The 2.3 kb insert band was gel-purified – avoiding ethidium 
bromide staining and UV light exposure by only staining gel lanes with a small amount of sample at each side – using the 
MinElute Gel Extraction Kit (Qiagen) and eluted in 50 µl of 10 mM of Tris, pH 8. The total yield of the size-selected Input library 
2.3 kb fragment was 1.5 µg as determined with the Qubit dsDNA HS Assay Kit on a Qubit 4.0 fluorometer (Thermo Firsher 
Scientific, Darmstadt, Germany) and used to generate the SMRT bell library according to the manufacturer's instructions (Pacific 
Biosciences, Menlo Park, California). The SMRTbell library with the Input Library as insert was sequenced on a Pacbio RS II 
instrument (Pacific Biosciences, Menlo Park, California) at the DNA sequencing facility of the Max Planck Institute of Molecular 
Cell Biology and Genetics in Dresden and yielded 28,968 reads of insert with a mean of 21 passes. The mean read quality of the 
insert was 0.9977.  

Data analysis Input Library sequencing 
A total of 28,968 circular consensus sequence (CCS) reads were obtained from the alignment of subreads taken from a single 
zero-mode waveguide. Sequences extracted from the CCS fasta files were aligned to the sequence of the reference minigene 
construct HindIII-SalI fragment (Buena-Atienza et al., 2016) using Clustal Omega (Goujon et al., 2010; Sievers et al., 2011). 
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Reads were reverse-complemented when necessary. A custom R script called the SNPs in exon 3 and filtered out sequences 
that did not meet the requirements, e.g., unaligned sequences, sequences lacking either barcode or exon 3 or partially truncated. 
Sequences that passed the filters were grouped by unique barcodes and subsequently, by unique haplotypes. In total, the library 
comprised 649 uniquely barcoded haplotypes tagged by a total of 1,952 unique barcodes. These uniquely barcoded haplotypes 
could be divided into three groups: i) haplotypes comprising targeted variants (“targeted haplotypes”), ii) haplotypes comprising 
targeted and non-targeted variants, and iii) haplotypes comprising only non-targeted variants. The first group consists of 248 
different haplotypes out of the 256 (96.9%) theoretical maximum of the site-directed mutagenesis strategy. The eight haplotypes 
not represented in this group (3.1%) were either not observed or not uniquely tagged. On average, each unique targeted 
haplotype was tagged by six different unique barcodes and covered by 29 CCS (as a sum of all reads with different barcodes per 
unique haplotype).  

Parallelized minigene splicing assay  
The splicing assay was performed by transfecting HEK293T cells with the Input Library in four replicate experiments. HEK293T 
cells were routinely maintained in Dulbecco´s modified Eagle´s medium, DMEM (Gibco, Life Technologies) supplemented with 
10% fetal bovine serum (FBS; Gibco, Life Technologies), Penicillin-Streptomycin (Sigma-Aldrich Chemie GmbH) at 100 μg/ml, 
and Amphotericin B (Biochrom GmbH, Merck, Darmstadt, Germany) at 2.5 μg/ml. Cells were seeded in 6-well plates in DMEM 
with 10% FBS and the following day, at 80-90% confluency, four biological replicates were transfected with 4 μg DNA of the Input 
Library pool and 5 ng of an equimolar mixture of two minigene control plasmids:  “Reference” (Control 1)- and ‘LIAVA’(Control 2)-
minigenes tagged with the unique barcodes “TAATGGGG” and “CATTGGCC”, respectively. 20 μl Lipofectamine 2000 
(ThermoFischer GmbH) per well and OptiMEM® (Life Technologies) were used as diluents and medium. Following 6 h 
incubation, cells were detached with 0.05% Trypsine-EDTA (Gibco, Life Technologies), centrifuged at 1500 rpm for 5 min and 
transferred to a 6 cm dish with DMEM supplemented with 10% FBS, Penicillin-Streptomycin and Amphotericin B at the 
aforementioned concentrations. 24 h post-transfection, cells were lysed and total RNA was extracted using the peqGOLD Total 
RNA Kit (PEQLAB Biotechnologie GmbH, Erlangen, Germany). Individual minigene splicing assays and semi-quantification of 
correctly spliced transcripts were performed as previously described (Buena-Atienza et al., 2016) for a total of 20 barcoded 
minigene constructs collected during quality control of Input Library clones by colony PCR and Sanger sequencing. 

Output Library Long-Read sequencing  
First strand cDNA synthesis was performed with Transcriptor High Fidelity cDNA Synthesis Kit (Roche, Mannheim, Germany) 
with 2 μg of total RNA in a total volume of 20 µl. A minigene-specific primer binding downstream of the barcode, IFC-downstream-
Rv: 5'- ATT AGG ACA AGG CTG GTG GGC -3', was used for priming and reverse transcription was incubated at 50°C for 60 
min. For each of the four replicates, a total of 10μl cDNA was amplified with KAPA Lib Amp Kit (Roche) and with one pair of 
HPLC-purified primers (Supplementary Table S1). Reverse transcriptase (RT-)PCR cycling conditions were 98°C for 45s, 98°C 
for 15s and 72°C for 10s for 24 cycles, and a final extension step at 72°C for 1 min. Amplicons were immediately purified with 
AMPure PB beads (Pacific Biosciences) at 0.78X and pooled in an equimolar ratio and ~1µg of DNA was used for SMRTbell 
sequencing library preparation according to manufacturer’s instructions (SMRTbellTM Template Prep Kit, Pacific Biosciences). 
Adaptors for the blunt end ligation were used in a 42X molar excess. All purifications within the SMRTbell library preparation were 
performed with a 0.78X ratio of AMPure PB beads. The SMRTbell sequencing library was loaded at 2 pM by diffusion on one 
SMRT cell for sequencing on a Sequel instrument (Pacific Biosciences).  

Output Library Short-Read sequencing  
First strand cDNA synthesis was done as described above. A two-step PCR approach was applied to introduce offset spacers, 
random N bases and sequences for Illumina sequencing primers in the first PCR round while indices and grafting P5 and P7 
adaptors were added during the second round of amplification. Ultramer oligonucleotides (Supp. Table S2) for amplification 
introduced 16 bases (spacers and random bases to cope with the low diversity for sequencing; see also Supplementary Figure 
S3B) for each primer combination and contained a phosphorothioate bond (*) between the last and penultimate base. For each of 
the four replicates (L1, L2, L3 and L4), a total of 10μl cDNA was used for eight parallel PCR reactions and amplified with KAPA 
Lib Amp Kit (Roche). Cycling conditions for the first PCR were 98°C for 45s, 98°C for 15s, 60°C for 5s and 72°C for 10s for 24 
cycles, and a final extension step at 72°C for 1 min. PCRs were cleaned-up with QIAquick PCR Purification Kit QIAGEN columns 
and quantified with dsDNA HS Assay kit and Qubit 4. For each replicate L1-4, two primer combinations were used in the first 
amplification and equal amounts of PCR products pooled upon quantification of purified amplicons. For the second PCR, eight 
reactions for each L1-4 with 1 ng of the first PCR amplicons as template were used for amplification with KAPA Lib Amp Kit 
(Roche) to introduce indices (Supp.Table S2; Supp. Fig. S3B) that enable multiplexing the four replicates for sequencing. PCR 
cycling conditions were 98°C for 45s, 98°C for 15s, 60°C for 30s and 72°C for 15s for 10 cycles, and a final extension step at 
72°C for 1 min. Products of the second PCR were size-selected with 1.8X AMPure XP beads (Beckman Coulter, Krefeld, 
Germany). Quality control of L1-4 libraries was performed with a DNA7500 assay on the 2100 Bioanalyzer (Agilent 
Technologies), quantitation with Qubit dsDNA HS Assay Kit and quantitative PCR with the KAPA Library Quantification Kit 
(Roche). A MiSeq paired-end Nano flow cell (v2, Illumina) was loaded with 2.7 pM of an equimolar pool of L1-4 Output Libraries 
and sequencing was performed with 115, 8 and 202 cycles for Read 1, Index Read and Read 2, respectively. The “Chemistry.file” 
was modified to adapt the number of amplification cycles and the duration of First Extension. We obtained a total of 664,730 
paired-end reads with an averaged ≥Q30 score of 89.7% (96.8M).  
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Data processing and integration of Output and Input Library data 
Generation of the custom 'reference assembly' using the Output Library from PacBio long-read sequencing and its combination 
with Illumina data by mapping short paired-end reads against this 'reference assembly' is described in Supplementary Material, 
Supplementary Material and Methods. Minigene-tagging 8-bp barcodes were identified for all reads and the exon 3 haplotype in 
phase was assigned. CCS reads were grouped by unique barcodes. A unique identifier was given for each haplotype of the Input 
Library with at least one unique barcode. For each CCS read an alignment to the transcript reference sequence including exon 3 
and relevant exonic junctions with exon 2 and exon 4 was calculated. A distance score threshold of 0.2 was used to discern the 
exon 3 retention reads from the exon 3 skipped reads based on the reads distribution (concordant with the expected size 
distribution). Short-read counts for retained or skipped exon 3 were obtained by mapping of short Illumina reads on the PacBio 
based 'reference assembly’ as well as an average distance score for long CCS reads for each haplotype. Relative percentages of 
retention levels using short-read data were calculated for each replicate sample. 

OPN1LW and OPN1MW exon 3 haplotypes from control and patient population 
Exon 3 sequences of the proximal (OPN1LW or OPN1LW/MW hybrids) and the distal (OPN1MW or OPN1MW/LW hybrid) gene 
copies of the cone opsin gene cluster were determined as described previously (Buena-Atienza et al. 2016) from a sample of 243 
male subjects clinically diagnosed with Blue Cone Monochromacy (BCM), Achromatopsia or Cone Dystrophy. Ambiguous 
haplotypes (e.g. multiple polymorphic variants in exon 3 sequences) or haplotypes from OPN1LW/MW gene copies with other 
pathogenic variants (e.g. the common p.[C203R] mutation) were discarded. Haplotypes obtained from subjects with no other 
gene mutation explaining the disease were combined in the 'disease group'. Haplotypes obtained from subjects with a mutation in 
a gene other than in OPN1LW and/or OPN1MW explaining the disease (e.g. a homozygous or compound heterozygous mutation 
in a known Achromatopsia gene) served as population controls ('control group'). We further compiled OPN1LW/MW exon 3 
haplotypes from the available literature (Buena-Atienza et al., 2016; Carroll et al., 2012; Carroll et al., 2010; Crognale et al., 2004; 
Deeb et al., 1995; Gardner et al., 2010; Gardner et al., 2014; Greenwald et al., 2017; Hayashi et al., 2001; Jordan et al., 2010; 
Katagiri et al., 2018; Li et al., 2015; McClements et al., 2013; Mizrahi-Meissonnier et al., 2010; Mountford et al., 2019; Neitz et al., 
1999; Orosz et al., 2017; Patterson et al., 2016; Ueyama et al., 2004) and manually attributed these haplotypes to the 'disease 
group' (subjects with BCM, XLCD, or colour vision defects not explained by other genetic defects) or the 'control group' (healthy 
controls, colour vision defects explained by single gene copies or hybrid gene copies).  
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List of Abbreviations  
Abbreviation Description 
BCM Blue Cone Monochromacy 
CCS Circular Consensus Sequencing 
ESE Exonic Splicing Enhancer 
ESS Exonic Splicing Silencer 
IFC In-Fusion Cloning; 
LWS long-wavelength sensitive 
MAVEs multiplex assay of variant effect 
MWS middle-wavelength-sensitive 
NGS next-generation sequencing 
OE-PCR overlap-extension PCR 
OPN1LW human long wavelength-sensitive cone opsin gene 
OPN1MW human middle wavelength-sensitive cone opsin gene 
RT-PCR Reverse transcriptase PCR 
SNV single nucleotide polymorphism 
VUS variant of uncertain significance 
XLCD X-linked cone dysfunction 
BCM Blue Cone Monochromacy 
 



 

 

Table 1. TOP15 Haplotypes inducing exon retention or skipping 

Nr. ID* c.453
A>G 

c.457
A>C 

c.465
C>G 

c.511
G>A 

c.513
G>T 

c.521
C>T 

c.532
A>G 

c.538
T>G 

% Exon 
Retention

† 
SD‡ Distance 

Score§ 
Total 
CCS¶ 

Read 
Count# 

Mutation 
Rate** 

Frequency 
Input Library†† 

Nr. of 
Barcodes‡‡ 

TOP15 Haplotypes Exon Retention 
1 id_7 - C G - - T - - 99.5 0.3 0.14 31 5,147 0.38 0.0028 4 
2 id_215 - - G - T T - - 98.7 0.7 0.18 34 28,322 0.38 0.0017 3 
3 id_190 - - G - - - - - 97.7 1.0 0.15 30 25,362 0.13 0.0028 2 
4 id_123 G C - - T T - - 97.6 1.2 0.21 33 30,108 0.50 0.0053 4 
5 id_220 - - G - - - - G 95.1 6.5 0.16 6 311 0.25 0.0006 2 
6 id_55 - C - - T - - - 93.4 1.3 0.15 58 15,727 0.25 0.0068 6 
7 id_246 - - - - T T - - 93.2 1.7 0.17 23 5,646 0.25 0.0026 4 
8 id_212 - - G - T - - - 91.7 2.0 0.18 65 10,874 0.25 0.0060 6 
9 id_222 - - - - - T - - 91.4 0.3 0.12 76 11,057 0.13 0.0067 9 

10 id_154 G - G - T - - - 91.3 1.3 0.16 21 2,926 0.38 0.0021 2 
11 id_132 G - G - - - - - 91.2 0.5 0.13 10 794 0.25 0.0019 3 
12 id_49 - C - A T T - - 86.8 6.3 0.23 21 1,659 0.50 0.0029 3 
13 id_1 - C - - - - - - 86.4 3.8 0.17 78 9,508 0.13 0.0085 10 
14 id_197 - - G A - - - - 86.1 3.8 0.14 10 667 0.25 0.0015 4 
15 id_68 G C G - - - - - 85.0 4.7 0.17 40 3,057 0.38 0.0050 5 

TOP15 Haplotypes Exon Skipping 
1 id_235 . - - A T - G G 2.6 0.2 0.48 88 4,800 0.50 0.0106 11 
2 id_70 G C G - C - G G 2.5 0.9 0.49 45 1,245 0.63 0.0051 9 
3 id_28 - C G - T - G G 1.9 1.2 0.48 57 2,682 0.63 0.0044 10 
4 id_177 G - - A T T G G 1.8 1.1 0.49 60 5,707 0.75 0.0053 8 
5 id_85 G C G A T - G G 1.6 1.0 0.49 57 2,291 0.88 0.0046 5 
6 id_19 - C G A T - G G 1.5 1.4 0.51 71 2,566 0.75 0.0074 8 
7 id_41 - C - A - - G G 1.0 0.6 0.49 201 37,388 0.50 0.0132 15 
8 id_127 G C - - T - - G 1.0 0.5 0.51 277 34,155 0.50 0.0050 8 
9 id_80 G C G A - T G G 1.0 0.6 0.49 37 3,813 0.88 0.0022 7 

10 id_48 - C - A T - G G 0.8 1.1 0.49 60 3,808 0.63 0.0050 8 
11 id_109 G C - A - T G G 0.8 0.2 0.50 97 30,768 0.75 0.0078 14 
12 id_44 - C - A - T G G 0.5 0.7 0.50 135 8,536 0.63 0.0099 16 
13 id_84 G C G A T - G - 0.3 0.2 0.49 44 29,696 0.75 0.0053 6 
14 id_168 G - - A - - G G 0.3 0.4 0.49 74 10,735 0.50 0.0060 11 
15 id_116 G C - A T T G G 0.2 0.1 0.49 65 27,308 0.88 0.0053 8 

*Identification code for each exon 3 haplotype uniquely tagged found in the Output Library; †Mean % of exon 3 retention rates of four replicates; ‡Standard Deviation of exon retention 
% over the four replicates; §Mean distance score indicator for exon retention (0.0-0.2) or skipping (0.2-0.5) calculated as the mean for each ID from CCS reads aligned to exon 3. 
¶Total count of CCS reads (PacBio) for each haplotype ID; #Total count of Short reads (Illumina) mapped to the reference assembly for all four replicates; **Rate of variant changes 
present in the haplotype (0-1); ††Frequency of each haplotype in the Input Library among all uniquely tagged exon 3 haplotypes calculated from the read count of Input Library 
sequencing dataset; ‡‡Total number of unique barcodes detected in both Input and Output Library for each haplotype.  
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Table 2. Exon 3 haplotypes in human subjects 
Haplotype 'trivial' AA 

haplotype* 
No. 'disease 

group'† 
No. 'control 

group'‡ 
p-value (<0.05) § 

A-A-C-A-T-C-A-T MIAIS 1 1  
A-A-C-A-T-C-G-G MIAVA 5 0  0.0207 
A-A-C-G-G-C-A-G MVAIA 28 244  3.82E-08 
A-A-C-G-G-C-A-T MVAIS 4 80  0.00016 
A-A-C-G-G-C-G-G MVAVA 6 3  
A-A-C-G-G-T-A-G MVVIA 1 3  
A-A-C-G-G-T-A-T MVVIS 2 6  
A-A-C-G-G-T-G-G MVVVA 27 10  2.25E-09 
A-A-C-G-G-T-G-T MVVVS 1 0  
A-A-G-A-T-C-A-G MIAIA 0 1  
A-A-G-A-T-C-G-G MIAVA 3 0  
A-A-G-G-G-C-A-G MVAIA 0 12  
A-A-G-G-G-C-A-T MVAIS 1 2  
A-A-G-G-G-C-G-G MVAVA 2 1  
A-A-G-G-G-T-A-T MVVIS 1 1  
A-A-G-G-G-T-G-G MVVVA 5 21  
G-C-C-G-G-C-A-G LVAIA 0 1  
G-C-C-G-G-C-A-T LVAIS 0 4  
G-C-G-A-G-C-A-T LIAIS 0 1  
G-C-G-A-G-C-G-T LIAVS 0 1  
G-C-G-A-T-C-A-G LIAIA 1 1  
G-C-G-A-T-C-A-T LIAIS 5 26  
G-C-G-A-T-C-G-G LIAVA 32 0  2.47E-20 
G-C-G-A-T-C-G-T LIAVS 3 0  
G-C-G-A-T-T-G-G LIVVA 2 0  
G-C-G-G-G-C-A-G LVAIA 28 94  
G-C-G-G-G-C-A-T LVAIS 39 284  1.84E-07 
G-C-G-G-G-C-G-G LVAVA 27 1  1.40E-15 
G-C-G-G-G-C-G-T LVAVS 1 2  
G-C-G-G-G-T-A-G LVVIA 1 2  
G-C-G-G-G-T-A-T LVVIA 2 7  
G-C-G-G-G-T-G-G LVVVA 14 3  9.92E-06 
G-C-G-G-G-T-G-T LVVVS 1 0  
  243 812  
*Trivial haplotype nomenclature based on the amino acid changes encoded by the haplotype; †Number of haplotypes observed in 
the OPN1LW or OPN1MW gene copies in the defined 'disease group'; ‡Number of haplotypes observed in the OPN1LW or 
OPN1MW gene copies in the defined 'control group'; §Fishers exact test (test haplotype versus the sum of all other haplotypes, 
Bonferroni corrected). Note that the 'disease group' represents a heterogeneous group which might include subjects with other 
disease-causing mutations not linked to pathogenic variants in the OPN1LW/MW gene cluster.   
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Figures 

Figure 1. Workflow of the parallelized minigene splicing assay. A) A barcode library is generated by the insertion of a random 
octamer sequence in the backbone of the OPN1LW minigene vector. B) Site-directed mutagenesis is used to generated exon 3 
haplotypes and retro-fitted into the barcode library vector backbone yielding the Input Library (Supp. Fig. S2) consisting of 256 
haplotypes in exon 3 of the OPN1LW barcoded minigene. C) Long-read sequencing (PacBio RSII) of the Input Library allows 
matching the haplotype with cognate barcode for each molecule. D) In vitro splicing assay by en masse transfection of the Input 
Library pool of 256 OPN1LW/MW barcoded minigenes E) Short- and Long-read sequencing (MiSeq and Sequel, respectively) are 
used to sequence RT-PCR amplicons of the OPN1LW/MW minigene transcript pool including 'exon 3 retained' and 'exon 3 
skipped' transcripts (Output Library; Supp. Fig. S3). F) Bioinformatic analysis. The proportion of 'exon 3 included' and 'exon 3 
skipped' transcripts for each haplotype is calculated using barcodes as proxies. 

Figure 2. Correlation analysis of exon 3 retention levels measured (figure legend continues in next page). A) Mean exon 3 
retention (%) of three biological replicates of the Output Library for all uniquely tagged targeted haplotypes. For all four biological 
replicates the Spearman's rank correlation coefficient rho ranges from 0.89 to 0.97; p-value < 2.2e-16 (Supp. Figure S5A). B) 
Correlation between the mean % of exon 3 retention measured individually and by the parallelized splicing assay for 20 control 
barcoded-haplotypes entailing 2-7 variants. Haplotype classification based on exon 3 retention (%) measured by the individual 
splicing assay (Buena-Atienza et al., 2016) into rather deleterious effect (<20%; red), intermediate (20-70%; orange) and minor 
effect (>70%; blue) for “S”, “I” and “M” (Supp. Table S4; Supp. Fig. S5B), respectively.  
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Figure 3. Effect of exonic variants and haplotypes on OPN1LW/MW exon 3 retention. The mean % of exon 3 retention of all 
uniquely tagged haplotypes was compared A) for each of the 8 common exonic variants within the haplotype (c.453, c.457, c.466, 
c.511, c.513, c.521, c.532 and c.538) according to the allele carried (i.e. 128 haplotypes are expected to carry c.453A and 128 
haplotypes c.453G). The variants c.532G and c.538G individually resulted in a highly significant change of the mean % exon 3 
retention in comparison to the counterpart alleles c.532A and c.538T with the overall haplotype backgrounds; Wilcoxon test, p = 
<2e-16  and p = 6.7e-10, respectively (Supp. Table S6), B) for all haplotypes grouped by the four possible combinations attending 
to the combination of phased alleles in c.532A and c.538G sites of exon 3 referred to as “AG” (c.532A and c.538G), “AT” (c.532A 
and c.538T), “GG” (c.532G and c.538G) and “GT” (c.532G and c.538T), being the mean % of exon 3 retention significantly 
reduced for haplotypes harbouring both the c.532G and c.538G alleles (“GG”); Wilcoxon test, p = 1.0e-11 and significantly 
increased for haplotypes entailing the combination of c.532A and c.538T alleles (“AT”); Wilcoxon test, p = 6.6e-11, in comparison 
to the mean of all haplotypes. Kruskall Wallis test and the post-hoc Dunn test for pairwise comparison of haplotype group means 
was performed with Bonferrini correction (not significant is not shown; *, p-value <0.05; **, p-value <0.01; ***, p-value <0.001: ****, 
p-value <0.0001), resulting in significantly different means for all comparisons except of the “GT” (c.532G and c.538T) and “AT” 
(c.532A and c.538T), having only one of the c.532G or c.538G variants leads to the same mean of exon 3 retained levels.  
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Figure 4. Effect of triple combinations of exonic variants on 
three variants, c.511G/A, c.532A/G and c.538T/G, as c. 511G>A sh
All 28 pairwise comparisons of the mean of the 8 haplotype groups (based on the c.511G/A, c.532A/G and c.538T/G variants) 
were performed with Wilcoxon test and p
**, p-value <0.01; ***, p
c.538G result in an overall significant reduction of exon 3 retention
c.511G>A in phase with any of the other three combinations of c.532A>G and c.538T>G does not result in a significant reductio
( AAT versus
mutant alleles are present in the haplotype.
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Figure 5. Effect of the accumulation of exonic variants in OPN1LW/MW exon 3 retention. The mean % of exon 3 retention 
levels is plotted for haplotype groups entailing from 1 up to 7 variants with respect to the “Reference” haplotype (“Number of 
additional variants”). For each of the 8 variants at c.453, c.457, c.466, c.511, c.513, c.521, c.532 and c.538 (A-H), values for each 
allele are represented side-by-side; variant allele (turquoise) or ancestral allele (tomato red). Overall mean (%) exon 3 retention is 
shown as a stripped line. Note that for some of the tests significance levels were not significant mainly due to the low number of 
samples. Wilcoxon test was performed to compare the distribution of the means (ns, not significant; *, p-value <0.05; **, p-value 
<0.01; ***, p-value <0.001: ****, p-value <0.0001).  

Figure 6. Epistatic and additive interactions from the double variant analysis. Each nucleotide of exon 3 is represented by a 
node (total of 169 bp). Only interactions within the 8 nucleotides of the haplotype were assessed. Positive and negative epistasis 
are shown by arc edges above and below the exon 3 plane, respectively. Additive interactions are depicted below. The width of 
the arc line depicts proportionally the absolute value of the median difference between observed and expected exon skipping 
values over the four biological replicates (Supp. Table S7).  
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Figure 7. Clustering of haplotypes according to variants and splicing outcome. A) Heatmap showing the degree of exon 3 
skipping (mean % colour-coded in the legend; ‘red’ indicates high exon skipping levels and ‘blue’ low exon skipping levels) 
induced by all haplotypes analysed. Haplotypes are clustered for the 8 variants entailed and the % of induced exon 3 skipping. 
For those variant positions where the haplotype harbours the allele of the Reference haplotype, the position is depicted in dark 
blue. Clustering was performed by ordering the haplotypes (x-axis, columns), the variant profile of exonic variants comprised in 
the haplotype of exon 3 (y-axis, rows) according to the level of exon 3 skipping (colour code) from the parallelized minigene 
splicing assay. B) Alignment-based tree clustering of haplotypes. A multiple sequence alignment of the 8-bp sequences (variants 
in the haplotype) was performed with MEGA5 (Tamura et al., 2011) and used as input to generate a tree with Jalview 
(Waterhouse et al., 2009). Phyloclustering was performed by rooting the tree and clusters were thereafter coloured. The 
haplotypes (y-axis, rows) in the heatmap of Fig.7B were ordered accordingly to the alignment after phyloclustering. Clusters with 
high sequence identity and inducing high exon skipping rates are squared and sequence is shown. The known haplotypes 'LIAVA' 
and 'LVAVA' clustered together for high levels of aberrant splicing. The 'MIAVA' haplotype with c.465C or c.465G were found in 
the same cluster. Hierarchical clustering for the heatmaps in A) and B) was performed with hclust() and ggplot() in RStudio. 
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Figure 8. Kaplan-Meier plot of the haplotype fraction and exon retention in the human 'disease group' and 'control 
group'. The cumulative percentage of observed haplotypes in the 'disease group' and the 'control group' is plotted against the 
level of exon retention for such haplotypes.  

Supplementary Materials and Methods 
Computation and analysis of data derived from short- and long-read sequencing of 
Input and Output libraries.  
Quality of CCS reads was assessed with SMRT Link (version 5.0.1.9585). Raw bam2bam_barcode files barcoding all input 
subreads were converted into CCS reads by calling the consensus sequences from subreads. Then standard fasta/fastq files 
were generated from bam2fasta and bam2fastq. Quality from short-reads was assessed by FastQC (version 0.11.4), Cutadatapt 
(version 1.8.3) removed unwanted adapter sequences and performed quality based filtering and Tophat (version 2.2.3.0) was 
used for mapping. All reads not meeting a quality threshold of Q=30 were removed and up to 7 mismatches were allowed for 
mapping. Tophat Alignment bam files, the PacBio assembly reference fasta and a custom annotation file (in the gtf file format) 
were used in the R language (version 3.4.0 ) to count raw read counts using the function featureCounts() from the Rsubread 
package (version 1.26.1) on each of the barcode that is linked to an haplotype, allowing for multi-mapped and multi-assigned 
reads. For each CCS read an alignment to the transcript reference sequence including exon 3 and relevant exonic junctions with 
exon 2 and exon 4 was calculated. The distance score, an Euclidean distance calculated as the usual distance between the two 
vectors, sqrt(sum((xi ‒ yi)2)), derived from the alignment can be used as an indicator of whether the sequence entailed an exon 3-
retained or -skipped transcript. The threshold of 0.2 to discern between retention or skipping of exon 3 was included in the 
alignment file of short reads derived from Output Library mapped against the reference sequence built from the Output Library 
PacBio data. In this sense we could separate Illumina reads according to whether they mapped rather to CCS reads with a 
distance score indicating exon retention or pointing to aberrant splicing.  

All single 8-bp barcodes found in CCS reads of the Output Library were extracted. For each barcode, the following information 
was listed: size length of the amplified amplicon, the sequence, whether the sequence belongs to a haplotype group in exon 3 
based on the definition of the Input Library, the number of variants with respect to exon 3 reference and the distance score. We 
found 38,221 barcodes listed, from which 1863 were associated with a haplotype different or equal to the Reference haplotypes 
of the Input Library, of which 1819 were haplotypes different from the Reference haplotype. The rest do not represent only non-
targeted haplotypes and mixed haplotypes, but also sequences bearing exon 3-skipped amplicons which do bear the same 
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unique barcode found in the Input Library. Thus, barcodes were grouped by means of an identifier (“id_xy”) which contained all 
reads with the same unique barcode also sequenced in the Input Library even if no grouping for a haplotype sequence in exon 3 
was available for the Output Library. We found a total of 248 id’s being 1 the Reference haplotype and 2 the Control haplotypes 
from minigene constructs transfected mixed with the Input Library. All sequences for each id were classified as either “exon 3 
retention” or “exon 3 skipping” based on the distance score (threshold=0.2) and the mapped short reads to the built reference. 
When counts for “exon 3 retention” and “ exon 3 skipping” were combined for each id, a total of 232 id’s (uniquely barcoded-
haplotypes) were observed having both types of amplicons from differentially spliced transcripts. A total of 14 id’s (uniquely 
barcoded haplotypes) were found associated with amplicons exclusively coming from one spliced outcome. A joint table with 
relative distance scores and relative ratios for exon 3 retention were calculated for each haplotype. A mean ratio and standard 
deviation was calculated from counts for the four replicates. Control barcoded-haplotypes (Reference and ‘LIAVA’) transfected 
mixed with the Input Library were manually added to the analysis and relative distance scores were at the extreme sides of the 
distribution. Upon confirmation of expected results from control haplotypes, these were not pooled with the rest of the haplotypes 
for downstream analysis.  

 

Supplementary Tables  
Supplementary Table S1. Primer sequences for long-read sequencing of the Output Library  

Name Sequence (5' to 3') 
Exon2_0012_Forward GCGCACGCACTACAGAAGCATTGTGAACCAGGTCTCTGGCTA 
Exon2_0016_Forward TAGATGCGAGAGTAGAAGCATTGTGAACCAGGTCTCTGGCTA 
Exon2_0005_Forward ACACGCATGACACACTAGCATTGTGAACCAGGTCTCTGGCTA 
Exon2_0032_Forward TATCTCTGTAGAGTCTAGCATTGTGAACCAGGTCTCTGGCTA 
Barc_mini_0012_Reverse TCTGTAGTGCGTGCGCATGCCACCCAGTAGCTCTAAGTCGA 
Barc_mini_0016_Reverse TCTACTCTCGCATCTAATGCCACCCAGTAGCTCTAAGTCGA 
Barc_mini_0005_Reverse AGTGTGTCATGCGTGTATGCCACCCAGTAGCTCTAAGTCGA 
Barc_mini_0032_Reverse AGACTCTACAGAGATAATGCCACCCAGTAGCTCTAAGTCGA 

 

Supplementary Table S2. Primers for short-read sequencing of the Output Library  

 

 

PC
R

 Name Sequence (5' to 3') 

First 

Rd1_4S_Ex2_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNAGCATTGTGAACCAGGTCTCTGGCT*A 
Rd1_7S_Ex2_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGCTAGCATTGTGAACCAGGTCTCTGGCT*A 
Rd1_10S_Ex2_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCTACAGAGCATTGTGAACCAGGTCTCTGGCT*A 
Rd1_12S_Ex2_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTAGTCATAAGCATTGTGAACCAGGTCTCTGGCT*A 
Rd1_4S_BC_R ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTAGCTCTAAGTCGACTCACTATAGATTAA*C 
Rd1_6S_BC_R ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCTTAGCTCTAAGTCGACTCACTATAGATTAA*C 
Rd1_9S_BC_R ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNAGCTCTAGCTCTAAGTCGACTCACTATAGATTAA*C 
Rd1_12S_BC_R ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGCAGAAGTTAGCTCTAAGTCGACTCACTATAGATTAA*C 
Rd2_12S_BC_R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNGCAGAAGTTAGCTCTAAGTCGACTCACTATAGATTAA*C 
Rd2_9S_BC_R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNAGCTCTAGCTCTAAGTCGACTCACTATAGATTAA*C 
Rd2_6S_BC_R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNCTTAGCTCTAAGTCGACTCACTATAGATTAA*C 
Rd2_4S_BC_R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNTAGCTCTAAGTCGACTCACTATAGATTAA*C 
Rd2_12S_Ex2_F GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNTAGTCATAAGCATTGTGAACCAGGTCTCTGGCT*A 
Rd2_10S_Ex2_F GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNCTACAGAGCATTGTGAACCAGGTCTCTGGCT*A 
Rd2_7S_Ex2_F GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNGCTAGCATTGTGAACCAGGTCTCTGGCT*A 
Rd2_4S_Ex2_F GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNAGCATTGTGAACCAGGTCTCTGGCT*A 

Second 

P5-PE-Rd1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T 
P7-701-Rd2 CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 
P7-702-Rd2 CAAGCAGAAGACGGCATACGAGATCTAGTACGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 
P7-703-Rd2 CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 
P7-704-Rd2 CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 



 

 
 

Supplementary Table S3. Mean ratio and average distance scores for each unique haplotype 

Identifier Exon 3 Haplotype  
Counts 

Replicate 
1 

Counts 
Replicate 

2 

Counts 
Replicate 

3 

Counts 
Replicate 

4 

Mean (%) 
exon 3 

retention 
Standard 
deviation 

Total 
CCS 

Reads 

Relative 
distance 

score 
id_127 c.453A>G; c.457A>C; c.513G>T; c.538T>G 5987 6632 9968 11568 1.01 0.53 277 0.51 
id_19 c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.532A>G; c.538T>G 574 391 757 844 1.46 1.38 71 0.51 

Control 2 LIAVA 562 1041 645 1659 2.48 1.17 57 0.50 
id_109 c.453A>G; c.457A>C; c.511G>A; c.521C>T; c.532A>G; c.538T>G 7925 5180 10042 7621 0.80 0.22 97 0.50 
id_44 c.457A>C; c.511G>A; c.521C>T; c.532A>G; c.538T>G 1192 1886 1518 3940 0.51 0.74 135 0.50 

id_134 c.453A>G; c.465C>G; c.532A>G; c.538T>G 415 368 103 354 3.48 1.81 40 0.49 
id_85 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.532A>G; c.538T>G 403 597 493 798 1.58 0.96 57 0.49 
id_80 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.521C>T; c.532A>G; c.538T>G 371 1132 1026 1284 0.96 0.62 37 0.49 
id_48 c.457A>C; c.511G>A; c.513G>T; c.532A>G; c.538T>G 714 949 917 1228 0.85 1.13 60 0.49 

id_168 c.453A>G; c.511G>A; c.532A>G; c.538T>G 1855 2568 2496 3816 0.33 0.40 74 0.49 
id_41 c.457A>C; c.511G>A; c.532A>G; c.538T>G 5343 5654 12987 13404 1.02 0.59 201 0.49 
id_13 c.457A>C; c.465C>G; c.511G>A; c.532A>G; c.538T>G 201 218 173 332 5.85 9.27 46 0.49 
id_70 c.453A>G; c.457A>C; c.465C>G; c.532A>G; c.538T>G 219 287 206 533 2.54 0.91 45 0.49 

id_180 c.453A>G; c.513G>T 5744 9518 7832 13657 1.28 0.46 422 0.49 
id_171 c.453A>G; c.511G>A; c.521C>T; c.532A>G; c.538T>G 351 654 392 748 3.82 1.26 62 0.49 
id_177 c.453A>G; c.511G>A; c.513G>T; c.521C>T; c.532A>G; c.538T>G 1002 1377 902 2426 1.81 1.11 60 0.49 
id_202 c.465C>G; c.511G>A; c.521C>T; c.532A>G; c.538T>G 616 587 253 495 3.10 0.91 54 0.49 
id_84 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.532A>G 7240 4180 9693 8583 0.34 0.19 44 0.49 

id_116 c.453A>G; c.457A>C; c.511G>A; c.513G>T; c.521C>T; c.532A>G; c.538T>G 6851 4536 9162 6759 0.21 0.10 65 0.49 
id_28 c.457A>C; c.465C>G; c.513G>T; c.532A>G; c.538T>G 350 583 619 1130 1.89 1.17 57 0.48 

id_199 c.465C>G; c.511G>A; c.532A>G; c.538T>G 130 12 94 71 3.01 3.67 26 0.48 
id_3 c.457A>C; c.532A>G; c.538T>G 2589 2462 2867 3483 3.64 0.13 195 0.48 

id_185 c.453A>G; c.513G>T; c.521C>T; c.532A>G; c.538T>G; 152 197 121 127 8.50 3.28 24 0.48 
id_125 c.453A>G; c.457A>C; c.513G>T; c.521C>T; c.532A>G; c.538T>G 831 1558 821 1644 6.33 0.51 86 0.48 
Id_235 c.511G>A; c.513G>T; c.532A>G; c.538T>G 901 1290 901 1708 2.58 0.23 88 0.48 
id_231 c.511G>A; c.521C>T; c.532A>G; c.538T>G 408 1090 1123 1198 3.24 1.48 73 0.47 
id_208 c.465C>G; c.511G>A; c.513G>T; c.521C>T; c.532A>G; c.538T>G 805 1469 998 1765 3.97 1.28 62 0.47 
id_173 c.453A>G; c.511G>A; c.513G>T; c.532A>G 168 321 249 380 6.04 2.45 26 0.47 
id_182 c.453A>G; c.513G>T; c.532A>G; c.538T>G 538 655 654 1063 15.06 1.80 88 0.47 
id_67 c.453A>G; c.457A>C; c.532A>G; c.538T>G 568 1031 877 1411 9.14 3.32 84 0.47 
id_12 c.457A>C; c.465C>G; c.511G>A; c.532A>G 1782 2164 1766 4367 84.74 2.21 52 0.47 
id_91 c.453A>G; c.457A>C; c.465C>G; c.513G>T 512 687 596 919 43.91 12.31 28 0.47 

id_106 c.453A>G; c.457A>C; c.511G>A; c.532A>G; c.538T>G 60 89 37 128 6.63 4.88 12 0.47 
id_156 c.453A>G; c.465C>G; c.513G>T; c.532A>G; c.538T>G 197 295 366 1229 4.59 1.93 33 0.47 
id_228 c.511G>A; c.532A>G; c.538T>G 243 334 258 437 5.12 3.31 54 0.47 
id_238 c.511G>A; c.513G>T; c.521C>T; c.532A>G; c.538T>G 957 1352 877 1957 4.21 1.46 81 0.46 
id_60 c.457A>C; c.513G>T; c.521C>T; c.532A>G; c.538T>G 567 829 675 850 22.62 6.17 73 0.46 

id_170 c.453A>G; c.511G>A; c.521C>T; c.532A>G 70 111 82 268 17.27 2.61 9 0.46 
id_51 c.457A>C; c.511G>A; c.513G>T; c.521C>T; c.532A>G; c.538T>G 1277 1581 1174 1794 3.01 0.85 96 0.46 

id_214 c.465C>G; c.513G>T; c.532A>G; c.538T>G 678 297 220 541 29.57 35.09 38 0.46 
id_31 c.457A>C; c.465C>G; c.513G>T; c.521C>T; c.532A>G; c.538T>G 514 1108 1191 1759 5.32 2.33 42 0.46 
id_57 c.457A>C; c.513G>T; c.532A>G; c.538T>G 225 351 261 549 11.43 1.85 59 0.46 

  



 

 

Identifier Exon 3 Haplotype  
Counts 

Replicate 
1 

Counts 
Replicate 

2 

Counts 
Replicate 

3 

Counts 
Replicate 

4 

Mean (%) 
exon 3 

retention 
Standard 
deviation 

Total 
CCS 

Reads 

Relative 
distance 

score 
id_102 c.453A>G; c.457A>C; c.521C>T; c.532A>G; c.538T>G 1052 1408 896 1650 7.71 2.32 95 0.46 
id_92 c.453A>G; c.457A>C; c.465C>G; c.513G>T; c.532A>G 2136 2317 2496 3450 76.90 4.29 77 0.46 

id_152 c.453A>G; c.465C>G; c.511G>A; c.513G>T; c.538T>G 201 274 197 281 22.09 3.84 15 0.45 
id_98 c.453A>G; c.457A>C; c.465C>G; c.513G>T; c.538T>G 29 4 71 98 17.79 14.09 10 0.45 
id_37 c.457A>C; c.521C>T; c.532A>G; c.538T>G 653 849 710 1142 9.87 1.40 105 0.45 

id_192 c.465C>G; c.532A>G; c.538T>G 156 258 112 232 14.59 4.31 38 0.45 
id_90 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.538T>G 133 56 95 211 6.53 5.01 21 0.45 

id_113 c.453A>G; c.457A>C; c.511G>A; c.513G>T; c.532A>G; c.538T>G 276 390 433 722 25.08 9.65 61 0.45 
id_9 c.457A>C; c.465C>G; c.521C>T; c.532A>G; c.538T>G 461 479 595 921 13.30 3.74 68 0.45 

id_130 c.453A>G; c.532A>G 945 1775 1045 2054 14.59 2.47 167 0.45 
id_131 c.453A>G; c.532A>G; c.538T>G 428 527 653 692 14.16 3.02 57 0.45 
id_136 c.453A>G; c.465C>G; c.521C>T; c.532A>G; c.538T>G 497 1096 957 1188 10.08 4.43 48 0.45 
id_15 c.457A>C; c.465C>G; c.511G>A; c.521C>T; c.532A>G 511 984 843 1320 4.59 2.42 38 0.45 
id_73 c.453A>G; c.457A>C; c.465C>G; c.521C>T; c.532A>G; c.538T>G 4847 10556 8123 16618 63.84 5.51 102 0.45 
id_72 c.453A>G; c.457A>C; c.465C>G; c.521C>T; c.532A>G 101 71 92 99 22.97 1.49 11 0.45 
id_6 c.457A>C; c.465C>G; c.532A>G; c.538T>G 2248 2964 2250 4482 19.56 3.51 113 0.44 

id_79 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.521C>T; c.532A>G 113 145 67 303 10.69 2.82 17 0.44 
id_40 c.457A>C; c.511G>A; c.532A>G 720 3432 2241 4096 4.83 3.06 74 0.44 

id_105 c.453A>G; c.457A>C; c.511G>A; c.532A>G 90 151 273 478 13.59 2.56 28 0.44 
id_227 c.511G>A; c.532A>G 25 151 49 33 17.27 13.44 10 0.43 
id_248 c.513G>T; c.521C>T; c.532A>G; c.538T>G 283 163 167 316 16.73 2.48 30 0.43 
id_164 c.453A>G; c.521C>T; c.532A>G; c.538T>G 272 292 219 500 18.15 2.64 50 0.43 
id_18 c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.532A>G 652 1465 819 2141 2.72 0.96 29 0.43 
id_24 c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.538T>G 60 38 47 44 44.05 7.98 11 0.43 

id_119 c.453A>G; c.457A>C; c.511G>A; c.538T>G 271 589 388 982 19.47 2.21 57 0.43 
id_118 c.453A>G; c.457A>C; c.511G>A; c.513G>T; c.538T>G 171 154 260 453 20.09 4.38 35 0.43 
id_108 c.453A>G; c.457A>C; c.511G>A; c.521C>T; c.532A>G 770 1409 1057 2132 66.60 8.08 78 0.43 
id_21 c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.521C>T; c.532A>G 66 152 113 144 24.98 8.15 17 0.43 
id_97 c.453A>G; c.457A>C; c.465C>G; c.513G>T; c.521C>T; c.538T>G 233 244 163 300 38.61 4.38 18 0.42 
id_47 c.457A>C; c.511G>A; c.513G>T; c.532A>G 1879 1842 2259 2882 71.88 8.52 33 0.42 
id_94 c.453A>G; c.457A>C; c.465C>G; c.513G>T; c.521C>T 508 830 579 1717 29.47 7.33 51 0.42 

id_115 c.453A>G; c.457A>C; c.511G>A; c.513G>T; c.521C>T; c.532A>G 237 433 270 731 24.31 2.38 41 0.42 
id_189 c.532A>G; c.538T>G 2087 2550 1761 3091 22.10 2.37 165 0.42 
id_43 c.457A>C; c.511G>A; c.521C>T; c.532A>G 378 541 464 827 16.22 4.04 67 0.42 

id_167 c.453A>G; c.511G>A; c.532A>G 162 242 172 378 31.08 4.60 28 0.42 
id_33 c.457A>C; c.465C>G; c.513G>T; c.538T>G 207 153 80 205 28.32 6.37 11 0.41 

id_198 c.465C>G; c.511G>A; c.532A>G 3 54 6 41 52.26 42.43 7 0.41 
id_179 c.453A>G; c.511G>A; c.538T>G 46 61 3 96 42.67 38.94 9 0.41 
id_195 c.465C>G; c.521C>T; c.532A>G; c.538T>G 506 909 377 1503 8.29 2.77 36 0.41 
id_25 c.457A>C; c.465C>G; c.511G>A; c.538T>G 38 38 23 99 37.68 4.83 6 0.41 

id_122 c.453A>G; c.457A>C; c.513G>T; c.532A>G; c.538T>G 7120 7927 11341 11033 93.87 1.84 89 0.40 
id_153 c.453A>G; c.465C>G; c.511G>A; c.538T>G 164 122 244 265 43.60 4.86 27 0.40 
id_45 c.457A>C; c.511G>A; c.521C>T; c.538T>G 300 584 245 980 24.86 1.02 21 0.40 
id_54 c.457A>C; c.511G>A; c.538T>G 103 75 107 25 31.08 8.69 11 0.40 
id_69 c.453A>G; c.457A>C; c.465C>G; c.532A>G 830 3801 1930 4044 4.61 2.07 33 0.40 

id_245 c.513G>T; c.532A>G; c.538T>G 2678 2855 2663 3803 54.92 9.22 81 0.39 
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id_147 c.453A>G; c.465C>G; c.511G>A; c.513G>T; c.532A>G; c.538T>G 240 297 374 635 29.80 3.47 31 0.39 
id_142 c.453A>G; c.465C>G; c.511G>A; c.521C>T; c.532A>G 54 78 104 61 28.31 8.89 10 0.39 
id_146 c.453A>G; c.465C>G; c.511G>A; c.513G>T; c.532A>G 133 62 82 237 29.35 3.52 10 0.39 
id_17 c.457A>C; c.465C>G; c.511G>A; c.521C>T; c.538T>G 188 570 401 712 59.68 9.24 29 0.39 
id_56 c.457A>C; c.513G>T; c.532A>G 948 920 855 1663 23.48 2.30 64 0.39 
id_81 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.521C>T; c.538T>G 217 171 319 417 25.88 3.85 31 0.39 

id_133 c.453A>G; c.465C>G; c.532A>G 318 273 306 773 39.22 5.91 41 0.38 
id_50 c.457A>C; c.511G>A; c.513G>T; c.521C>T; c.532A>G 184 264 303 268 35.24 7.97 31 0.38 

id_217 c.465C>G; c.513G>T; c.521C>T; c.532A>G; c.538T>G 181 364 251 513 42.01 4.88 42 0.38 
id_224 c.521C>T; c.532A>G; c.538T>G 3214 3798 3462 5593 72.90 4.23 133 0.38 
id_121 c.453A>G; c.457A>C; c.513G>T; c.532A>G 330 359 292 523 31.90 3.67 37 0.38 
id_110 c.453A>G; c.457A>C; c.511G>A; c.521C>T; c.538T>G 81 56 150 158 36.18 11.09 12 0.38 
id_237 c.511G>A; c.513G>T; c.521C>T; c.532A>G 95 264 286 427 25.96 4.57 19 0.38 

id_5 c.457A>C; c.465C>G; c.532A>G 97 29 72 222 41.05 4.46 14 0.37 
id_213 c.465C>G; c.513G>T; c.532A>G 7 43 15 34 32.48 14.74 5 0.37 
id_181 c.453A>G; c.513G>T; c.532A>G 30 2 28 27 22.37 24.20 9 0.37 
id_135 c.453A>G; c.465C>G; c.521C>T; c.532A>G 23 55 28 86 58.61 8.40 6 0.37 
id_75 c.453A>G; c.457A>C; c.465C>G; c.511G>A 611 701 559 907 14.90 4.05 20 0.37 
id_2 c.457A>C; c.532A>G 417 506 441 909 38.81 3.36 46 0.37 

id_176 c.453A>G; c.511G>A; c.513G>T; c.521C>T; c.532A>G 297 167 210 492 51.98 20.14 33 0.37 
id_59 c.457A>C; c.513G>T; c.521C>T; c.532A>G 709 683 547 1187 50.92 3.49 49 0.36 
id_95 c.453A>G; c.457A>C; c.465C>G; c.513G>T; c.521C>T; c.532A>G 226 418 238 401 48.92 8.11 30 0.36 
id_66 c.453A>G; c.457A>C; c.532A>G 175 236 212 326 44.76 8.11 29 0.36 
id_88 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.521C>T; c.538T>G 77 90 70 55 51.75 9.47 9 0.36 
id_52 c.457A>C; c.511G>A; c.513G>T; c.521C>T; c.538T>G 1013 1443 1177 1808 70.83 4.49 49 0.36 

id_117 c.453A>G; c.457A>C; c.511G>A; c.513G>T; c.521C>T; c.538T>G 181 270 299 347 38.74 5.96 29 0.36 
id_103 c.453A>G; c.457A>C; c.521C>T; c.538T>G 252 431 384 805 41.18 1.64 32 0.35 
id_23 c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.521C>T; c.538T>G 109 253 434 759 20.55 8.93 14 0.35 

id_209 c.465C>G; c.511G>A; c.513G>T; c.521C>T; c.538T>G 354 380 564 1418 49.92 5.60 25 0.35 
id_128 c.453A>G; c.457A>C; c.538T>G 2996 3826 3983 7380 41.08 13.75 95 0.35 
id_101 c.453A>G; c.457A>C; c.521C>T; c.532A>G 1025 1195 1101 1481 41.60 2.22 80 0.35 
id_158 c.453A>G; c.465C>G; c.513G>T; c.521C>T; c.532A>G 74 103 97 341 40.42 5.76 11 0.35 
id_207 c.465C>G; c.511G>A; c.513G>T; c.521C>T; c.532A>G 229 292 343 660 48.83 5.59 33 0.35 
id_112 c.453A>G; c.457A>C; c.511G>A; c.513G>T; c.532A>G 212 279 305 580 54.39 9.80 30 0.34 
id_124 c.453A>G; c.457A>C; c.513G>T; c.521C>T; c.532A>G 1230 1178 918 1965 53.51 7.82 93 0.34 
id_99 c.453A>G; c.457A>C; c.465C>G; c.538T>G 1046 782 1597 1125 52.37 29.22 45 0.34 
id_8 c.457A>C; c.465C>G; c.521C>T; c.532A>G 481 764 729 1313 45.37 5.11 70 0.34 

id_178 c.453A>G; c.511G>A; c.513G>T; c.538T>G 85 74 85 110 45.72 12.80 12 0.33 
id_234 c.511G>A; c.513G>T; c.532A>G 425 566 460 761 100.00 0.00 7 0.33 
id_62 c.457A>C; c.513G>T; c.538T>G 396 335 499 663 57.92 8.87 23 0.33 

id_172 c.453A>G; c.511G>A; c.521C>T; c.538T>G 343 361 420 856 44.17 2.57 43 0.33 
id_74 c.453A>G; c.457A>C; c.465C>G; c.521C>T; c.538T>G 193 131 343 334 55.11 8.50 32 0.33 
id_86 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.521C>T 149 215 185 522 54.56 4.46 13 0.32 

id_155 c.453A>G; c.465C>G; c.513G>T; c.532A>G 47 170 142 185 54.63 4.23 18 0.32 
id_83 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.513G>T 258 321 335 395 55.98 7.96 23 0.32 

id_163 c.453A>G; c.521C>T; c.532A>G 671 364 553 1212 44.64 2.05 38 0.32 
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id_230 c.511G>A; c.521C>T; c.532A>G 375 943 456 979 46.84 0.42 50 0.32 
id_232 c.511G>A; c.521C>T; c.538T>G 1041 1312 1207 2119 57.37 3.54 89 0.31 
id_30 c.457A>C; c.465C>G; c.513G>T; c.521C>T; c.532A>G 143 118 132 98 51.71 5.68 13 0.31 

id_149 c.453A>G; c.465C>G; c.511G>A; c.513G>T; c.521C>T; c.532A>G 92 152 29 117 43.68 22.37 9 0.31 
id_32 c.457A>C; c.465C>G; c.513G>T; c.521C>T; c.538T>G 159 195 168 302 52.50 8.20 24 0.31 

id_210 c.465C>G; c.511G>A; c.513G>T; c.538T>G 168 270 285 590 60.24 2.55 27 0.31 
id_144 c.453A>G; c.465C>G; c.511G>A; c.521C>T; c.538T>G 770 767 749 1363 28.39 15.21 28 0.31 
id_27 c.457A>C; c.465C>G; c.513G>T; c.532A>G 245 231 333 358 52.81 2.78 18 0.30 

id_157 c.453A>G; c.465C>G; c.513G>T; c.521C>T 249 97 281 390 47.69 11.14 13 0.30 
id_36 c.457A>C; c.521C>T; c.532A>G 1044 1872 1592 3404 38.52 3.92 57 0.30 

id_239 c.511G>A; c.513G>T; c.521C>T; c.538T>G 398 516 761 885 64.56 5.57 46 0.29 
id_240 c.511G>A; c.513G>T; c.538T>G 92 155 67 229 41.94 3.19 13 0.29 
id_211 c.465C>G; c.511G>A; c.538T>G 183 256 393 569 54.63 4.37 20 0.29 
id_34 c.457A>C; c.465C>G; c.538T>G 331 358 519 573 41.61 7.54 37 0.29 

id_241 c.511G>A; c.538T>G 604 1115 1041 1733 74.48 2.15 44 0.29 
id_165 c.453A>G; c.521C>T; c.538T>G 150 527 155 229 71.71 13.47 16 0.29 
id_61 c.457A>C; c.513G>T; c.521C>T; c.538T>G 683 809 760 1562 63.52 3.91 56 0.28 
id_38 c.457A>C; c.521C>T; c.538T>G 462 736 958 1464 61.47 5.89 60 0.28 
id_29 c.457A>C; c.465C>G; c.513G>T; c.521C>T 68 61 73 61 46.85 18.82 5 0.28 

id_111 c.453A>G; c.457A>C; c.511G>A; c.513G>T 1104 1031 1143 2602 73.93 1.76 48 0.28 
id_151 c.453A>G; c.465C>G; c.511G>A; c.513G>T; c.521C>T; c.538T>G 24 106 62 145 32.64 17.31 7 0.28 
id_46 c.457A>C; c.511G>A; c.513G>T 377 687 591 1317 69.78 4.51 28 0.28 
id_14 c.457A>C; c.465C>G; c.511G>A; c.521C>T 820 1030 964 1370 51.44 3.05 48 0.28 

id_137 c.453A>G; c.465C>G; c.521C>T; c.538T>G 69 174 126 302 63.10 3.85 15 0.28 
id_104 c.453A>G; c.457A>C; c.511G>A 131 221 290 437 81.02 5.19 18 0.28 
id_201 c.465C>G; c.511G>A; c.521C>T; c.532A>G 43 158 67 216 72.09 24.67 14 0.27 
id_194 c.465C>G; c.521C>T; c.532A>G 1496 1420 1238 2710 48.94 5.44 88 0.27 
id_78 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.521C>T 319 517 336 744 63.61 1.28 22 0.27 

id_247 c.513G>T; c.521C>T; c.532A>G 1454 1210 1186 2504 58.86 1.77 71 0.27 
id_244 c.513G>T; c.532A>G 238 993 512 1291 36.76 4.22 41 0.27 
id_184 c.453A>G; c.513G>T; c.521C>T; c.532A>G 760 550 2022 2352 93.15 6.00 12 0.27 
id_126 c.453A>G; c.457A>C; c.513G>T; c.521C>T; c.538T>G 1130 1686 1234 1935 62.57 4.45 79 0.27 
id_216 c.465C>G; c.513G>T; c.521C>T; c.532A>G 1446 2811 2504 5845 89.88 0.58 48 0.27 
id_148 c.453A>G; c.465C>G; c.511G>A; c.513G>T; c.521C>T 23 31 18 120 54.41 22.85 3 0.26 
id_188 c.532A>G 416 540 459 851 53.49 3.65 40 0.26 
id_10 c.457A>C; c.465C>G; c.521C>T; c.538T>G 64 138 65 120 61.78 9.14 12 0.26 

id_203 c.465C>G; c.511G>A; c.521C>T; c.538T>G 831 998 990 1933 84.93 1.76 34 0.26 
id_223 c.521C>T; c.532A>G 2732 3360 2891 7547 70.09 4.73 97 0.26 
id_53 c.457A>C; c.511G>A; c.513G>T; c.538T>G 17 183 59 104 69.25 7.97 6 0.25 
id_93 c.453A>G; c.457A>C; c.465C>G; c.513G>T; c.532A>G; c.538T>G 117 180 216 396 45.12 14.93 9 0.24 

id_114 c.453A>G; c.457A>C; c.511G>A; c.513G>T; c.521C>T 662 1094 939 1811 79.97 8.51 39 0.24 
id_42 c.457A>C; c.511G>A; c.521C>T 113 108 40 143 81.64 3.68 12 0.24 

id_186 c.453A>G; c.513G>T; c.538T>G 15 75 29 108 65.48 10.45 3 0.24 
id_20 c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.521C>T 143 341 296 559 73.50 2.82 22 0.24 

id_120 c.453A>G; c.457A>C; c.513G>T 73 153 79 144 74.68 9.84 9 0.24 
id_233 c.511G>A; c.513G>T 43 16 21 88 40.13 15.70 6 0.23 
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id_107 c.453A>G; c.457A>C; c.511G>A; c.521C>T 429 400 747 1135 75.35 7.00 40 0.23 
id_225 c.521C>T; c.538T>G 704 1265 768 1650 38.28 6.69 36 0.23 
id_138 c.453A>G; c.465C>G; c.511G>A 60 93 187 241 83.01 2.60 7 0.23 
id_219 c.465C>G; c.513G>T; c.538T>G 94 95 142 261 57.31 2.06 10 0.23 
id_63 c.457A>C; c.538T>G 172 143 248 303 58.64 4.65 20 0.23 

id_249 c.513G>T; c.521C>T; c.538T>G 198 254 448 661 69.54 4.17 26 0.23 
id_200 c.465C>G; c.511G>A; c.521C>T 273 347 180 679 66.34 3.96 15 0.23 
id_187 c.453A>G; c.538T>G 9459 6390 11087 9316 21.67 4.17 23 0.23 
id_49 c.457A>C; c.511G>A; c.513G>T; c.521C>T 339 344 392 584 86.81 6.34 21 0.23 

id_206 c.465C>G; c.511G>A; c.513G>T; c.521C>T 1210 1433 1290 2296 74.00 3.12 51 0.23 
id_251 c.538T>G 528 909 570 1299 65.15 2.66 50 0.23 
id_166 c.453A>G; c.511G>A 289 426 464 315 72.92 7.21 29 0.23 
id_218 c.465C>G; c.513G>T; c.521C>T; c.538T>G 296 352 437 495 79.39 2.36 20 0.22 
id_58 c.457A>C; c.513G>T; c.521C>T 924 1142 790 2121 72.87 2.84 56 0.22 

id_141 c.453A>G; c.465C>G; c.511G>A; c.521C>T 6 32 30 30 60.57 19.60 5 0.22 
id_71 c.453A>G; c.457A>C; c.465C>G; c.521C>T 121 151 159 329 77.60 11.66 12 0.22 

id_191 c.465C>G; c.532A>G 764 858 704 1232 80.22 3.76 40 0.22 
id_250 c.513G>T; c.538T>G 568 592 615 1109 70.27 3.73 49 0.22 
id_123 c.453A>G; c.457A>C; c.513G>T; c.521C>T 7879 4825 9808 7596 97.56 1.18 33 0.21 
id_169 c.453A>G; c.511G>A; c.521C>T 332 204 374 710 79.47 2.19 20 0.21 
id_204 c.465C>G; c.511G>A; c.513G>T 32 107 32 53 70.13 4.17 5 0.21 
id_196 c.465C>G; c.521C>T; c.538T>G 449 205 379 413 78.63 8.45 23 0.21 
id_236 c.511G>A; c.513G>T; c.521C>T 373 186 276 275 82.98 6.56 17 0.21 
id_160 c.453A>G; c.465C>G; c.513G>T; c.538T>G 16 19 15 37 58.70 14.36 5 0.20 
id_65 c.453A>G; c.457A>C 1868 1929 1471 3713 75.66 3.16 67 0.20 

id_161 c.453A>G; c.465C>G; c.538T>G 168 247 275 438 67.30 3.42 15 0.20 
id_26 c.457A>C; c.465C>G; c.513G>T 367 595 408 835 82.95 2.41 20 0.20 

id_175 c.453A>G; c.511G>A; c.513G>T; c.521C>T 81 76 39 282 83.19 1.38 7 0.20 
id_226 c.511G>A 185 233 381 717 70.11 3.40 15 0.19 
id_215 c.465C>G; c.513G>T; c.521C>T 6679 4967 9350 7326 98.68 0.74 34 0.18 
id_100 c.453A>G; c.457A>C; c.521C>T 843 704 1225 1652 80.35 2.17 54 0.18 
id_243 c.513G>T 131 198 281 439 73.81 8.57 11 0.18 
id_212 c.465C>G; c.513G>T 2135 2195 2166 4378 91.75 1.98 65 0.18 
id_39 c.457A>C; c.511G>A 83 117 192 359 75.02 6.05 14 0.17 
id_68 c.453A>G; c.457A>C; c.465C>G 694 603 522 1238 85.00 4.72 40 0.17 
id_1 c.457A>C 1098 1911 2983 3516 86.44 3.80 78 0.17 

id_246 c.513G>T; c.521C>T 785 1430 1437 1994 93.16 1.66 23 0.17 
Control 1 Reference  3824 4957 3419 12605 90.96 3.79 52 0.17 
id_154 c.453A>G; c.465C>G; c.513G>T 347 798 489 1292 91.29 1.32 21 0.16 

id_4 c.457A>C; c.465C>G 200 177 196 503 82.47 2.50 18 0.16 
id_220 c.465C>G; c.538T>G 29 68 82 132 95.07 6.47 6 0.16 
id_162 c.453A>G; c.521C>T 1366 822 1294 2015 84.44 1.73 56 0.15 
id_190 c.465C>G 5395 2821 9024 8122 97.73 1.05 30 0.15 
id_55 c.457A>C; c.513G>T 3610 3477 3546 5094 93.42 1.28 58 0.15 
id_35 c.457A>C; c.521C>T 1488 2165 3556 5290 71.16 8.93 71 0.15 
id_64 c.453A>G 1736 1259 1375 2382 84.74 1.22 87 0.14 
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id_197 c.465C>G; c.511G>A 133 183 137 214 86.13 3.81 10 0.14 

id_7 c.457A>C; c.465C>G; c.521C>T 800 1419 736 2192 99.50 0.28 31 0.14 
id_229 c.511G>A; c.521C>T 562 843 641 1214 83.07 2.89 28 0.13 
id_132 c.453A>G; c.465C>G 116 196 173 309 91.21 0.54 10 0.13 
id_222 c.521C>T 2787 2632 1882 3756 91.35 0.26 76 0.12 

  

 

  



 

 
 

Supplementary Table S4. Mean (%) of exon 3 retention and distance scores for haplotypes measured by individual and parallelized minigene 
splicing assays 

  Individual assay  Parallelized assay 

Identifier Exon 3 Haplotype  
Non-

Variant 
sites*  

Mean (%) 
exon 3 

retention  
SD 

Splicing 
outcome 
category  

Mean (%) 
exon 3 

retention 
SD  

Splicing 
outcome 
category 

Prediction 
Accuracy 

Total 
Counts 

Average 
Distance 

score  

id_85 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.532A>G; 
c.538T>G 1 0.00  S 1.58 0.96 S TP 2291 0.494 

id_19 c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.532A>G; c.538T>G 2 3.32 0.71 S 1.46 1.38 S TP 2566 0.508 
id_77 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.532A>G; c.538T>G 2 10.89 2.79 S 0 NA S TP 3556 0.497 

id_109 c.453A>G; c.457A>C; c.511G>A; c.521C>T; c.532A>G; c.538T>G 2 11.02 0.97 S 0.80 0.22 S TP 30768 0.498 
id_199 c.465C>G; c.511G>A; c.532A>G; c.538T>G 4 12.98 1.74 S 3.01 3.67 S TP 307 0.479 

id_88 c.453A>G; c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.521C>T; 
c.538T>G 1 17.36 1.56 S 51.75 9.47 I FN 292 0.359 

id_67 c.453A>G; c.457A>C; c.532A>G; c.538T>G 4 24.98 0.51 I 9.14 3.32 S FP 3887 0.469 
id_125 c.453A>G; c.457A>C; c.513G>T; c.521C>T; c.532A>G; c.538T>G 2 33.27 0.71 I 6.33 0.51 S FP 4854 0.476 
id_102 c.453A>G; c.457A>C; c.521C>T; c.532A>G; c.538T>G 3 37.87 2.33 I 7.71 2.32 S FP 5006 0.459 
id_231 c.511G>A; c.521C>T; c.532A>G; c.538T>G 4 43.31 0.69 I 3.24 1.48 S FP 3819 0.474 
id_18 c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.532A>G 3 46.80 3.44 I 2.72 0.96 S FP 5077 0.429 

id_118 c.453A>G; c.457A>C; c.511G>A; c.513G>T; c.538T>G 3 59.15 3.62 I 20.09 4.38 I TN 1038 0.427 
id_24 c.457A>C; c.465C>G; c.511G>A; c.513G>T; c.538T>G 3 63.38 6.18 I 44.05 7.98 I TN 189 0.428 
id_50 c.457A>C; c.511G>A; c.513G>T; c.521C>T; c.532A>G 3 70.55 8.28 I 35.24 7.97 I TN 1019 0.381 
id_52 c.457A>C; c.511G>A; c.513G>T; c.521C>T; c.538T>G 3 70.58  I 70.83 4.49 I TN 5441 0.356 

id_133 c.453A>G; c.465C>G; c.532A>G 5 80.31 6.57 M 39.22 5.91 I FP 1670 0.383 
id_223 c.521C>T; c.532A>G 6 90.19 4.63 M 70.09 4.73 M TN 16530 0.257 
id_201 c.465C>G; c.511G>A; c.521C>T; c.532A>G 4 92.69 2.91 M 72.09 24.67 M TN 484 0.273 
id_114 c.453A>G; c.457A>C; c.511G>A; c.513G>T; c.521C>T 3 94.87 1.38 M 79.97 8.51 M TN 4506 0.445 
id_196 c.465C>G; c.521C>T; c.538T>G 5 97.25 0.55 M 78.63 8.45 M TN 1446 0.207 

*Number of non-variant sites compared to the reference haplotype; SD: Standard Deviation; Splicing outcome categories, S: predominant exon skipping, I: intermediate levels of exon skipping, M: 
minor exon skipping levels, NA: Not Available, TP: True Positive; FN: False Negative, FP: False Positive, TN: True Negative  
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Supplementary Table S5. Correlation between individual and parallelized minigene splicing 
assays 
Data for Spearman correlation test P-value rho n 
Individually assayed (FAM-quantified) versus Average distance scores 8.02E-07 0.87 20.00 
Individually assayed (FAM-quantified) versus Parallelized mean (%) Short-Long Hybrid  5.30E-06 0.83 20.00 
Average distance scores versus Parallelized mean (%) Short-Long Hybrid  3.06E-10 0.95 20.00 
Average distance scores versus Parallelized mean (%) Short-Long Hybrid  2.20E-16 0.86 232.00 
p-value (95% Interval Confidence); rho: Spearman rank correlation coefficient; n: number of identifiers  

 

 

Supplementary Table S6. Effect of single variants on the overall mean exon 3 retention 

 

 

 

 

 

 

 

 

  

Variant* W† P-value Significance 95% IC‡ Difference§ 

c.453 6693 0.05133 ns (-0.02; 17.15) 7.879512 
c.457 6279 0.04281 * (0.25; 16.88) 8.013108 
c.465 5779 0.9878 ns (-7.86;8.89) 0.05931689 
c.511 4524 0.005633 ** (-19.48; -3.20) -11.05062 
c.513 5682 0.7652 ns ( -10.15; 6.42) -0.9586008 
c.521 5327 0.2724 ns (-12.96; 3.10) -4.226906 
c.532 9653 < 2.2e-16 **** (30.50; 45.00) 37.93396 
c.538 2996 6.66E-10 **** (-34.31; -18.58) -26.57216 

*Variant location in the LW/MW exon 3 haplotypes; †Mann-Whitney U test or Wilcoxon rank sum test statistic calculated 
between the haplotypes carrying either of the two alleles for each SNP shown in Fig. 3A; ‡95 percent confidence interval; 
§Difference in location. 



 

 
 

Supplementary Table S7. Additive model analysis for double variants 
Double variants AB ObsAB

_1 
ExpAB

_1 
Diff_Obs_
ExpAB_1 

ObsAB
_2 

ExpAB
_2 

Diff_Obs_
ExpAB_2 

ObsAB
_3 

ExpAB
_3 

Diff_Obs_
ExpAB_3 

ObsAB
_4 

ExpAB
_4 

Diff_Obs_
ExpAB_4 P-value Epistasis 

c.453A>G; c.532A>G 85.40 67.15 18.25 87.77 63.13 24.64 82.01 56.88 25.13 86.47 59.91 26.56 0.001023 Negative 
c.453A>G; c.513G>T 98.59 48.25 50.34 99.16 50.63 48.53 98.14 37.26 60.88 99.00 29.67 69.33 0.001309 Negative 
c.453A>G; c.538T>G 82.29 48.38 33.91 74.84 49.95 24.89 81.57 53.26 28.32 74.61 48.83 25.78 0.0008044 Negative 
c.453A>G; c.511G>A 30.80 43.75 -12.96 17.14 42.89 -25.76 26.72 46.33 -19.61 33.65 47.62 -13.97 0.00874 Positive 
c.453A>G; c.457A>C 29.07 34.31 -5.24 22.97 30.78 -7.81 22.64 23.85 -1.22 22.68 26.33 -3.65 0.04805 Positive 
c.453A>G; c.521C>T 14.64 24.98 -10.34 15.33 24.60 -9.27 14.22 23.39 -9.17 18.06 22.65 -4.58 0.007345 Positive 
c.453A>G; c.465C>G 8.62 17.78 -9.16 9.18 19.83 -10.64 9.25 16.10 -6.85 8.09 16.42 -8.33 0.001592 Positive 
c.511G>A; c.532A>G 100.00 78.53 21.47 86.75 73.46 13.29 71.43 73.54 -2.12 72.73 80.07 -7.34 0.4137 NA 
c.532A>G; c.538T>G 79.20 83.16 -3.95 78.55 80.52 -1.97 74.39 80.47 -6.08 79.46 81.28 -1.83 0.04072 Positive 
c.513G>T; c.532A>G 59.66 83.02 -23.36 69.28 81.20 -11.91 61.33 64.47 -3.14 62.66 62.13 0.54 0.1729 NA 
c.457A>C; c.532A>G 64.75 69.09 -4.34 63.24 61.35 1.89 57.60 51.07 6.53 59.19 58.78 0.41 0.6504 NA 
c.521C>T; c.532A>G 32.32 59.75 -27.43 34.17 55.17 -21.01 29.82 50.60 -20.79 23.35 55.10 -31.75 0.002484 Positive 
c.465C>G; c.532A>G 24.74 52.56 -27.82 20.63 50.40 -29.77 17.19 43.31 -26.12 16.56 48.88 -32.32 0.0002117 Positive 
c.521C>T; c.538T>G 60.23 40.99 19.24 67.11 41.98 25.13 52.86 46.98 5.89 66.67 44.02 22.64 0.02383 Negative 
c.457A>C; c.538T>G 36.63 50.32 -13.69 38.46 48.16 -9.70 46.77 47.44 -0.66 43.56 47.70 -4.14 0.09275 NA 
c.513G>T; c.538T>G 26.58 64.26 -37.67 32.09 68.01 -35.91 26.50 60.84 -34.34 33.72 51.05 -17.33 0.006944 Positive 
c.457A>C; c.521C>T 21.30 26.91 -5.61 41.76 22.82 18.94 26.94 17.57 9.37 25.37 21.52 3.85 0.2869 NA 
c.511G>A; c.538T>G 23.51 59.76 -36.25 27.35 60.27 -32.92 23.82 69.92 -46.09 27.41 69.00 -41.59 0.0008803 Positive 
c.457A>C; c.511G>A 24.10 45.69 -21.60 31.62 41.10 -9.48 17.19 40.51 -23.33 27.02 46.49 -19.47 0.009442 Positive 
c.457A>C; c.465C>G 20.00 19.72 0.28 16.95 18.04 -1.09 14.29 10.28 4.00 18.89 15.30 3.59 0.2671 NA 
c.511G>A; c.521C>T 20.82 36.36 -15.54 15.42 34.93 -19.51 14.20 40.05 -25.85 17.30 42.81 -25.51 0.003228 Positive 
c.465C>G; c.511G>A 19.55 29.16 -9.61 12.57 30.15 -17.59 11.68 32.76 -21.08 11.68 36.59 -24.91 0.01116 Positive 
c.465C>G; c.513G>T 11.15 33.66 -22.51 7.88 37.89 -30.01 7.11 23.68 -16.57 6.88 18.64 -11.77 0.01429 Positive 
c.513G>T; c.521C>T 6.75 40.85 -34.10 4.83 42.66 -37.84 6.89 30.97 -24.09 8.88 24.86 -15.99 0.01092 Positive 
c.457A>C; c.513G>T 6.34 50.18 -43.84 6.10 48.84 -42.74 5.47 31.44 -25.97 8.42 28.54 -20.12 0.0115 Positive 
c.465C>G; c.538T>G 0.00 33.79 -33.79 0.00 37.21 -37.21 6.10 39.68 -33.59 13.64 37.80 -24.16 0.001414 Positive 

A:Variant A; B: Variant B for each couple of double variants; A_1-4 and B_1-4 from each 4 replicates; ObsAB: observed ratio for combination of A and B variants; ExpAB: expected ratio 
following an additive model; Diff_ObsAB_ExpAB: difference between observed and expected ratio for each given pair of variants 
 

  



 

 

Supplementary Table S8. Additive model analysis for triple variants 
Triple mutants O_AB

C_1 
E_ABC

_1 
OE_ABC_

1 
O_ABC_

2 
E_ABC_

2 
OE_ABC_

2 
O_ABC_

3 
E_ABC_

3 
OE_ABC_

3 
O_ABC_

4 
E_ABC_

4 
OE_ABC

_4 P-value Epistasis 

c.453A>G; c.532A>G; c.538T>G 89.72 99.35 -9.63 85.96 96.80 -10.84 85.30 95.31 -10.01 82.37 95.01 -12.64 0.00053 Positive 
c.453A>G; c.511G>A; c.532A>G 72.22 94.72 -22.49 73.14 89.74 -16.60 63.37 88.38 -25.01 66.93 93.80 -26.87 0.00202 Positive 
c.453A>G; c.465C>G; c.532A>G 52.20 68.74 -16.54 61.54 66.68 -5.14 64.71 58.15 6.56 64.68 62.61 2.08 0.56370 NA 
c.453A>G; c.521C>T; c.532A>G 57.23 75.94 -18.71 55.49 71.46 -15.96 56.24 65.44 -9.20 52.48 68.83 -16.35 0.00517 Positive 
c.453A>G; c.457A>C; c.532A>G 44.57 85.27 -40.70 61.44 77.63 -16.19 53.30 65.90 -12.60 61.66 72.51 -10.85 0.06325 NA 
c.453A>G; c.457A>C; c.538T>G 41.52 66.51 -24.99 69.55 64.44 5.11 54.28 62.28 -7.99 70.33 61.43 8.89 0.57930 NA 
c.453A>G; c.513G>T; c.538T>G 33.33 80.44 -47.11 38.67 84.29 -45.62 20.69 75.68 -54.99 45.37 64.78 -19.41 0.01244 Positive 
c.453A>G; c.465C>G; c.538T>G 33.33 49.98 -16.64 27.94 53.49 -25.56 33.45 54.52 -21.07 36.07 51.53 -15.46 0.00336 Positive 
c.453A>G; c.521C>T; c.538T>G 39.33 57.17 -17.84 9.30 58.27 -48.97 36.13 61.81 -25.68 28.38 57.75 -29.37 0.01929 Positive 
c.453A>G; c.457A>C; c.513G>T 26.03 66.37 -40.34 33.99 65.12 -31.13 11.39 46.27 -34.88 29.86 42.27 -12.41 0.01629 Positive 
c.453A>G; c.511G>A; c.521C>T 18.07 52.55 -34.47 20.10 51.21 -31.11 20.59 54.89 -34.30 23.38 56.54 -33.16 0.00003 Positive 
c.453A>G; c.457A>C; c.521C>T 21.59 43.10 -21.51 21.45 39.10 -17.65 17.63 32.41 -14.78 17.92 35.25 -17.33 0.00102 Positive 
c.453A>G; c.457A>C; c.511G>A 21.37 61.88 -40.50 17.65 57.39 -39.74 12.41 55.35 -42.94 24.49 60.22 -35.73 0.00012 Positive 
c.453A>G; c.465C>G; c.511G>A 16.67 45.35 -28.68 13.98 46.44 -32.46 20.32 47.60 -27.27 17.01 50.32 -33.30 0.00024 Positive 
c.453A>G;c.457A>C; c.465C>G; 10.09 35.90 -25.82 20.23 34.32 -14.09 12.07 25.12 -13.05 17.61 29.02 -11.41 0.01632 Positive 
c.453A>G; c.465C>G; c.513G>T 9.80 49.84 -40.04 9.65 54.17 -44.52 6.95 38.52 -31.57 8.44 32.37 -23.93 0.00461 Positive 
c.457A>C; c.532A>G; c.538T>G 96.29 101.28 -4.99 96.43 95.01 1.42 96.51 89.49 7.03 96.21 93.88 2.33 0.60010 NA 
c.457A>C; c.511G>A; c.532A>G 90.69 96.65 -5.96 97.44 87.96 9.48 95.76 82.56 13.20 96.78 92.67 4.11 0.29980 NA 
c.511G>A; c.532A>G; c.538T>G 96.30 110.73 -14.43 90.12 107.12 -17.00 97.67 111.97 -14.29 95.42 115.18 -19.75 0.00105 Positive 
c.465C>G; c.532A>G; c.538T>G 83.33 84.75 -1.42 82.56 84.06 -1.50 83.93 81.73 2.20 91.81 83.98 7.83 0.47750 NA 
c.457A>C; c.513G>T; c.532A>G 75.53 101.15 -25.62 76.85 95.69 -18.84 74.15 73.49 0.67 79.56 74.73 4.83 0.27910 NA 
c.465C>G; c.513G>T; c.532A>G 71.43 84.62 -13.19 81.40 84.74 -3.34 46.67 65.73 -19.06 70.59 64.82 5.77 0.26620 NA 
c.457A>C; c.521C>T; c.532A>G 64.18 77.88 -13.70 58.97 69.67 -10.69 57.35 59.62 -2.27 65.42 67.70 -2.28 0.09008 NA 
c.457A>C; c.511G>A; c.532A>G 55.67 70.68 -15.01 65.52 64.89 0.63 56.94 52.33 4.62 57.66 61.48 -3.82 0.48130 NA 
c.511G>A; c.521C>T; c.532A>G 52.80 87.32 -34.52 53.76 81.78 -28.02 53.07 82.10 -29.03 53.01 88.99 -35.98 0.00052 Positive 
c.465C>G;c.521C>T; c.532A>G 43.98 61.35 -17.36 53.17 58.72 -5.55 50.24 51.87 -1.62 56.86 57.80 -0.93 0.19270 NA 
c.513G>T; c.532A>G; c.538T>G 36.45 115.22 -78.77 54.89 114.86 -59.97 38.04 102.89 -64.85 50.96 97.23 -46.27 0.00262 Positive 
c.513G>T; c.521C>T; c.532A>G 41.13 91.81 -50.69 42.81 89.52 -46.71 38.70 73.02 -34.32 41.93 71.05 -29.11 0.00421 Positive 
c.521C>T; c.532A>G; c.538T>G 26.54 91.95 -65.41 31.04 88.84 -57.79 21.40 89.02 -67.62 29.39 90.20 -60.81 0.00010 Positive 
c.511G>A; c.513G>T; c.532A>G 0.00 110.59 -110.59 0.00 107.80 -107.80 0.00 95.96 -95.96 0.00 96.02 -96.02 0.01632 Positive 
c.457A>C; c.511G>A; c.538T>G 58.25 77.89 -19.64 76.00 74.77 1.23 65.42 78.93 -13.51 76.00 81.59 -5.59 0.13180 NA 
c.457A>C; c.465C>G; c.538T>G 69.49 51.91 17.57 52.79 51.70 1.09 54.91 48.70 6.21 56.37 50.40 5.97 0.11430 NA 
c.511G>A; c.513G>T; c.538T>G 57.61 91.83 -34.22 60.65 94.62 -33.97 53.73 92.34 -38.61 60.26 84.94 -24.68 0.00152 Positive 
c.465C>G; c.511G>A; c.538T>G 46.99 61.36 -14.36 46.88 63.82 -16.94 38.93 71.18 -32.25 48.68 71.69 -23.01 0.01215 Positive 
c.465C>G; c.513G>T; c.538T>G 45.74 65.85 -20.11 42.11 71.55 -29.45 41.55 62.10 -20.55 41.38 53.75 -12.37 0.00970 Positive 
c.511G>A; c.521C>T; c.538T>G 43.32 68.56 -25.23 45.96 68.59 -22.63 37.61 78.47 -40.86 43.61 77.91 -34.31 0.00524 Positive 
c.457A>C; c.513G>T; c.538T>G 53.54 82.38 -28.85 37.31 82.50 -45.19 33.27 69.86 -36.59 44.19 63.65 -19.46 0.00960 Positive 
c.457A>C; c.521C>T; c.538T>G 37.01 59.11 -22.10 45.79 56.48 -10.69 31.63 55.99 -24.37 39.69 56.62 -16.94 0.00887 Positive 
c.465C>G; c.511G>A; c.521C>T 35.90 37.95 -2.06 38.04 38.47 -0.43 31.11 41.31 -10.20 29.60 45.51 -15.90 0.14260 NA 
c.513G>T; c.521C>T; c.538T>G 34.85 73.05 -38.20 30.71 76.33 -45.62 31.47 69.40 -37.92 24.81 59.97 -35.16 0.00041 Positive 
c.457A>C; c.511G>A; c.513G>T 36.07 77.75 -41.68 28.53 75.45 -46.92 25.38 62.93 -37.55 30.90 62.44 -31.53 0.00121 Positive 
c.465C>G; c.511G>A; c.513G>T 25.00 61.22 -36.22 28.04 64.50 -36.46 34.38 55.18 -20.80 32.08 52.53 -20.46 0.00815 Positive 
A:Variant A; B: Variant B and C: Variant C for each combination of triple variants;  O_ABC: observed ratio for combination of A, B and C variants; E_ABC: expected ratio for the combination of A, B and 
C variants following an additive model, and OE_ABC: difference between observed and expected for each given trio of variants 

               



 

 
 

   

Supplementary Table S8. Additive model analysis for triple variants (continued) 

 

 

Supplementary Table S9. Allele Frequencies in Controls 
Variant OPN1LW (proximal) OPN1MW (distal) 
c.453A* 0.283 0.904 
c.457A 0.334 0.885 
c.465C* 0.283 0.772 
c.511A 0.058 0.005 
c.513T 0.057 0.005 
c.521T 0.086 0.122 
c.532G 0.051 0.138 
c.538G 0.434 0.916 

Allele frequencies were calculated with data from n = 1,418 exon 3 haplotypes of 
control except for variants (*) for which allele frequencies were derive from n = 812 
exon 3 haplotypes of controls. 
  

Triple mutants O_AB
C_1 

E_ABC
_1 

OE_ABC_
1 

O_ABC_
2 

E_ABC_
2 

OE_ABC_
2 

O_ABC_
3 

E_ABC_
3 

OE_ABC_
3 

O_ABC_
4 

E_ABC_
4 

OE_ABC
_4 P-value Epistasis 

c.457A>C; c.513G>T; c.521C>T 26.95 58.98 -32.03 27.50 57.16 -29.66 30.51 39.99 -9.49 23.57 37.46 -13.89 0.03241 Positive 
c.465C>G; c.521C>T; c.538T>G 10.02 42.58 -32.56 26.34 45.53 -19.19 20.05 48.24 -28.19 29.06 46.72 -17.66 0.00644 Positive 
c.457A>C; c.511G>A; c.521C>T 15.93 54.48 -38.55 19.44 49.43 -29.98 15.00 49.07 -34.07 23.08 55.41 -32.33 0.00034 Positive 
c.457A>C; c.465C>G; c.513G>T 15.26 51.78 -36.52 14.79 52.38 -37.59 18.38 32.70 -14.32 19.76 31.24 -11.48 0.03761 Positive 
c.511G>A; c.513G>T; c.521C>T 9.65 68.42 -58.77 17.74 69.27 -51.53 15.22 62.47 -47.25 25.45 58.76 -33.30 0.00299 Positive 
c.465C>G; c.513G>T; c.521C>T 0.63 42.45 -41.82 2.17 46.21 -44.03 0.78 32.24 -31.46 1.68 27.56 -25.88 0.00362 Positive 
c.457A>C; c.465C>G; c.521C>T 0.88 28.51 -27.63 0.35 26.36 -26.01 0.54 18.84 -18.29 0.23 24.21 -23.99 0.00132 Positive 
A:Variant A; B: Variant B and C: Variant C for each combination of triple variants;  O_ABC: observed ratio for combination of A, B and C variants; E_ABC: expected ratio for the combination of A, B and 
C variants following an additive model, and OE_ABC: difference between observed and expected for each given trio of variants 
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Supplementary Figures 
 

 
Supplementary Figure S1. Haplotype definition. The haplotype in exon 3 of OPN1LW/MW comprises the following SNPs: 
c.453A>G, c.457A>C, c.465C>G, c.511G>A, c.513G>T, c. 521C>T, c.532A>G, and c.538T>G (Winderickx et al., 1993). The 
deduced cone pigment variant encodes for the following amino acid exchanges: p.[(=); M153L; (=); V171I; V174A; I178V; S180A]. 
The variants and amino acid exchanges are highlighted in red. The distance from the variants at the extremes of the haplotype to 
the donor (“gt”) and acceptor (“ag”) splice sites is indicated in base pairs (41 and 43 bp, respectively). The distance between the 
5’ block and the 3’ block of the haplotype is also indicated (45 bp). 
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Supplementary Figure S2. Input Library Construction. A) Generation of a dsDNA 91-mer with an 8-bp degenerate tag and 21-
bp homology overlaps for In-Fusion Cloning. B) Generation of the barcode library pool from 33,000 scrapped bacterial colonies. 
C) Digestion of the barcode library. D) Two separate PCRs with degenerate primers introduced targeted mutations in exon 3. E) 
Overlap-extension PCR generates the exon 3 mutagenesis library. F) In-Fusion Cloning of the exon 3 mutagenesis library into the 
digested barcode library produces the Input Library. G) Digestion of the Input Library for sequencing with PacBio. 

 
  



 

 

Supplementary Figure S3. Output Library construction Supplementary Figure S3. Output Library construction Supplementary Figure S3. Output Library construction Supplementary Figure S3. Output Library construction (figure legend continues in next page)(figure legend continues in next page)(figure legend continues in next page)

 



Supplementary Figure S3. Output Library construction
NGS. Scheme exemplifies two 
c.538T) and Haplotype 2 (c.453G; c.457A; c.465C; c.511A; c.513G; c.521C; c
Barcode 1 (‘AATGCTCG’) and Barcode 2 (‘GGTGCTCG’). Long
digested Input Library constructs and for the RT
continuous lines with dotted lines in between representing lacking sequence) were generated only for the RT
derived from transcripts with retained or skipped exon 3. 
The scheme represents the amplicons obtained from the first round PCR with primers (Supp. Table S2) to introduce Read 1 and 
Read 2 sequences, 8 random bases and 8 bp of offset spacers per amplicon. The position of the ‘Barcode’ withi
direction strategy (to increase the nucleotide diversity) is depicted by a striped stretch and refers to the internal 8
tagging exon 3 haplotypes. The second round PCR with primers (Supp. Table S2) introduces the adaptor P5 upstream o
and the adaptor P7 upstream of Read 2 with following indices in between for the Index Read at the P7 site (single indexing): 
(5’ -TCGCCTTA
replicates.  
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Supplementary Figure S3. Output Library construction
NGS. Scheme exemplifies two OPN1LW/MW
c.538T) and Haplotype 2 (c.453G; c.457A; c.465C; c.511A; c.513G; c.521C; c
Barcode 1 (‘AATGCTCG’) and Barcode 2 (‘GGTGCTCG’). Long
digested Input Library constructs and for the RT
continuous lines with dotted lines in between representing lacking sequence) were generated only for the RT
derived from transcripts with retained or skipped exon 3. 
The scheme represents the amplicons obtained from the first round PCR with primers (Supp. Table S2) to introduce Read 1 and 
Read 2 sequences, 8 random bases and 8 bp of offset spacers per amplicon. The position of the ‘Barcode’ withi
direction strategy (to increase the nucleotide diversity) is depicted by a striped stretch and refers to the internal 8
tagging exon 3 haplotypes. The second round PCR with primers (Supp. Table S2) introduces the adaptor P5 upstream o
and the adaptor P7 upstream of Read 2 with following indices in between for the Index Read at the P7 site (single indexing): 

3’), 702 (5’ -CTAGTACG
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Supplementary Figure S3. Output Library construction
OPN1LW/MW minigenes: Haplotype 1 (c.453A; c.457A; c.465C; c.511G; c.513G; c.521C; c.532A; 

c.538T) and Haplotype 2 (c.453G; c.457A; c.465C; c.511A; c.513G; c.521C; c
Barcode 1 (‘AATGCTCG’) and Barcode 2 (‘GGTGCTCG’). Long
digested Input Library constructs and for the RT-PCR amplicons (Output Library) while paired
continuous lines with dotted lines in between representing lacking sequence) were generated only for the RT
derived from transcripts with retained or skipped exon 3. 
The scheme represents the amplicons obtained from the first round PCR with primers (Supp. Table S2) to introduce Read 1 and 
Read 2 sequences, 8 random bases and 8 bp of offset spacers per amplicon. The position of the ‘Barcode’ withi
direction strategy (to increase the nucleotide diversity) is depicted by a striped stretch and refers to the internal 8
tagging exon 3 haplotypes. The second round PCR with primers (Supp. Table S2) introduces the adaptor P5 upstream o
and the adaptor P7 upstream of Read 2 with following indices in between for the Index Read at the P7 site (single indexing): 

CTAGTACG- 3’), 703 (5’ -TTCTGCCT

Characteristics of the Input Library
the total number of unique barcodes for each haplotype category: targeted, non

targeted and targeted) and wild-type (Reference haplotype). 
haplotype and the number of CCS read observations and 
variants with respect to the Reference haplotype. The median number of CCS reads (C) or unique barcodes (D) is represented by

  

Supplementary Figure S3. Output Library construction. A) Simplified scheme for the preparation of the Output Library for 
minigenes: Haplotype 1 (c.453A; c.457A; c.465C; c.511G; c.513G; c.521C; c.532A; 

c.538T) and Haplotype 2 (c.453G; c.457A; c.465C; c.511A; c.513G; c.521C; c
Barcode 1 (‘AATGCTCG’) and Barcode 2 (‘GGTGCTCG’). Long-reads (depicted as continuous lines) are generated for the 

PCR amplicons (Output Library) while paired
continuous lines with dotted lines in between representing lacking sequence) were generated only for the RT
derived from transcripts with retained or skipped exon 3. B) Strategy for short
The scheme represents the amplicons obtained from the first round PCR with primers (Supp. Table S2) to introduce Read 1 and 
Read 2 sequences, 8 random bases and 8 bp of offset spacers per amplicon. The position of the ‘Barcode’ withi
direction strategy (to increase the nucleotide diversity) is depicted by a striped stretch and refers to the internal 8
tagging exon 3 haplotypes. The second round PCR with primers (Supp. Table S2) introduces the adaptor P5 upstream o
and the adaptor P7 upstream of Read 2 with following indices in between for the Index Read at the P7 site (single indexing): 

TTCTGCCT- 3’) and 704 (5’ 

Characteristics of the Input Library. A) 
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type (Reference haplotype). 
tions and D) unique barcodes is depicted only for targeted haplotypes with 0
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Simplified scheme for the preparation of the Output Library for 
minigenes: Haplotype 1 (c.453A; c.457A; c.465C; c.511G; c.513G; c.521C; c.532A; 

c.538T) and Haplotype 2 (c.453G; c.457A; c.465C; c.511A; c.513G; c.521C; c.532A; c.538T), each tagged by unique barcodes: 
reads (depicted as continuous lines) are generated for the 

PCR amplicons (Output Library) while paired
continuous lines with dotted lines in between representing lacking sequence) were generated only for the RT

Strategy for short-read amplicon sequencing 
The scheme represents the amplicons obtained from the first round PCR with primers (Supp. Table S2) to introduce Read 1 and 
Read 2 sequences, 8 random bases and 8 bp of offset spacers per amplicon. The position of the ‘Barcode’ withi
direction strategy (to increase the nucleotide diversity) is depicted by a striped stretch and refers to the internal 8
tagging exon 3 haplotypes. The second round PCR with primers (Supp. Table S2) introduces the adaptor P5 upstream o
and the adaptor P7 upstream of Read 2 with following indices in between for the Index Read at the P7 site (single indexing): 

3’) and 704 (5’ -GCTCAGGA

A) Bar graph showing the total number of CCS reads per 
the total number of unique barcodes for each haplotype category: targeted, non

type (Reference haplotype). C) In the violin plot each dot represents a unique 
unique barcodes is depicted only for targeted haplotypes with 0

variants with respect to the Reference haplotype. The median number of CCS reads (C) or unique barcodes (D) is represented by
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Simplified scheme for the preparation of the Output Library for 
minigenes: Haplotype 1 (c.453A; c.457A; c.465C; c.511G; c.513G; c.521C; c.532A; 

.532A; c.538T), each tagged by unique barcodes: 
reads (depicted as continuous lines) are generated for the 

PCR amplicons (Output Library) while paired-end short
continuous lines with dotted lines in between representing lacking sequence) were generated only for the RT

read amplicon sequencing 
The scheme represents the amplicons obtained from the first round PCR with primers (Supp. Table S2) to introduce Read 1 and 
Read 2 sequences, 8 random bases and 8 bp of offset spacers per amplicon. The position of the ‘Barcode’ withi
direction strategy (to increase the nucleotide diversity) is depicted by a striped stretch and refers to the internal 8
tagging exon 3 haplotypes. The second round PCR with primers (Supp. Table S2) introduces the adaptor P5 upstream o
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Simplified scheme for the preparation of the Output Library for 
minigenes: Haplotype 1 (c.453A; c.457A; c.465C; c.511G; c.513G; c.521C; c.532A; 

.532A; c.538T), each tagged by unique barcodes: 
reads (depicted as continuous lines) are generated for the 

end short-reads (depicted as 
continuous lines with dotted lines in between representing lacking sequence) were generated only for the RT-PCR amplicons 

read amplicon sequencing of the Output Library. 
The scheme represents the amplicons obtained from the first round PCR with primers (Supp. Table S2) to introduce Read 1 and 
Read 2 sequences, 8 random bases and 8 bp of offset spacers per amplicon. The position of the ‘Barcode’ withi
direction strategy (to increase the nucleotide diversity) is depicted by a striped stretch and refers to the internal 8-bp barcode 
tagging exon 3 haplotypes. The second round PCR with primers (Supp. Table S2) introduces the adaptor P5 upstream o
and the adaptor P7 upstream of Read 2 with following indices in between for the Index Read at the P7 site (single indexing): 

3’) for multiplexing the fou
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Simplified scheme for the preparation of the Output Library for 
minigenes: Haplotype 1 (c.453A; c.457A; c.465C; c.511G; c.513G; c.521C; c.532A; 

.532A; c.538T), each tagged by unique barcodes: 
reads (depicted as continuous lines) are generated for the 

reads (depicted as 
PCR amplicons 

of the Output Library. 
The scheme represents the amplicons obtained from the first round PCR with primers (Supp. Table S2) to introduce Read 1 and 
Read 2 sequences, 8 random bases and 8 bp of offset spacers per amplicon. The position of the ‘Barcode’ within the dual-

bp barcode 
tagging exon 3 haplotypes. The second round PCR with primers (Supp. Table S2) introduces the adaptor P5 upstream of Read 1 
and the adaptor P7 upstream of Read 2 with following indices in between for the Index Read at the P7 site (single indexing): 701 

3’) for multiplexing the four 

Bar graph showing the total number of CCS reads per 
the total number of unique barcodes for each haplotype category: targeted, non-targeted, 

In the violin plot each dot represents a unique 
unique barcodes is depicted only for targeted haplotypes with 0-8 

variants with respect to the Reference haplotype. The median number of CCS reads (C) or unique barcodes (D) is represented by 
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Supplementary Figure S5. Reproducibili
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Correlation of exon 3 retention levels between parallelized and individual minigene splicing assays. A 
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Supplementary Figure S6. Comparison of the splicing outcome derived from individual and parallelized OPN1LW/MW 
minigene assays with in silico prediction scores from two independent algorithms (HEXplorer and EX-SKIP). HEXScores 
represent the diference between HEXplorer scores of the Reference and a given haplotype (n = 20). HEXplorer scores are 
calculated as the average Z-score of all six overlapping hexamers for each nucleotide (Erkelenz et al., 2014). HEXScores (y-axis) 
are plotted against A) the individual (z-axis) and parallelized (x-axis) mean (%) exon 3 retention levels, B) the average distance 
score (z-axis) and parallelized (x-axis) mean (%) exon 3 retention levels, C) the difference between EX-SKIP scores for the 
Reference and a given haplotype (z-axis) and individual (x-axis) mean (%) exon 3 retention levels and D) the difference between 
EX-SKIP scores for the Reference and a given haplotype (z-axis) and parallelized (x-axis) mean (%) exon 3 retention levels. 
Colours represent categories according to splicing competence (Fig.2; Supp. Table S4).  

 

 



Appendix 

216 

13.1.5 Publication V 

Nicole Weisschuh, Elena Buena-Atienza, Bernd Wissinger. Splicing Mutations in 

Inherited Retinal Diseases 

This is a pre-copyedited, author-produced version of an article accepted for 

publication in Progress in Retinal and Eye Research following peer review. The 

version of record “Weisschuh N, Buena-Atienza E, Wissinger B. Splicing mutations in 

inherited retinal diseases [published online ahead of print, 2020 Jun 15]. Prog Retin 

Eye Res. 2020;100874.” is available online at: 

https://doi:10.1016/j.preteyeres.2020.100874 

 

 
 
 
 
 
 
 
 
 
 
  



Appendix - Publication V 

217 

Abstract 
Mutations which induce aberrant transcript splicing represent a distinct class of disease-causing genetic 
variants in retinal disease genes. Such mutations may either weaken or erase regular splice sites or 
create novel splice sites which alter exon recognition. While mutations affecting the canonical GU-AG 
dinucleotides at the splice donor and splice acceptor site are highly predictive to cause a splicing 
defect, other variants in the vicinity of the canonical splice sites or those affecting additional cis-acting 
regulatory sequences within exons or introns are much more difficult to assess or even to recognize 
and require additional experimental validation. Splicing mutations are unique in that the actual outcome 
for the transcript (e.g. exon skipping, pseudoexon inclusion, intron retention) and the encoded protein 
can be quite different depending on the individual mutation. In this article, we present an overview on 
the current knowledge about and impact of splicing mutations in inherited retinal diseases. We 
introduce the most common sub-classes of splicing mutations including examples from our own work 
and others and discuss current strategies for the identification and validation of splicing mutations, as 
well as therapeutic approaches, open questions, and future perspectives in this field of research. 

Keywords 
Splicing Mutations, Inherited Retinal Disease, Deep-intronic Mutations, Cryptic Splice Sites, Splicing 
Correction Therapies 
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1. Introduction 
Technical improvements in genetic analysis and in particular the pace and amount of sequence data 
generated through the introduction of next generation sequencing technologies have not only boosted 
our knowledge on the number and diversity of genes linked to retinal disease but also yielded an 
unprecedented diversity of variants linked to inherited disease (Chaitankar et al., 2016; Broadgate et al., 
2017). A considerable proportion of them cause a defect in transcript splicing (Bacchi et al., 2014).  

Most genes in the human genome are discontinuous, i.e. they contain intervening sequences (introns) 
which are transcribed and part of the primary transcript (precursor messenger ribonucleic acid, pre-
mRNA) but need to be removed during splicing to yield the mature functional mRNA. In fact, only about 
5% of the protein-coding genes in the human genome are single-exon genes, i.e. the transcript does 
not need to be spliced, and the average gene comprises 10-11 exons (range 1-363). The size of introns 
is on average about 5,000 bp (range from as low as 43 bp to 1,049,910 bp) and thus exceeds the size 
of exons (mean: 365 bp, median: 141 bp, range: 2 bp to 24,927 bp) by far (Hubé & Francastel, 2015).  

Not all splice sites are constitutively recognized and used during transcript processing. Alternative 
splicing (AS), i.e. the differential inclusion of subsets of exons into the mRNA, is rather the rule in 
multiexon mammalian genes and provides the opportunity to diversify gene and protein function with a 
limited number of genes. In fact, AS is considered a driving force during evolution and the extent and 
diversity of AS correlates with organismal complexity (Kim et al., 2008; Chen et al., 2014). There are 
five major types of AS: i) exon skipping, ii & iii)) the use of alternative splice donor or splice acceptor 
sites, iv) intron retention and v) inclusion of mutually exclusive exons. The about 20,000 protein coding 
genes listed in the latest GENCODE release of the human genome (V31; 
https://www.gencodegenes.org/) give rise to more than 83,000 distinct transcripts. This fourfold 
increase in diversity is to a large extent due to AS. The increasing depth of transcriptome analysis and 
the expanding coverage of cell and tissue diversity is yielding even higher numbers of alternatively 
spliced transcripts. However, some AS events are only observed in a minute proportion of transcripts 
and their biological relevance therefore remains questionable (Nellore et al., 2016). Additional variability 
in AS at the population level due to inherited variations adds to this complexity (Park et al. 2018).   

The mammalian retina is a highly specialized tissue evolved for light detection, conversion of the 
absorbed light into an electrical signal and its neuronal processing along with supporting structural and 
biochemical components in retinal cells. Although the retina is composed of a few major cell types 
(photoreceptors, horizontal cells, bipolar cells, amacrine cells, retinal ganglion cells, glial cells, and 
retinal pigment epithelium cells) there is a considerable diversity of these cell types at the morphological 
and functional level (Baden et al., 2016; Franke et al., 2017; Grünert & Martin, 2020;  Hoon et al., 2014) 
which is also reflected by gene expression diversity in single cell transcriptomics (Shekhar et al., 2016; 
Rheaume et al., 2018; Peng et al., 2019; Voigt et al., 2019; Lukowski et al., 2019). Recent RNAseq 
studies of the human retina have shown that a large fraction of the entire gene complement of the 
genome is expressed in this tiny piece of tissue (i.e. about 2/3 of all protein coding genes) (Farkas et 
al., 2013; Pinelli et al., 2016 and for review: Zelinger & Swaroop, 2018). Notably, these studies have 
shown an enormous magnitude of AS with about 50% of expressed genes displaying altered exon 
composition compared to the reference sequence including several thousands of novel exons. Mature 
photoreceptors in particular adhere to an exceptional developmentally regulated AS program that is 
characterized by a switch-like pattern with high levels of inclusion of certain exons in photoreceptors 
and their almost complete exclusion in extra-retinal tissues which is driven by a lack of prototypical 
neuronal splicing factors and upregulation of the Musashi 1 factor at least in the murine retina (Murphy 
et al., 2016). 

Moreover, dynamic changes in AS have been observed during retinal development with differential 
splicing events occurring more frequently during early development (Wan et al., 2011; Kim et al., 2016). 
A large fraction of genes undergoing changes in AS during retinal development are genes involved in 
ciliogenesis and ciliary transport as well as genes underlying retinal dystrophies (Mellough et al., 2019). 
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An exquisite example is RPGR encoding the retinitis pigmentosa GTPase regulator which localizes to 
the connecting cilium and interacts with a variety of ciliary proteins. A variety of alternatively spliced 
transcripts have been identified in the distal portion of this gene. The RPGRORF15 transcript is an 
alternatively spliced isoform in which exon 15 extends into intron 15 due to skipping of the splice donor 
site for exon 15 and is the most abundant isoform in photoreceptor. Notably, ORF15 is a hotspot for 
mutations in RGPR linked to X-linked Retinitis pigmentosa (Vervoort et al., 2000). 

Soon after the identification of the exon-intron structure of most eukaryotic genes, the first disease-
causing mutations causing aberrant splicing, were identified (Busslinger et al., 1981; Orkin et al., 1981) 
and are now classified as a distinct category of mutations. Splicing is a complex process which requires 
a multitude of coordinated trans-acting splicing factors recognizing certain sequence motifs within the 
transcript and facilitating the transesterification reaction to join cognate exons and the excision of the 
intronic sequence in between. At the level of the transcript sequence there are some obligate and highly 
conserved features such as splice donor and splice acceptor sites which are necessary but not 
sufficient and require additional less conserved cis-acting sequences within the exon or the flanking 
intron sequence to direct the splicing process and regulate AS. This complex interplay comes at the 
expense of the multiplicity of sequence variants which induces perturbations in transcript splicing and 
eventually disease.  

In this review, we provide an overview on the current knowledge about the impact of splicing mutations 
in inherited retinal diseases (IRDs) for both the expert and the clinical audience with emphasis on our 
own experiences and examples from recently published and unpublished data from our group.   

2. Splicing process and machinery 
The central dogma of molecular biology describes the directional flow of information from DNA to RNA 
to protein. In a first step the DNA sequence is transcribed into an initial, unprocessed RNA molecule 
termed precursor messenger RNA (pre-mRNA). For most transcripts, this pre-mRNA needs to be 
processed before the translation into a polypeptide sequence can commence. More precisely, the 
coding elements (exons) need to be recognized and joined together while the non-coding elements 
(introns) are removed from the immature transcript (Gilbert, 1978). This process is called splicing. 
Introns are also present in non-protein-coding genes, yet to a lesser extent in number and frequency 
compared to protein-coding genes (Piovesan et al., 2016). 

2.1 Splice sites and the spliceosome 
The splicing reaction generally takes place in the nucleus through the action of a ribonucleoprotein 
complex termed the ‘spliceosome‘ which contains several hundreds of proteins associated with five 
small nuclear RNAs (snRNAs). Since the spliceosome is not a preformed catalytic core but assembles 
on the pre-mRNA, its components are disassembled and recycled for reuse after each splicing reaction. 
Most eukaryotic introns (~99.5%) are spliced by the major spliceosome, which comprises U1, U2, U4, 
U5 and U6 snRNAs, whereas a small fraction of introns are recognized by the minor spliceosome that is 
linked to U11, U12, U4atac, U5 and U6atac snRNAs (Turunen et al., 2013).  

Specificity of the splicing reaction mainly relies on the recognition of conserved sequences at the exon-
intron boundaries to which the snRNAs bind. The splice site located at the upstream exon-intron 
boundary (splice donor site or 5´ splice site) comprises an almost invariable GU dinucleotide while the 
splice site located at the downstream intron-exon boundary (splice acceptor site or 3´ splice site) 
contains a similarly conserved AG dinucleotide (Fig. 1). Approximately 99% of mammalian introns obey 
to this GU-AG rule (Burset et al., 2000). However, in some instances non-canonical GC-AG and AU-AC 
dinucleotides represent genuine outermost intron boundaries as well (Shapiro & Senapathy, 1987). 
Besides these canonical dinucleotides there is some preference for nucleotide occupancy at 
neighboring sites in the intron as well as the exon sequence, although its conservation is less strict and 
functional relevance of variants at these sites is less predictable. In addition to the splice sites, a so 
called branch point (BP) site and a polypyrimidine tract (PPT) are crucial for the splicing process. The 
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BP is a short conserved sequence containing an adenosine residue between 10 and 50 nucleotides 
upstream of the splice acceptor site (Gao et al., 2008) while the PPT comprises 15 to 20 pyrimidine 
nucleotides, and is located between 5 and 40 nucleotides upstream of the splice acceptor site (Reed & 
Maniatis, 1985). 

Two sequential transesterification reactions are required to join exons and release of the interjacent 
intron. In a first step, the BP adenosine residue serves as the nucleophile for the first transesterification 
reaction with the intron's 5' terminal nucleotide resulting in a lariat structure. Subsequently, the free 3' 
OH of the upstream exon acts as a nucleophile to induce a transesterification with the 5' phosphate 
group of the first nucleotide of the downstream exon which joins the exons and releases the intronic 
lariat. The splicing reaction is initiated by U1 snRNP binding to the splice donor site, followed by U2 
snRNP interactions at the BP sequence and finally U4, U5 and U6 snRNP interactions near both splice 
sites. A series of conformational changes enables the joining of adjacent exons and the removal of the 
intron lariat (Ruskin et al., 1984). Details of the splicing process alongside intelligible illustrations are 
delineated in numerous excellent reviews (e.g. Matera & Wang, 2014; Scotti & Swanson, 2015). 

2.2 Cis-acting regulatory elements and trans-acting splicing factors 
The splicing process yields mature mRNA which serves as template for protein synthesis or 
alternatively, in the case of non-protein-coding genes, processed transcripts which exert their function 
as RNA molecules. snRNAs and proteins (‘trans‘ factors) assemble into the functional spliceosome in 
the context of additional cis-acting sequence elements located within the pre-mRNA itself (Black, 2003; 
Matlin et al., 2005). These cis-acting sequences are short motifs much more degenerate than the 
conserved splice sites. Their classification is based on their activity ‒ either stimulating or repressing 
splicing efficiency, and on their location ‒ either in exonic or intronic sequences. Exonic splicing 
enhancers (ESEs) are thought to recruit serine-arginine rich (SR) proteins which interact with the basal 
spliceosome and promote the use of nearby splice sites, thereby facilitating the inclusion of exons in 
which they reside (Blencowe, 2000). In contrast, exonic splicing silencers (ESSs) inhibit the use of 
adjacent splice sites by interacting for instance with members of the heterogeneous nuclear 
ribonucleoproteins (hnRNP) family (Wang et al., 2006). Equivalent splicing signals are found in the 
intronic regions. These are coined as intronic splicing enhancer (ISE) and intronic splicing silencer (ISS) 
elements. However, this categorical classification is somewhat oversimplified and the true underlying 
mechanistic rules go beyond these two features. For instance, some splicing factors do not have 
discrete functional roles yet recognize cis-regulatory elements that are able to induce antagonistic or 
ambivalent effects depending on their location (Zhou et al., 2014), sequence context (Rimoldi et al., 
2013) or interaction with additional factors (Cáceres et al., 1994; Huelga et al., 2012).  

Splicing enhancers and silencers also play an important role in tissue-specific alternative splicing. This 
mechanism has been intensively studied in muscle or brain. Moreover, predominant expression of the 
RPGRORF15 transcript isoform in photoreceptors is mediated by multiple repeat units of ESEs present in 
the purine-rich region of this exon (Hong & Li, 2002). For a review on regulation of alternative splicing 
during tissue development and cell differentiation refer to Baralle & Giudice, 2017.  

3. Disease-causing splice variants in inherited retinal disease 
Splicing defects have a profound impact on protein sequence, structure and function and have been 
reported for almost all known hereditary diseases (Wang & Cooper, 2007). As of May 2020, the Human 
Gene Mutation Database (HGMD®) lists 282,895 unique mutations reported in 11,031 human genes. 
Missense and nonsense mutations are the most frequent variant categories and together account for 
58% of mutations, followed by small deletions (14.5%). Splicing mutations represent the third largest 
category with 8.8%. Gross deletions and small insertions account for 7.2% and 6.1%, respectively. 
Other mutation types such as complex rearrangements, regulatory, or repeat variations are comparably 
rare. The figures are similar for the group of IRDs (Berger et al., 2010; Roosing et al., 2014). Of note, 
the spectrum of disease-linked mutations of some genes is dominated by splice mutations. A well-
known example is the VCAN gene that is associated with Wagner syndrome and erosive 
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vitreoretinopathy (Mukhopadhyay et al., 2006). To date, the vast majority of pathogenic variants 
identified in VCAN affect the splice acceptor or splice donor sites of introns 7 and 8 (Kloeckener-
Gruissem & Amstutz, 2016). 

Mutations affecting splicing can occur at both acceptor and donor splice sites but seem to be more 
prevalent at donor sites. Table 1 shows a meta-analysis of splicing mutations in 20 frequently mutated 
genes in non-syndromic retinal disease sourced from HGMD®, indicating that donor splice site 
mutations are more prevalent than acceptor splice site variants (ratio 1.3:1). This ratio is similar to that 
observed by Krawczak and colleagues (2007), who investigated 478 splice mutations in 38 different 
human genes and found a ratio of donor to acceptor splice site mutations of 1.5:1. The reason for this 
imbalance is unknown.  

Splicing defects are not only caused by mutations at the canonical GU-AG splice sites but also by 
genetic variations in exonic and intronic splicing enhancer and silencer motifs. In addition, mutations 
can activate or enhance cryptic splice sites that are located far away from the annotated exons (‘deep 
intron mutations‘). Apart from genetic variants in cis-acting regulatory elements, mutations can affect 
the functionality of trans-acting factors. Mutations affecting the BP and PPT are very rare. While no 
example related to retinal disease is known so far, another ocular phenotype has been linked to this 
kind of mutations: an intronic mutation in the lariat branchpoint sequence of the LCAT gene was shown 
to cause fish-eye disease which is characterized by corneal opacification (Kuivenhoven et al., 1996). 

Figure 2 shows different types of splicing mutations which, in the following, are discussed in more detail 
attending to the type of splicing defect elicited by the mutation and/or the location of the mutation with 
respect to exon-intron definition, alongside examples illustrating each category based on our own work 
and that of others. 

3.1 Mutations leading to exon skipping 
Exon skipping is the most frequent consequence of splice site mutations (Nakai & Sakamoto, 1994). Of 
note, the same mutation can result in different aberrantly spliced transcripts lacking either one or 
multiple exons. This has been shown for instance for a splice site mutation in the CDHR1 gene 
associated with cone dystrophy (Stingl et al., 2017). This gene encodes a member of the cadherin 
superfamily of calcium-dependent cell adhesion molecules and plays a role in outer segment disc 
morphogenesis (Rattner et al., 2001; Rattner et al., 2004). We performed an in vitro splicing assay for 
the c.2040+5G>T variant (affecting the splice donor site of exon 15) in CDHR1 and found two aberrant 
transcripts in cells transfected with a minigene construct expressing the mutant allele. Subsequent 
sequencing of reverse transcription PCR (RT-PCR) products showed that the minor aberrant transcript 
lacked exon 16 whereas the major aberrant transcript lacked both exon 15 and 16 (Fig. 3). Of note, 
cells transfected with the mutant allele showed also a small amount of correctly spliced transcripts. It is 
not uncommon that splice site mutations produce small amounts of normal spliced mRNA in addition to 
aberrant transcripts. Such mutations are described as being not fully penetrant, as hypomorphic, or as 
“leaky”. They can be unmasked as being deleterious if occurring in compound heterozygous state with 
a second pathogenic allele. 

Another example of differential exon skipping is found in the ABCA4 gene, which belongs to the ATP-
binding cassette (ABC) transporters. ABCA4 functions as a flippase in photoreceptor outer segments 
that translocates retinaldehyde conjugated to phosphatidylethanolamine across outer segment disc 
membranes (Weng et al., 1999). Transcript analyses of photoreceptor precursor cells and fibroblasts 
derived from patients harboring the recurrent c.5461-10T>C variant in ABCA4 revealed the presence of 
transcripts that either skipped exon 39 alone or exon 39 and exon 40 together (Sangermano et al., 
2016; Aukrust et al., 2017). The molecular mechanism of differential exon skipping (i.e. skipping of one 
or more exons) is not quite understood but most probably can be attributed to non-sequential intron 
removal that is influenced by disrupted splice sites (Pulyakhina et al., 2015; Takahara et al., 2002). The 
consequence of exon skipping on the protein depends on whether the reading frame is disturbed or not. 
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If the reading frame is continuous, the polypeptide will lack amino acids that might or might not be 
crucial for protein function. It has been postulated that skipping of exons encoding >60% of a protein 
domain is very likely to eliminate the functionality of the domain with which these exons overlap (Magen 
& Ast, 2005). If the reading frame is altered, there is a high probability of the formation of a premature 
termination codon (PTC), thereby leading to the degradation of the transcript by the nonsense mediated 
decay (NMD) process. NMD is a cellular surveillance mechanism that recognizes PTCs in a transcript 
and, instead of translating such transcripts, targets them for degradation (Frischmeyer & Dietz, 1999). 

3.2 Mutations leading to intron retention 
Intron sequences constitute approximately 25% of the human genome (Sakharkar et al., 2004). This 
vast amount of sequence by chance comprises motifs that are very similar or even identical to the 
consensus motifs of splice donor or splice acceptor sites. Such motifs are called cryptic splice sites. 
Activation of an intronic cryptic splice site in the proximity of a canonical exon can lead to the inclusion 
of intronic sequences into the mRNA (Krawzak et al., 2007). This process is often referred to as intron 
retention or exonification. Factors that favour intron retention are weak splice sites, short intron length 
and particular densities of regulatory elements (Sakabe & de Souza, 2007). The consequence of intron 
retention at the protein level depends on whether the reading frame is disturbed or not. If the reading 
frame is continuous, the intronic sequence might be translated, thereby becoming a part of the 
polypeptide, but the incorporation of additional amino acids might impact the function of the protein. 
However, most transcripts retaining introns contain one or more PTCs, which are recognized to initiate 
degradation by NMD (Wong et al., 2016).  

We found a patient diagnosed with achromatopsia to be homozygous for a splice site mutation 
c.82+5G>T in the ATF6 gene. ATF6 plays a role in the unfolded protein response pathway and was 
identified as the first gene causing achromatopsia which do not encode a component of the cone 
phototransduction cascade (Kohl et al., 2015). The c.82+5G>T variant is predicted to weaken or abolish 
the canonical donor site of exon 1 according to three different in silico tools (see chapter 4.1 for details), 
and a cryptic donor site is predicted 88 bp downstream of the canonical donor site of exon 1 (Fig. 4A). 
Since ATF6 is expressed in blood lymphocytes, we could directly assess the impact of the c.82+5G>T 
variant on splicing by isolating RNA from a patient's blood sample and synthesizing complementary 
DNA (cDNA). Subsequent sequencing of RT-PCR products showed that the c.82+5G>T variant leads to 
exonification of 88 bp of intron 1 which confirmed the usage of the predicted cryptic donor site (Fig. 4C).  
Exonification of these 88 bp results in 38 novel amino acids followed by a PTC (Fig. 4D). Detection of 
such transcripts in blood lymphocytes indicates that a decent amount of mutant transcripts escapes 
NMD in these cells. As can be seen in Fig. 4B, the c.82+5G>T variant is leaky (i.e. produces residual 
amounts of correct transcript), suggesting that the patient may also produce small amounts of wild-type 
ATF6A polypeptide at least in blood lymphocytes. Whether the c.82+5G>T variant is fully penetrant in 
photoreceptors is not known. 

Another well-studied example of intron retention is found in the RPE65 gene which encodes a retinoid 
isomerohydrolase (Redmond et al., 1998) and was identified as a disease gene in patients with Leber 
congenital amaurosis (LCA; Gu et al., 1997). The c.246-11A>G variant in RPE65 has been shown to 
result in the exonification of ten nucleotides of intron 3, thereby inducing a translational frame shift and 
creating a PTC nine amino acids downstream (Tucker et al., 2015). The authors could show that the 
majority of the c.246-11A>G transcript is lost due to NMD. If a cryptic splice site is located within an 
exon and this site is activated by a mutation that reduces or abolishes recognition of the natural splice 
site, the consequence is exon truncation. Again, the consequence at the protein level is dependent on 
the continuity of the reading frame as described above.  

3.3 Mutations leading to the activation of pseudoexons 
If cryptic splice sites are arranged in a way that places potential acceptor and donor sites spaced apart 
by the length of a typical exon (i.e. <200 bp; Sakharkar et al., 2004), these can define non-annotated, or 
‘cryptic exons’ (Kapustin et al., 2011). Cryptic exons are also often referred to as ‘pseudoexons’ (PE). 
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Normally, cryptic splice sites are not recognized by the spliceosome, even if they exhibit high 
consensus values (Krawczak et al., 1992). Exons are only recognized as such if they are neighbored by 
a plethora of supplementary cis-acting elements that recruit and bind trans-acting factors. This 
redundancy of the exon definition mechanism contributes to the high fidelity of the splicing process. 
However, if a mutation creates or strengthens a deep intronic cryptic splice site, a potential 
complementary splice site in the proximity can be activated, resulting in pathological inclusion of a PE in 
the mRNA. Cryptic splice site activation events are not restricted to deep intronic regions but can also 
occur close to the ordinary splice sites. Alternatively, PE inclusion may result from the creation of an 
ESE or the disruption of an ESS as a consequence of an intronic nucleotide change. If the inclusion of 
the PE in the transcript retains the reading frame, it becomes part of the protein. In contrast, if a PE 
introduces a PTC, the resulting transcript will most probably be targeted to NMD. One of the most 
common and well-known deep intronic changes related to retinal disease is the c.2991+1655A>G 
variant one of the most frequent mutations in the CEP290 gene responsible for Leber congenital 
amaurosis (den Hollander et al., 2006). The c.2991+1655A>G variant is located within intron 26 and 
creates a strong splice donor site that leads to the insertion of a cryptic exon of 128 bp encoding a PTC. 
With respect to retinal disease, deep intronic variants that lead to aberrant splicing by means of PE 
inclusion have also been described for ABCA4 (for review, see Cremers et al., 2020), CHM (van den 
Hurk et al., 2003; Carss et al., 2017), CNGB3 (Weisschuh et al., 2020; Bronstein et al., 2020), OFD1 
(Webb et al., 2012), PRPF31 (Rio Frio et al., 2009) RPGRIP1 (Jamshidi et al., 2019), USH2A (Vaché et 
al., 2012; Liquori et al., 2016), USH3A (Khan et al., 2017), and PROM1 (Mayer et al., 2016).. The gene 
product of the latter is primarily found in photoreceptor outer segment disc membranes and is thought to 
play a structural role (Yang et al., 2008). We identified a deep intronic variant c.2077-521A>G in 
PROM1 in homozygous state in two siblings with cone-rod dystrophy originating from a 
consanguineous background (Mayer et al., 2016; Fig. 5A). In silico assessment of the c.2077-521A>G 
variant using three splicing algorithms predicted the creation of a novel donor site (Fig. 5B). Functional 
analyses to test whether the c.2077-521A>G variant has an effect on splicing were performed by using 
a heterologous splicing assay in human embryonic kidney (HEK) 293T cells and in murine 661W cells, 
the latter displaying characteristics of photoreceptors. We could demonstrate that the c.2077-521A>G 
variant leads to the insertion of a 155-bp PE into the transcript (Fig. 5C+D). If translated, this would lead 
to an insertion of 22 novel amino acids followed by a PTC (Fig. 5E). 

ABCA4 is by far the gene with the greatest number of described deep-intronic variants and such 
variants may constitute of up to 5% of all ABCA4 disease alleles (Cremers et al., 2020). This is not 
surprising since intronic sequences cover 94.5% of the 128-kb ABCA4 sized gene and one would 
expect a considerable number of motifs that resemble splice sites in this vast amount of non-coding 
sequence. Until recently, approximately 25% of Stargardt cases remained genetically unsolved because 
only a single heterozygous mutation was identified in the ABCA4 gene (Zernant et al., 2014; Zernant et 
al., 2017). A relatively high percentage of monoallelic patients after routine screening is a strong 
indicator of the presence of pathogenic variants outside the coding regions. Indeed about 10% of mono-
allelic Stargardt patients were demonstrated to carry deep-intronic variants (Braun et al., 2013; Zernant 
et al., 2014; Bax et al., 2015; Zaneveld et al., 2015; Schulz et al., 2017; Sangermano et al., 2019; 
Bauwens et al., 2019). 

Of note, the majority of deep-intronic variants identified in retinal disease have been shown to create or 
strengthen cryptic splice donor sites. This imbalance of cryptic donor and acceptor sites has been 
described before (Dhir & Buratti, 2010) and is in line with the observation that canonical donor splice 
site mutations are more prevalent than canonical acceptor splice site variants (Krawczak et al., 2007).  

3.4 Exonic splicing mutations  
The potential impact of exonic variants on splicing is usually underestimated since it is common practice 
to only judge or prioritize variants based on their influence on the amino acid sequence. However, 
according to computational analysis, 25% of all variants within exons may affect splicing (Lim et al., 
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2011). Hence, there is an enormous number of variants awaiting characterization at the transcript level. 
In particular, mutations that affect the first and the last three exonic positions have to be taken into 
consideration since they are an integral part of the acceptor and donor splice site consensus 
sequences. Surprisingly, few reports of such variants with an attributed and validated splicing defect 
have been published for genes associated with inherited retinal disease (IRD), most likely because 
these variants are more difficult to be properly scored as candidate splicing variants by the common 
bioinformatic tools. A recent report from our group illustrates this category of splicing mutation: a patient 
diagnosed with retinitis pigmentosa carrying an in-frame deletion and a silent substitution 
(c.783G>A/p.P261P) in the CDHR1 gene in compound heterozygous state (Stingl et al., 2017). This 
synonymous substitution changes the last nucleotide of exon 8 without changing the encoded amino 
acid residue. The last exonic nucleotide of an exon is often guanine, and mutations at this position have 
been shown to result in splicing defects (Cartegni et al., 2002). Applying a heterologous splicing assay, 
we could demonstrate that the c.783G>A variant in CDHR1 causes skipping of exon 8 (Fig. 6; Stingl et 
al., 2017). The reading frame of the transcript is not predicted to be changed by the skipping of exon 8. 
Therefore, the translated protein lacks 48 amino acid residues which is predicted to interfere with the 
formation of the second and third cadherin repeat and likely impairs protein function. A further example 
from our group is represented by the c.2368G>A variant in PDE6C associated with autosomal 
recessive achromatopsia. The c.2368G>A variant affects the first base of exon 21 and induces a partial 
exon skipping event in approximately 40% of transcripts. Skipping of exon 21 leads to a frameshift and 
formation of a PTC while the remaining correctly spliced transcript translates into a mutant PDE6C 
harbouring the E790K substitution (Chang et al., 2009). Another well-known example of an exonic 
variant leading to partial missplicing is the frequent c.2588G>C variant in ABCA4. This variant at the 
first nucleotide of exon 17 yields two splicing isoforms at the exon 16-17 junction with about equal 
abundance, one that is correctly spliced and deduced to encode a G863A substitution and a another 
which uses a splice acceptor site three nucleotides downstream and causes a single amino acid 
deletion (Maugeri et al., 1999). A more systematic analysis has been reported by Aparisi and 
colleagues (Aparisi et al., 2013) who investigated mutations at the outermost nucleotides in exons of 
several Usher syndrome type I genes by means of minigene assays and transcript analysis of nasal 
epithelial cells from patients. More recently, Soens and colleagues investigated a larger series of such 
splicing mutations due to mutations at the exon extremities of genes linked to IRD applying minigene 
assays (Soens et al., 2017). In most instances, exon skipping was observed and less frequently the 
activation of a novel splice acceptor or donor site close by and thus, the inclusion of an extension or 
shortening of the very exon in the mRNA.  

Apart from mutations affecting the splice site consensus sequences, mutations may also affect exonic 
splicing regulatory elements. An excellent example for this category is the BEST1 gene. Mutations in 
BEST1 are associated with the phenotypic spectrum of ‘bestrophinopathies’, including Best disease, 
autosomal dominant vitreoretinochoroidopathy (ADVIRC) and autosomal recessive bestrophinopathy 
(ARB) (Johnson et al., 2017). A number of variants located at exon internal sites such as the 
synonymous variant c.102C>T in exon 2 which introduces a cryptic donor site about 50 bp upstream of 
the exon 2 splice donor site and the c.256G>A variant at nucleotide position 9 in exon 4 observed in 
patients with ARB and ADVIRC, respectively, have been shown to induce splicing defects through 
skipping of the corresponding exons (Yardley et al., 2004, Davidson et al., 2010). Sporadically exon 
internal mutations which induce splicing defects have been reported for some other IRD genes. This 
includes the c.1430G>A variant in the RPE65 gene which alters the recognition of the genuine weak 
acceptor site of exon 13. The variant leads to a frameshift and PTC as has been demonstrated by 
minigenes in both human and mouse cells as well as by direct transcript analysis in vivo (Li et al., 
2019). Further examples include a 1 bp deletion, c.2299del, in exon 13 of USH2A which induces 
skipping of one or two exons (Lenassi et al., 2014), the synonymous c.1359C>T variant in CHM (da 
Palma et al., 2020) and the c.5237G>A variant in CDH23 in Usher syndrome type 1. The latter creates 
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a novel acceptor site and results in a 51 bp deletion in exon 40, thereby shortening the protein by 17 
amino acids (Becirovic et al., 2008).  

Exon internal mutations may also exert dual functional effects. We have recently described a novel 
missense mutation, the c.1684C>T/p.R562W in PDE6A which was found in trans with the recurrently 
reported c.2053G>A/p.V685M mutation in a patient with retinal dystrophy (Sothilingam et al., 2015). 
PDE6A encodes the alpha-subunit of the catalytic heterodimeric of the rod phosphodiesterase and 
mutations in this gene are a common cause of autosomal recessive retinitis pigmentosa. Using a 
minigene assay we could demonstrate that the c.1684C>T variant located 45 bases apart from the 
closest exon-intron boundary induces a partially penetrant splicing defect with skipping of exon 13. 
However, we additionally observed a considerable fraction of correctly spliced transcripts. Functional 
analysis of the recombinantly expressed R562W mutant protein revealed a drastic reduction of the 
enzymatic activity to about 10% of the wildtype protein level (Sothilingam et al., 2015). Thus, we reason 
that there is a combined defect owing to reduced levels of full-length transcripts due to the splicing 
defect and a reduced enzymatic activity of the R562W mutant protein. Notably, the partial penetrant 
splicing defect holds true when native expression of Pde6a transcripts in the retina of a R562W-knockin 
mouse mutant is directly assessed suggesting conserved splicing determinants for this site in mouse 
and human (Sothilingam et al., 2015). Interestingly, the c.1684C>T/p.R562W variant of the murine 
Pde6a is homologous to the well-known murine rd10 mutation, c.1678C>T/p.R560C, in the paralogous 
Pde6b gene in a region with strong sequence conservation between the paralogs (Fig. 7A). However, 
upon experimental analysis of Pde6b transcripts in rd10 mutant mice, we did not found any evidence for 
a splicing defect affecting exon 13 (Fig. 7B; unpublished results). Bioinformatic sequence analysis using 
SpliceAid2 (Piva et al., 2012) predicts an ESS motif created by the c.1684C>T/p.R562W variant in 
Pde6a, whereas the opposite effect, the creation of an ESE, is predicted for the c.1678C>T/p.R560C 
(rd10) mutation in Pde6b. In Pde6a exon 13 there is a guanine three nucleotides downstream of the 
mutation which participates in the formation of the novel ESS motif (-TGGTGG-). Instead, the 
homologous position in Pde6b is occupied by a cytosine (c.1680C) which prevents the formation of the 
aforementioned ESS motif. The predicted ESE motif in the Pde6b rd10 mutant sequence rather 
enhances exon inclusion, the opposite regulatory activity as that exerted by the motif created by the 
homologous mutation in Pde6a. The ESE motif is not created by the c.1678C>T/p.R560C alone. The 
combination of c.1678C>T/p.R560C together with two neighbouring synonymous (paralog-specific) 
changes, c.1680C and c.1683C in Pde6b, create this additional ESE and thereby, an enhancer-rich 
region (Fig. 7C). This example well illustrates the importance of the sequence context, including silent 
changes, in determining whether a variant putatively impairs exon recognition and inclusion or even 
reinforces genuine splice sites recognition.  

3.5 OPN1LW and OPN1MW exon 3 haplotypes impair splicing   
Another intriguing example of the importance of the sequence context of exonic variants has recently 
been elucidated for exon 3 variants in the OPN1LW and OPN1MW genes encoding the apoprotein of 
the human long-wavelength sensitive (LWS) and middle-wavelength-sensitive (MWS) cone 
photopigments. OPN1LW and OPN1MW are located on the X-chromosome and form a tandem repeat 
gene cluster with a single OPN1LW and one or more copies of the OPN1MW gene. Their expression is 
regulated by an upstream enhancer element (locus control region; LCR) which determines the mutually 
exclusive expression of LWS and MWS cone pigments in individual cone photoreceptors. The high level 
of sequence identity between OPN1LW and OPN1MW which extends to the introns and non-coding 
intergenic spacer between the gene copies favours unequal homologous recombination and, as a 
consequence, results in the gain or loss of opsin gene copies on the recombinant chromosomes and 
the formation of OPN1LW-OPN1MW hybrid genes which frequently underlie the common forms of red-
green colourblindness (Nathans et al., 1986). Moreover, the high level of sequence conservation 
between OPN1LW and OPN1MW also fosters gene conversion, i.e. the non-reciprocal exchange of 
usually short sequences, between OPN1LW and OPN1MW copies during meiosis. This process results 
in an interchange of common polymorphisms between OPN1LW and OPN1MW and a unique pattern of 
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low linkage disequilibrium between these polymorphisms. Gene conversion between OPN1LW and 
OPN1MW has long been postulated at the level of populations and recently we could confirm the 
conversion of an exon 3 haplotype from OPN1MW to OPN1LW by comparing the sequence signatures 
within the lineage of a single pedigree (Buena-Atienza et al., 2016).  

Remarkably, certain rare combinations of common variants in exon 3 of OPN1LW and OPN1MW have 
been repeatedly found in subjects with X-linked cone dysfunction disorders, Bornholm Eye Disease, X-
linked cone dystrophy and X-linked incomplete achromatopsia (McClement et al., 2013; Mizrahi-
Meissonier et al., 2010; Crognale et al., 2004) and a pathogenic effect was long thought to result from 
the combined interaction of the encoded amino acid exchanges. However, Ueyama and colleagues 
demonstrated by in vitro expression that such combinations of common variants (i.e. haplotypes) induce 
skipping of exon 3 during transcript processing (Ueyama et al., 2012). In the following, we and others 
could confirm and further extend the spectrum of deleterious rare exon 3 haplotypes in patients with X-
linked cone dystrophy and blue cone monochromacy (Gardner et al., 2014; Buena-Atienza et al., 2016; 
Greenwald et al., 2017). The so called 'LIAVA' haplotype (a term  historically referring to the amino acid 
residues at the non-synonymous variant sites; see Fig. 8A) comprises the following exonic variants: 
c.(453A>G; 457A>C; 465C>G; 511G>A; 513G>T; 521C; 532A>G; 538T>G) and a thereof deduced 
cone pigment variant with a certain combination of amino acid exchanges: p.[(=); M153L; (=); V171I; 
A174A; I178V; S180A], has been repeatedly shown to induce fully or close to fully penetrant exon 
skipping in minigene assays (Fig. 8B-C). Two further haplotypes, namely 'LVAVA' and 'MIAVA', are 
strongly deleterious yielding less than 10% of properly spliced transcripts. The skipping event shifts the 
reading frame and results in a PTC, presumably targeting the transcript for NMD.  

This case is rather unique in IRD since a combinatorial effect underlies misregulation of splicing and 
determines the extent to which exon inclusion is disturbed. Depending on the actual haplotype the 
percentage of correctly spliced transcripts (Fig. 8C) varies over the entire range of mixtures. Although 
we estimated that approximately 20% of correctly spliced transcripts might suffice to retain proper cone 
function based on phenotypic evidence (Buena-Atienza et al., 2016), additional work is required to 
establish the threshold below which the splicing defect has a phenotypic or physiological effect.  

We recently extended the experimental analysis of OPN1LW and OPN1MW exon 3 haplotypes through 
targeted mutagenesis and the implementation of a multiplexed parallelized splicing assay to investigate 
all theoretically possible haplotypes from the eight common variants in exon 3 with two possible alleles 
per variant site (28=256) (Fig. 8D; Buena-Atienza et al., manuscript in preparation). We observed a 
considerable number of novel haplotypes resulting in low (<10%) levels of correct splicing. The 'output 
tags' generated by this investigation may serve as functional predictors once such haplotypes are 
identified in subjects. By assessing all tested haplotypes based on the genotype at individual sites, we 
found that variants c.532A>G and c.538T>G have the highest individual impact on promoting exon 3 
skipping (Fig. 8E; Buena-Atienza et al., manuscript in preparation).  

The relevance of local interactions between exonic variants in the context of splicing regulation has 
been emphasized by the existence of elements coined as composite exonic regulatory elements of 
splicing (CERES). Interestingly, it has been noticed that some elements overlapping a particular variant 
or group of variants may be able to exert opposite activities concurrently, i.e. enhancing or inhibiting). 
Evidence has been provided by investigations on CFTR exon 12 (Pagani et al., 2003) and BRCA1 exon 
11 (Tammaro et al., 2014). Certain interactions within localized regulatory signals in the three sub-
divisions of the defined OPN1LW and OPN1MW exon 3 haplotype might resemble that of CERES. Yet, 
the interactions between non-overlapping cis-acting elements at distant regions might represent a new 
form of interplay between splicing determinants.  

3.6 Mutations affecting trans-acting splicing factors 
Trans splicing factors play an important role in the pathogenesis of retinal degeneration and have been 
reported to be the second most common cause of autosomal dominant retinitis pigmentosa (ADRP; 
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Sullivan et al., 2006). Among the 29 ADRP genes identified to date (source: RetNet, 
https://sph.uth.edu/retnet/), six code for ubiquitous core snRNP proteins (PRPF3, PRPF4, PRPF6, 
PRPF8, PRPF31, and SNRNP200) and one for a non-snRNP splicing factor (RP9), respectively. 
Mutations in the spliceosomal proteins that are associated with retinal disease have been reviewed 
elsewhere (Růžičková & Staněk, 2017; Krausová & Staněk, 2018). In short, pre-mRNA splicing factors, 
mainly PRPF8, function as scaffold proteins that hold the pre-mRNA in the correct orientation. 
Mutations in these components affect the stoichiometry and kinetics of spliceosome assembly 
(Tanackovic et al., 2011). RNA helicases such as SNRNP200 are the driving forces in the dynamic 
remodeling of the spliceosome, and mutations compromise the conformational rearrangements that are 
vital for the assembly (Zhao et al., 2009).  

Probably the most interesting aspect of the involvement of splicing factors in the pathogenesis of ADRP 
is that mutations in the abovementioned genes, despite their ubiquitous expression, only affect retinal 
cells. The most likely explanation is that retinal cells, due to the high turnover-rate of photoreceptor 
outer segments (Bok & Young, 1972), have a high demand for splicing and are more sensitive to 
spliceosomal component deficiency than other tissues. This is reflected by the fact that the retina 
contains unusually high amounts of spliceosome components (Tanackovic et al., 2011). 

The pathomechanism of PRPF31-linked retinal degeneration has been recently studied in much detail 
in patient-derived fibroblasts and induced pluripotent stem cells (iPSCs), and therefrom differentiated 
retinal organoids and retinal pigmented epithelium (RPE) cells. This study revealed that the alteration of 
the retinal-specific splicing program through mutated PRPF31 leads to extensive intron retention, and is 
related with the disruption of RPE and the cilium of photoreceptors (Buskin et al., 2018).  

4. Validation of splicing mutations 
Genetic testing is almost exclusively done at the genomic DNA level. Variant interpretation in terms of 
their functional consequences therefore mostly relies on general rules (i.e. universal genetic code, 
canonical splice sites, gene models) and 'experienced' interference (e.g. kind of mutation, kind of amino 
acid exchange, evolutionary conservation, etc.). However, the 'language' of splicing is equivocal and 
remains not fully understood which makes interpretation of variants putatively affecting splicing or the 
recognition of such variants still challenging. Variants affecting the highly conserved GU and AG splice 
acceptor and splice donor dinucleotides nearly invariably induce a splicing defect and therefore are 
generally accepted as deleterious mutations without further validation. However, the consequence of 
the individual mutation, whether it induces exon skipping or activates an alternative cryptic splice site in 
neighbouring exon or intron sequences thereby remains uncertain.  

Variants in the vicinity but outside the canonical dinucleotides are less straightforward to interpret since 
these sites exhibit considerable sequence variation. Such variants have to be considered as putative 
splice variants and their effect on splicing needs to be validated. Direct analysis of native transcripts is 
the most reliable approach but is limited to those genes that are expressed in accessible tissues or 
where such tissue or cell types can be differentiated in vitro from iPSCs. Validating variants by in vitro 
assays is an alternative if source material is not available, but is laborious and therefore difficult to 
implement in routine workflows of diagnostic laboratories. While in silico prediction tools have become 
essential parts in workflows for analyzing putative splice variants, they can lead to misinterpretation and 
false predictions. In the following, several methodologies for the detection and analysis of splice 
mutations are introduced. 

4.1 In silico prediction tools 
Bioinformatic approaches to predict the effect of a variant on splicing use algorithms based on 
sequence conservation and thermodynamics. It is important to note that both parameters are 
descriptive of spliceosome recognition but not deterministic to assess splice potential (Lee et al., 2017). 
Application aspects, advantages and disadvantages of different in silico prediction tools have been 
reviewed elsewhere (Jian et al., 2014) and a comprehensive list of prediction algorithms can be found in 
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a recent review on splicing defects in human genetic disease (Abramowicz & Gos, 2018). In general, all 
algorithms compare the variant sequence with the reference (or consensus) sequence and provide a 
prediction score which reflects the strength of the splicing signal. Most algorithms are based on position 
weight matrices, which are calculated on the basis of a collection of known splice site sequences 
(Shapiro & Senapathy, 1987). Considering its frequency, these matrices assign a weight to each 
nucleotide within the analysed sequence. While the position weight matrix-based method assumes 
statistical independence between positions, maximum entropy models take into account the 
dependencies between positions within the sequences being analysed (Yeo & Burge, 2004). Other 
tools make use of neural networks based on the frequencies of dinucleotides within a sequence and 
use a dataset of known splice sites to train programs to identify splice sites (Reese et al., 1997). The 
different tools should always complement each other since they differ from each other with respect to 
the consensus sequences that are used for the comparison with the input sequences, statistical models 
and the training datasets that were used for machine learning.  

As outlined in 3.3, we have identified a deep intronic variant in PROM1 that causes PE inclusion into 
the transcript (Mayer et al., 2016). Figure 5B shows splice site prediction scores from three algorithms 
for the deep intronic variant. All algorithms, namely Human Splicing Finder (HSF) matrices (Desmet et 
al., 2009), MaxEntScan (Yeo & Burge, 2004) and NNSplice (Reese et al., 1997), predict the creation of 
a novel cryptic donor site with relatively high scores. Moreover, a cryptic acceptor site 155 nucleotides 
upstream of the new donor was predicted by all three algorithms. Making use of a heterologous splicing 
assay we could indeed verify the inclusion of a PE of 155 nucleotides into the transcript (Fig. 5C+D), in 
concordance with the bioinformatic predictions.  

The major drawback of in silico tools is that the final interpretation of the results remains with the user, 
meaning that he or she needs to define an arbitrary cutoff value as to whether the variant of interest is 
(likely) causing a splicing defect or not. Since there are no consensus guidelines on the selection of 
cutoff values, the set threshold may turn out to be too restrictive (i.e. leading to false negative results) or 
too lax (i.e. providing a false positive result). To demonstrate how difficult it can be to define a cutoff 
value, we have analysed all canonical splice sites of the CNGB3 gene using three different splicing 
algorithms. CNGB3 encodes the beta subunit of the cyclic nucleotide-gated ion channel in cone 
photoreceptors and is the major achromatopsia gene in Europe and the US. Table 2 shows the 
prediction scores for all 18 exons of CNGB3 obtained with HSF matrices (Desmet et al., 2009), 
MaxEntScan (Yeo&Burge, 2004) and NNSplice (Reese et al., 1997). Two important observations can 
be made. First, both the acceptor and donor splice site of exon 13 are comparably weak. One of the 
three algorithms does not even recognize the exon as such which makes it impossible to obtain 
prediction scores for any nucleotide substitution at the splice sites. Nevertheless, exon 13 is recognized 
as an exon and spliced into the mRNA by the splicing machinery of cone photoreceptors, demonstrating 
that predictions scores can be misleading. Second, most prediction scores are lower for acceptor sites 
than for donor sites. It has to be emphasized that assessing acceptor site variants is more difficult than 
donor site variants since they display a greater diversity of nucleotide combinations. This is due to a 
longer length of the acceptor consensus sequence (-3 to -14 compared to +3 to +6 for the donor 
consensus) and a certain flexibility of the PPT (Lee et al., 2017). It has to be noted, though, that 
substitutions of uracil and cytosine nucleotides within the PPT may have an impact on splicing none the 
less. The third most frequent ABCA4 variant, c.5461-10T>C, has only a subtle effect on splicing 
according to in silico predictions. However, as outlined in 3.1, it exerts a distinct splicing pattern when 
assessed in photoreceptor progenitor cells of patients harboring this variant in homozygous or 
heterozygous state (Sangermano et al., 2016). Likewise, a strong effect of a thymine to cytosine 
change in the PPT has been demonstrated for the c.4004-5T>C variant in the VCAN gene, which has 
been found to result in exon 8 skipping in patients with Wagner disease (Mukhopadhyay et al., 2006). 

Beyond canonical splice sites and nearby consensus sequences cis-regulatory elements of splicing are 
much less conserved. Yet, virtually any gene variant located elsewhere could potentially disturb a 
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splicing regulatory motif and thereby cause aberrant splicing. Algorithms embracing this type of putative 
mutations were first based on the search for enhancers exploiting experimental evidence derived 
from functional systematic evolution of ligands by exponential enrichment such as ESE-finder (Cartegni 
et al., 2003). Many algorithms rely on hexamer motif libraries/datasets such as RESCUE-ESE or 
ESRSeq scores (Fairbrother et al., 2004; Ke et al., 2011) or decamers for the search of silencers (FAS-
ESS; Wang et al., 2004). Whereas most of the latter algorithms search for discrete categories of motifs, 
EX-SKIP retrieves relative ratios taking into account densities of ESEs and ESSs. Several of these 
datasets are compiled in user-friendly tools such as HSF (Desmet et al., 2009) and SROOGLE 
(Schwartz et al., 2009). The abovementioned tools lack context dependence and newly developed 
algorithms such as HEXplorer have introduced some degree of sequence context by including six 
overlapping hexamers per assessed site (Erkelenz et al., 2014). EX-SKIP, Hexplorer and ESRSeq 
scores perform comparably well in terms of specificity and sensitivity for mutations for which splicing 
was assessed in patient tissue (Grodecká et al., 2017). HSF provides some hits for RNA-binding 
proteins, namely splicing factors, whose binding could be compromised to the predicted change at the 
cis-sequence level. However, the SpliceAid2 tool (Piva et al., 2012) is more informative and only 
includes sites recognized by RNA-binding proteins based on experimental evidence. Nevertheless, 
additional work considering specificity and redundancy for binding sites is needed. This tool has an 
option to include some context, for example being able to select among different cell lines, normal and 
cancer tissues. The recently published SPANR algorithm used data from 16 tissues (not including the 
retina) for training purposes (Xiong et al., 2015).  

To summarize, the reliability of bioinformatic analyses to assess splicing variants is limited. The 
recognition of exon-intron boundaries is not only dependent on the consensus sequences of the splice 
sites but on a plethora of auxiliary cis-acting elements which display high nucleotide diversity that are 
difficult to assess. Bearing in mind the limitations of bioinformatic analyses, they should be used 
primarily to prioritize variants for further validation using in vitro assays and not as a standalone 
evaluation tool. 

4.2 Direct transcript analysis 
A straightforward way to assess the functional impact of splice variants is to analyze the RNA extracted 
from accessible patient tissues (i.e. lymphocytes, keratinocytes and fibroblasts), provided that the gene 
of interest is expressed in this tissue. The synthesis of DNA from an RNA template, via reverse 
transcription, produces cDNA which can be used as a template for amplification and sequencing. An 
example of direct cDNA analysis is given in chapter 3.2, where we describe the analysis of a splice 
variant in the ATF6 gene using RNA isolated from patient´s lymphocytes (Fig. 4). One drawback of this 
approach is that accessible cells (e.g. blood lymphocytes or fibroblasts) do not necessarily reflect the 
situation in the affected cells (e.g. photoreceptors; Albert et al., 2018).  This has to be considered not 
only when obtaining negative results. Variants that showed no effect on splicing for instance in blood 
cells could still have an impact in retinal cells considering that blood cells lack retina-specific splicing 
proteins (i.e. trans splicing factors). Likewise, variants might show a splicing defect in blood cells but not 
in retinal cells. Even murine models may not always recapitulate the situation in the human retina 
(Garanto et al., 2013). RNA analysis is not restricted to study selected variants, but can be applied to 
identify splicing variants on a genome-wide scale and thus may complement whole exome and whole 
genome sequencing as a diagnostic tool (Gonorazky et al. 2019). This is achieved by sequencing the 
entire transcriptome (i.e. the complete set of transcripts in a cell) and scanning for misspliced 
transcripts. RNA sequencing (RNAseq) is therefore an ideal tool to detect splice variants as it allows for 
the detection of both coding and non-coding variants and provides transcript level information for 
interpreting splice changes (Chaitankar et al., 2016; Gonorazky et al., 2019). In RNAseq, a population 
of RNA (total or enriched subpopulations) is converted to a library of cDNA fragments with adaptors 
attached to one or both ends. The adaptors provide target sequences for subsequent amplification and 
sequencing in a high-throughput manner. Indications of abnormal mRNA splicing are sequence reads 
that demonstrate exon skipping, the use of cryptic splice sites, and high levels of intron inclusion. A 
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variety of bioinformatics tools has been developed for RNAseq read mapping, and the detection and 
quantification of variant splice forms (for an overview see Marco-Puche et al., 2019; Mehmood et al., 
2019).  Reads that represent correct splicing map within an investigated exon and span the junctions 
between this specific exon and the two upstream and downstream flanking exons. Pseudoexons that 
are integrated into the transcripts can be seen in the same way. An exon skipping event is 
demonstrated by reads spanning the junction between two flanking exons. Intron retention can be 
identified by reads that extend into the intron. All these missplicing events can be visualized in RNAseq 
datasets with so called Sashimi plots (Katz et al., 2013) which are also implemented in the popular web 
application Integrative Genomics Viewer (Thorvaldsdóttir et al., 2013). An example is shown in Figure 
6C. As outlined in 3.4, we could demonstrate that the putative splice variant c.783G>A/p.P261P in 
CDHR1 causes skipping of exon 8 (Stingl et al., 2017). The variant most likely represents a 
hypomorphic allele and is found with an allele frequency of 0.3% in the normal population 
(https://gnomad.broadinstitute.org/variant/10-85962879-G-A). Since CDHR1 is not expressed in 
accessible tissues, we analyzed the splicing defect caused by the c.783G>A variant in an in vitro 
splicing assay. In addition, we performed RNAseq with RNA from the retina of a healthy eye donor who 
was heterozygous for the c.783G>A variant and compared it with two retina samples that were 
homozygous for the wildtype G allele. As shown in Figure 6C, the Sashimi plots for both wildtype 
samples (WT1 in blue and WT2 in green) show only reads that span the junction between exons 7 and 
8, and between exons 8 and 9, respectively. In contrast, the retina sample heterozygous for the c.783 
G>A variant (HET in red) shows a substantial number of reads (n = 149) linking exon 7 to exon 9, 
demonstrating the skipping of exon 8 in this sample. More recently, Bronstein and colleagues 
demonstrated the feasibility of an entire transcriptome approach on iPSC-derived retinal organoids to 
identify a deep intronic mutation in CNGB3 inducing PE inclusion (Bronstein et al., 2020). A potential 
limitation of transcript analysis from native tissue or organoids is downregulation of the mutant 
transcript(s) by NMD. Since many splicing mutations result in aberrant transcripts harbouring PTCs, 
these transcripts undergo NMD and may become strongly underrepresented in heterozygous state 
compared to the transcripts derived from a non-NMD allele (Bonifert et al., 2014). Therefore, any 
evidence for a bias in allelic expression, for instance in the allelic read frequencies of a coding single 
nucleotide polymorphism (cSNP), may provide a hint for the action of NMD and the presence of an 
allele with low expression or lowered levels of steady state transcripts. If possible, RNA isolated from an 
intermitting cell culture of primary cells (e.g. fibroblasts or lymphocytes) under conditions which blocks 
NMD such as the addition of general translation inhibitors like cycloheximide, puromycin or anisomycin 
should be preferred.  

Another issue that needs to take into account is the effect of tissue or cell-specific splicing factors and 
differences in the pattern of alternative splicing. Beyond the well documented examples of retina-
specific splice variants such as the RPGRORF15 transcript, recent reports described retina-specific 
splicing defects such as the closely located deep-intronic mutations c.4539+2001G>A and 
c.4539+2028C>T in ABCA4 which do not result in aberrant splicing in fibroblasts but only in 
photoreceptor precursor cells derived from iPSCs (Albert et al. 2018). Even more convincing are the 
results observed for the c.2991+1665A>G in CEP290, where the fraction of misspliced transcripts is 
fourfold higher than normal spliced transcripts in eye cup organoids compared to fibroblasts or 
undifferentiated iPSCs were these transcript isoforms are about equal abundant (Parfitt et al., 2016).  

To summarize, direct transcript analysis is a straightforward approach to assess splicing changes but is 
hampered by tissue- or cell-specific expression of the gene of interest. The majority of genes 
associated with retinal disorders are not or only poorly expressed in non-ocular tissues (Khan et al., 
2019). The inaccessibility of the human retina has forced researchers to take a detour by 
reprogramming patient skin cells into iPSCs and differentiating them into retinal cells expressing the 
gene of interest (Parfitt et al., 2016; Sangermano et al., 2016; Lukovic et al., 2015; Yoshida et al., 2014; 
Tucker et al., 2015). While this approach circumvents the problem of RNA degradation in primary 
tissues caused by NMD, it remains a relatively costly method that requires specific skills, thereby 
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placing it far away from representing a high-throughput technique to assess the impact of splicing 
variants.  

4.3 Heterologous splice assays 
Heterologous splice assays are a viable alternative to analyze the impact of a putative splice variant if 
direct transcript analysis of patient RNA is not feasible. This is the case if the gene of interest is not 
expressed in readily accessible tissues, or if the resulting transcript is degraded by NMD as a 
consequence of the presence of a PTC.  

Detailed workflows to conduct heterologous splice assays have already been published (Desviat et al., 
2012). Briefly, a genomic segment encompassing the variant of interest along with flanking sequences 
is PCR-amplified from patient genomic DNA and is cloned into a so called minigene plasmid vector. 
Following cloning, the resulting constructs in their wild-type and mutant versions are used to transfect 
eukaryotic cell lines, which are then analyzed with respect to vector splicing. Ideally, transfection with 
the wild-type minigene results in correct splicing (i.e. inclusion of the cloned exon(s) between the 
vector-derived exons), while transfection with the mutant construct results in aberrant transcripts. 

Minigene vectors are splice reporter vectors (also known as exon-trapping vectors) that code for two 
exons with functional splice sites. The exons are separated by a segment which comprises a multiple 
cloning site in which the sequence of interest can be cloned. Initially, exon trapping vectors have been 
developed to rapidly identify and clone coding regions (Buckler et al., 1991). For the analysis of splice 
variants, the cloned segment should comprise not only the variant with flanking intronic sequence but at 
least one downstream and upstream exon and their corresponding introns. This allows for testing the 
variants in their genomic context. Using DNA of a subject heterozygous for the splice variant of interest 
enables co-amplification of the mutant and the normal allele and subsequent simultaneous cloning of 
the mutant and wildtype minigene construct. In case only patients are available which are homozygous 
for the mutant allele, the wildtype allele can be generated by site directed mutagenesis.  

Both wildtype and mutant minigenes are used to transfect eukaryotic cell lines, making use of their 
splicing machinery. After RNA isolation, cDNA synthesis and RT-PCR with vector-specific primers (to 
ensure selective amplification of vector-derived transcripts), a first analysis of transcripts can be 
performed by agarose gel electrophoresis. If the inserted fragment has functional splice acceptor and 
splice donor sites, splicing should occur between the vector and insert sequences, thereby including the 
exonic region in the processed transcript. Any aberrant splicing (e.g. exon skipping or intron retention) 
can be assessed by comparing the size of RT-PCR products derived from the wildtype and mutant 
minigenes. Subsequent sequencing enables the exact delineation of the splicing defect.  

A widely used vector for splicing assays is the pSPL3 vector, which contains a small artificial gene 
composed of an SV40 promoter that provides replication and transcription in eukaryotic cells, an exon-
intron-exon sequence with functional splice donor and acceptor sites, and a late polyadenylation signal. 
The vector also contains an origin of replication and an ampicillin resistance gene. The cell line for 
minigene experiments is selected depending on the tissue where the gene is expressed, e.g., for 
photoreceptor-specific genes, 661W cells can be used which display characteristics of photoreceptor 
cells (Tan et al., 2004). However, if such cell lines are not available, any established cell lines such as 
HEK293T or HeLa can be used. As outlined in the previous chapter, we have successfully validated 
several putative splice variants using minigene assays based on the pSPL3 vector. Note that 
heterologous splice assays relying on minigenes transfected into cells in culture are sometimes referred 
to as in vitro splicing assays or ex vivo splice assays. The latter term is typically used by studies that 
include in vitro splice assays with in vitro transcribed RNA and without cells.  

As mentioned before, putative splice variants should always be cloned in their genomic context, that is, 
with at least one upstream and one downstream exon. However, this is not always possible. While 
eukaryotic exons are usually small (<200 bp; Sakharkar et al., 2004), the intervening introns often 
encompass several kilobases (kb) of sequence, which precludes cloning into conventional exon 
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trapping vectors. Minigenes lacking the genomic context of a variant, i.e. flanking exons and cis-acting 
elements, might not correlate with splice defects observed in patient derived cells (Rivera et al., 2000; 
Sangermano et al., 2016). Hence, a major drawback of minigene vectors is the limited size of DNA 
segments that they can accommodate. The pSPL3 vector itself is 6 kb and while we successfully 
inserted segments of 8 kb (unpublished results), this likely represents the maximum insert size. 
Bacterial artificial chromosome clones facilitate the generation of large, multi-exon wild-type splice 
vectors, and have been developed for the analysis of splice variants in the ABCA4 gene (Sangermano 
et al., 2018). However, the maximum insert size of segments that have been cloned into this so called 
midigene vector is 11.7 kb, representing so far a modest advantage compared with the pSPL3 vector.  

Minigenes other than exon-trapping vectors exclusively relying on endogenous splice sites of flanking 
exons (Fig. 8B), have been used for the splicing assessment of exon 3 in OPN1LW and OPN1MW 
(Ueyama et al., 2012; Gardner et al., 2014; Buena-Atienza et al., 2016; Greenwald et al., 2017).  

To summarize, heterologous splice assays represent a viable choice to assess the effect of putative 
splice variants in the absence of patient cells, or if the gene of interest is not expressed in available 
somatic cells. Besides allowing validation of putative splice variants, minigenes can support monitoring 
of therapeutic strategies aimed at modulating splicing or correction of splicing defects (Matos et al., 
2014). Size constraints of minigene constructs represent a major limitation to fully assess the effect of 
splice variants. In addition, cell lines used for transfection might lack expression of specific trans 
splicing factors. Hence, some heterologous splice assays might not recapitulate accurately the in vivo 
situation. In case of negative results (i.e. no splicing defect is observed), analysis of a larger segment 
and/or switching to a tissue-specific cell line should be considered.  

5. Therapeutic approaches for splicing defects  
Efforts in gene augmentation clinical trials for retinitis pigmentosa (Dias et al,. 2018) and other IRDs by 
subretinal injections as well as the potential of intravitreal injections have been reviewed recently 
(Garafalo et al., 2019). Splicing mutations which behave recessive or act through haploinsufficiency 
may be targeted in a similar manner to other kinds of hypomorphic or nullimorphic mutations by 
supplementation therapies such as recombinant enzyme therapy, metabolite supplements (e.g. oral 9-
cis-retinyl acetate in LRAT und RPE65 deficiency), or adeno-associated-viral (AAV) vector-based 
delivery of a functional gene copy. In addition, certain approaches specifically targeting splicing defects 
have been developed. Although these approaches are generally limited to small groups or even 
individual mutations, they have the advantage of circumventing current limitations in transgene size for 
AAV-based supplementation therapy which hampers its application for many large IRD genes (ABCA4, 
USH2A, EYS, CEP290, and others). In the following we will briefly review the major therapeutic 
approaches for splicing defects and their application for IRD genes. 

5.1 Sequence-adapted U1 and U6 snRNA 
During initiation of the splicing process, U1 and U6 snRNP participate in the recognition of the splice 
donor site which involves base pairing between the U1 and to a lesser extent the U6 RNA moiety and 
the primary transcript. Harnessing this property, engineered (i.e. sequence adapted) U1 RNA which 
improves base-pairing with splice donor site mutations has been developed as a strategy to restore 
proper mRNA splicing. The principle concept of this correction approach goes back to early in vitro 
experiments on adenovirus E1A splicing (Zhuang & Weiner, 1986) and since then has been applied 
successfully in a variety of gene defects and in vitro disease models. Proof-of-concept for its feasibility 
in vivo has been demonstrated in mouse models for aromatic L-amino-acid decarboxylase deficiency 
(A>U at splice donor position +4), factor 7 coagulation deficiency (G>A at splice donor position +5) and 
familial dysautonomia (U>C at splice donor position +6) (Lee et al., 2016; Balestra et al., 2014; 
Donadon et al., 2018) with sequence adapted U1 snRNA gene sequences delivered by AAV. Targeting 
non-conserved splice donor sequences reduces potentially deleterious off-target alternative splicing 
events. Rogalska and co-workers studied off-target activity of a transgenic mouse expressing an U1 
snRNA designed to correct SMN2 exon 7 inclusion and observed in the spinal cord significant changes 
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in gene expression for only 12 genes and just one alternative splicing off-target (Rogalska et al., 2016). 
Nevertheless, off-target effects are a concern of this approach and need to be carefully assessed in 
every instance for the targeted tissue and cell type.  

Hitherto, there are only a few studies which applied adapted U1 snRNA - alone or in conjunction with 
adapted U6 snRNA - to target splice mutations in IRD genes (namely RHO, BBS1, and RPGR) and 
demonstrated rescue of splicing defects in minigene assays as well as in patient-derived fibroblasts 
(Tanner et al., 2009; Glaus et al., 2011; Schmid et al., 2013). Moreover, Schmid and colleagues 
explored more systematically the potential of this strategy using a series of substitutions from position -
2 (last but one nucleotide of the exon) to position +5 (fifth position of the intron) at the splice donor 
sequence of BBS1 exon 5 which induced a splicing defect in a minigene assay in COS7 cells. While 
single-base adapted U1 snRNA specifically re-introducing a base-pairing between U1 snRNA and the 
transcript at the site of the mutation yielded partial rescue at some sites, a greater rescue efficacy or 
even complete rescue was observed with fully adapted U1 snRNA. Notably, mutations at the canonical 
-GU- splice donor dinucleotide were not rescued by this approach. Rescue of the +5 position was 
further improved by simultaneous application of both sequence-adapted U1 and U6 snRNA (Schmid et 
al., 2013).  

5.2 Small molecules with splicing rescue activity 
Several small molecules which act as general splicing modulators have been usually identified through 
compound library screening in the context of alternative splicing. Some of these approaches have been 
used to specifically screen for compounds with rescue effects on certain specific splicing defects due to 
mutations at non-canonical splice site positions or binding sites for auxiliary splicing factors. This led to 
the identification of kinetin, a plant cytokinin, a synthetic chloroaminopurine derivate named 'rectifier of 
aberrant splicing' (RECTAS) which suppresses exon skipping in c.2204+6T>C mutant transcripts of 
IKBKAP in familial dysautonomia (Slaugenhaupt et al., 2004; Yoshida et al., 2015) and several 
synthetic compounds for the treatment of spinal muscular atrophy (SMA) (Naryshkin et al. 2014; 
Palacino et al. 2015). SMA is principally caused by inactivating mutations or deletions in SMN1. 
However, disease severity is modulated by expression levels (i.e. copy number) of SMN2, a partially 
inactivated paralog of SMN1. SMN2 carries a C-to-T substitution at the 6th position of exon 7 which 
generates an ESS and results in a large fraction of SMN2 transcripts lacking exon 7 which fail to 
complement loss of SMN1. Many therapies for SMA thus aim to increase the fraction of full-length 
SMN2 transcripts (Lorson et al., 2010). Two small molecule compounds derived from compound 
screens, risdiplam and branaplam, both pyridazine derivates formulated for oral intake, have been 
shown to increase SMN2 exon 7 recognition and inclusion (Ratni et al., 2019). Both compounds are 
currently being tested in clinical trials with risdiplam showing tolerability and efficacy in phase II and 
phase III trials (Baranello et al., 2019). Some limited data from a first short-term study with orally 
administered kinetin in eight familial dysautonomia patients have been published which showed safety 
and tolerability and demonstrated a significant increase in exon inclusion in blood leukocytes (Axelrod 
et al., 2011). However, results on clinically relevant efficacy and long-term tolerability are still missing.  

To the best of our knowledge none of these compounds have been tested in retinal dystrophies nor 
have compound screens been performed for splicing defects in IRD genes.   

5.3 Antisense Oligonucleotides 
Antisense oligonucleotide (AON) technology offers a flexible instrument for tailored interference with 
splicing. Antisense oligonucleotides (AONs) are synthetic single stranded nucleic acid molecules of 16 
to 20 nucleotides in length which bind to target transcript sequences through base-pairing. Certain 
chemical modifications on the phosphate backbone such as phosphorodiamidate morpholino chemistry 
or of the sugar moiety (e.g. 2' OH ribose substitutions such as 2‘-Methoxyethyl) have led to an increase 
in base-pairing stability, reduced toxicity and improved pharmacokinetic properties of AONs. To 
interfere with mRNA splicing, AONs are designed to hybridize to crucial cis-acting sequence elements 
(e.g. splice donor or acceptor sites, or exonic/intronic splicing regulatory elements) thereby blocking the 
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binding of trans-acting splice factors and spliceosomal assembly. Two main strategies are applied to 
exploit AON technology for the treatment of splicing defects: (1) targeted elimination of a genuine exon 
through induced exon skipping, and (2) blockage of cryptic splice donor or splice acceptor sites.  

The first strategy applies to the elimination of an in-frame exon which carries a deleterious mutation 
from the transcript thereby maintaining the reading frame at the expense of missing an internal 
sequence within the thereof translated polypeptide. The validity of this strategy is well appreciated by 
genetic mutations in the DMD gene where nonsense or frameshift mutations usually result in Duchenne 
Muscular Dystrophy while intragenic deletions which maintain the reading frame result in the much 
milder disease expression of Becker muscular dystrophy. The design and chemistry of AONs and 
modalities for AON-based exon skipping in DMD has been explored intensively and showed impressive 
efficacy in mouse and dog disease models (Alter et al., 2006; McClorey et al., 2006). Exon 51 skipping 
AONs (eteplirsen/EXONDYS51 and drisapersen/PRO051) which potentially target about 13% of the 
human Duchenne patient population - mostly through correction of the reading frame in patients with 
exon 50 deletions - have been tested via systemic delivery in clinical trials and showed tolerability and 
clinical benefit in prolonged mobility (Cirak et al., 2011; Goemans et al., 2011; Mendell et al., 2016; 
Goemans et al., 2016). Eteplirsen (tradename EXONDYS51®) has obtained marketing authorization for 
the United States by the US Food and Drug Administration (FDA) while the European Medicinal Agency 
did not approve the drug due to still limited evidence of efficacy.  

Transferring this strategy to IRD, Barny and colleagues showed AON-based exon skipping of exon 36 
in patient-derived dermal fibroblasts of subjects with the recurrent c.4723A>T/p.Lys1575X nonsense 
mutation in CEP290 exon 36 and achieved more than 60% of exon skipping. While the abundance of 
CEP290 protein - mainly representing the internally truncated CEP29036 isoform - significantly 
increased, the authors noted alterations in the dynamics of centriolar satellite formation, and the 
proportion of ciliated cells tended to diminish as did axonemal length (Barny et al., 2019). In contrast, 
correct localization of the CEP29041 protein to the ciliary transition zone, and restoration of normal cilia 
length was demonstrated upon AON-based exon 41 skipping in kidney cells derived from a patient with 
Joubert Syndrome carrying the c.5668G>T; p.G1890*nonsense mutation (Ramsbotton et al., 2018). 

The application of the AON-based exon skipping strategy relies not only on suitable in-frame exons but 
also on the functional competence of the shortened protein product. This is most likely the case at the 
extremities, i.e. the amino- and carboxy-terminal of proteins or in proteins with modular, repeated 
domains such those encoded by many Usher syndrome genes, CRB1, EYS and CEP290. However, 
this functional tolerance of internal truncations needs to be carefully tested in each individual case. 
Recently Zhang and co-workers demonstrated that a shortened human CEP290 ('miniCEP290') with a 
deletion of amino acid residues 580-1180 is able to complement and ameliorate the retinal 
degeneration in the Cep290rd16 model upon subretinal AAV delivery (Zhang et al., 2018). Notably, the 
Foundation Fighting Blindness recently announced a 7.5 million US-Dollar support for an AON-based 
therapy program for USH2A which also included exon skipping modules for exon 13 and exon 50 as 
developed at Radboud University, Nijmegen (patent WO 2016/005514 A1) and currently in early clinical 
testing (NCT03780257 on exon 13 skipping). It should be noted that concerns on the impact of the exon 
13 skipping strategy has been raised based on USH2A transcript analysis from native nasal epithelium 
tissue of Usher syndrome patients with the common c.2299delG mutation showing that a fraction of 
mutant transcripts lack exon 13 or both exons 12 and 13 (Lenassi et al. 2014).  

AON technology can be alternatively exploited for the blockage of alternate splice donor and acceptor 
sites. Rescue or suppression of 'true' splice mutations which impair splicing through the formation of 
novel splice donor or splice acceptors sites has the potential to restore expression of the full-length 
protein. For retinal dystrophies this approach has been most exclusively used for deep-intronic 
mutations which results in the inclusion of a PE into the mRNA. Feasibility of this approach with 
profound rescue rates has been demonstrated for deep-intronic mutations in CHM (Garanto et al., 
2018), USH2A (Slijkerman et al., 2016), several ABCA4 mutations (Albert et al., 2018; Bauwens et al., 
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2019; Sangermano et al., 2019) and the common c.2991+1655A>G mutation in CEP290 (Gerard et al., 
2012; Garanto et al., 2016). Whereas most of these rescue experiments were carried out in vitro using 
minigene constructs or on patient-derived fibroblasts, improved ciliogenesis and cilia length has been 
demonstrated upon AON-induced PE suppression of the CEP290:c.2991+1655A>G mutation in an 
iPSC-derived retinal organoid model (Dulla et al., 2018) and reduction of misspliced CEP290 transcript 
has been reported in vivo in a humanized CEP290 mouse mutant (Garanto et al., 2016). Currently, the 
only example of an AON-approach targeting an exonic mutation has been performed for USH1C by 
means of in vitro and in vivo evaluation in a mouse model (Lentz et al., 2013). AON treatment of the 
mutation c.216G>A within exon 3, which generates a novel splice donor site, successfully ameliorated 
the hearing and vestibular dysfunction upon systemic delivery in neonatal mutant mice (Lentz et al., 
2013). Unfortunately, USH1C expression in the retina was not explored in this study. We have recently 
applied AON-based splice switching oligonucleotides to rescue a deep-intronic mutation in OPA1 in 
dermal fibroblasts of patients with dominant optic atrophy and could demonstrate dose-dependent 
restoration of properly spliced transcripts from the mutant allele and a concomitant increase in OPA1 
protein. Actually, this represents the first example of AON-based treatment for a mitochondrial disease 
and up to now, the only example for AON-based treatment of a dominant allele in ocular disease 
(Bonifert et al., 2016).  

Delivery of AONs to the retina needs to take into account the blood-retinal barrier which strongly limits 
the access following systemic application. Therefore, AONs need to be delivered directly to the eye, for 
instance via injection into the vitreous humor. Once present in the vitreous, AONs have proven to be 
able to freely diffuse into all retinal cells to interfere with splicing (Gerard et al., 2015).  

Clinically most promising advances in AON-based therapy have been made for the treatment of the 
CEP290 mutation c.2991+1655A>G in patients with Leber congenital amaurosis. The first data on eight 
patients from a phase I/II study with 3-6 month follow-up upon intravitreal injection of the AON (QR-110, 
Sepofarsen) have been published and showed good tolerability and some improvement in visual 
function on average. Particularly, one of the patients responded very strongly and quickly with an 
improvement of visual acuity from light perception at baseline to 20/400 over a period of 6 months 
(Cideciyan et al., 2019). A fast-track phase 2/3 clinical trial is now underway.  

A drawback and potential advantage at the same time is the limited half-life of AON-based drugs. 
Although backbone modifications have led to an increase in stability and pharmacodynamics of AONs, 
the decay over time necessitates regular re-administrations (e.g. every 3-6 month). However, this 
obstacle can be overcome by adapting dosing over time and allows tapering of the drug in case of 
adverse effects.  

5.4 Genome Editing  
Recent developments in the application of gene editing technologies for the treatment of ocular 
diseases in general have been discussed in other reviews in this journal (Lee et al., 2019; Burnight et 
al., 2018). As an alternative to splice-switching oligonucleotides, genome editing strategies are currently 
being explored for stable correction of splicing mutations at the DNA level in somatic cells. Whereas 
homology directed repair-based genome editing is still very inefficient in particular in non-dividing cells, 
several groups propose to harness the non-homologous end joining-based repair pathway to eliminate 
mutations in non-coding sequences such as deep intronic mutations where imprecise repair is tolerable.  

Recent research in the field of retinal dystrophies has pioneered this approach. Targeting the common 
c.2991+1655A>G mutation in CEP290, Maeder and colleagues designed two guide RNAs to direct 
Cas9 induced double-strand breaks up- and down-stream of the pseudoexon (Maeder et al., 2019). 
Delivering the S.aureus Cas9 and the two guide RNA sequences through packaging into a single AAV 
vector, the authors could demonstrate successful genome editing and a subsequent increase in 
CEP290 expression in human cells, human explant cultures and a humanized mouse model. Moreover, 
the feasibility of the approach was demonstrated in vivo in a non-human primate with a rate of up to 
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28% of productive editing (Maeder et al., 2019). Pioneering the application of CRISPR/Cas9 technology 
to correct a somatic gene defect in human patients, this approach is now entering clinical translation. 
The FDA recently approved an Investigational New Drug application to start a first clinical trial in human 
LCA patients using subretinal AAV-based delivery of the editing components (NCT03872479). 
However, in the pre-clinical study productive editing rate (i.e. inversion or deletion of the PE expected to 
rescue normal splicing) was only about 40% of all observed editing events in this approach which may 
not suffice for other genetic defects.   

With the pace of improvements and novel tools that become available in the field of genome editing, it 
can be expected that there is still room for greater improvements. Notwithstanding, issues such as 
efficient delivery and off-target sites need to be thoroughly monitored, for example by whole genome 
sequencing.  

5.5 Trans-Splicing 
Finally, a therapeutic approach which does not specifically target splicing mutations, but makes use of 
the splicing machinery shall be mentioned. Trans-splicing between independent precursor mRNA 
molecules is a naturally occurring process in many lower eukaryotes and a few examples have also 
been reported in mammals (Lei et al., 2016). Trans-splicing in mammalian cells can also be induced 
through the introduction of base-pairing between the 5' and 3' intronic portions of the two precursor 
transcripts and has been exploited to rescue gene mutations in a technology called spliceosome-
mediated RNA trans-splicing (SMaRT) in in vitro and in vivo models of various disease such as cystic 
fibrosis, hemophilia A, SMA, and others (Liu et al., 2002; Chao et al., 2003; Berger et al., 2016). 
Efficacies range from as low as 5.4% to up to 40% (Berger et al., 2016). Berger and colleagues 
investigated trans-splicing for human RHO transcripts employing a 3' pre-mRNA trans-splicing module 
(PTM) that induces trans-splicing in intron 1. Trans-splicing efficacy of up to 40% was obtained in 
HEK293 cells and enabled rescue of mutations in stable cell lines. Trans-splicing was also observed in 
vivo upon subretinal AAV-delivery with trans-splicing of up to 20% in the transduced area but no 
therapeutic effect on retinal degeneration in a Rho+/−RHOP347S/− mouse model (Berger et al., 2015). 
Most recently, Dooley and co-workers demonstrated SMaRT-induced trans-splicing in intron 26 of 
CEP290 with a 5' PTM in HEK293T cells as well as in a transgenic CEP290 minigene mouse model 
upon AAV7m8-based subretinal delivery albeit with rather modest efficacy (Dooley et al., 2018).  

6. Future directions  
Although pre-mRNA splicing has been studied intensively over more than four decades, our 
understanding of the splicing language and the underlying grammar rules is still incomplete. Especially 
intricate are cis-acting sequence elements outside the canonical sequence which modulate or critically 
impair exon recognition. Current bioinformatic tools are still insufficient in terms of sensitivity and 
specificity to call splicing mutations reliably. Moreover, prediction algorithms do not necessarily provide 
a conclusive support for the actual consequence of a splicing mutation on transcript processing. It is 
likely that many exonic variants which are currently classified as alterations in the coding sequence in 
fact cause splicing defects.  

Progress in the development and implementation of deep learning algorithms and artificial intelligence 
may further improve sensitivity and specificity to call splicing mutations. Such approaches have lately 
being applied to score variants from entire variant databases (Xiong et al., 2015) or to generate lookup-
tables of all potential nucleotide changes in all human genes (Jaganathan et al., 2019). According to our 
own experience, these deep-learning algorithms have higher sensitivity and specificity compared with 
individual splice prediction tools but are still not applicable for diagnostic applications without 
experimental validation, in particular for deep-intronic mutations. However, the combination of 
established bioinformatics tools with deep learning algorithms is expected to further enhancing the 
predictive power of in silico analysis.        
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Minigene assays have proved a valid method to assay potential splicing variants to complement in silico 
predictions. However, construct cloning is usually performed for each variant individually and thus is a 
laborious and time-consuming procedure. Recently, highly parallelized functional assay formats have 
been developed which use barcoding and next generation sequencing to deconvolute the data sets into 
individual bins. Read counts are the primary outcome, a variable cognate to the splicing perturbation 
elicited by each of the thousands of intronic and exonic variants introduced in the system by synthetic 
mutagenesis (Rosenberg et al., 2015; Soemedi et al., 2017; Adamson et al., 2018). Such high 
throughput assays and their outputs can also serve as valuable sources for the development of 
bioinformatic tools and deep-learning algorithms with improved sensitivity and specificity (see 
paragraph above). The need for improved variant interpretation including potential splice variants has 
led to the formation of the CAGI (Critical Assessment of Genome Interpretation) research community 
(https://genomeinterpretation.org/). CAGI promotes public competitions to develop and benchmark 
computational methods to predict the molecular impact of genomic variation. In a recent call CAGI5 
solicited tools to identify the impact of genetic variants on exon splicing using the Vex-seq dataset from 
2059 human genetic variants spanning 110 alternative exons (Adamson et al., 2018). Yet, such 
parallelized assays still present shortcomings in terms of the short length of the assayed exons, the 
synthetic nature of constructs (e.g. hybrid up- and down-stream introns), and the use of cell culture 
models. Some of these limitations of parallel minigene reporters have been obliterated in our recent 
approach to study the impact of OPN1LW/MW exon 3 haplotypes on splicing where near-native 
constructs with full-length genuine upstream and downstream intronic sequences were used (Buena-
Atienza et al., manuscript in preparation; Fig. 8C). The implementation of long-read sequencing in this 
context enables large minigenes to be assayed in parallel, for example minigene constructs 
accommodating genomic sequence segments of several kb in length including multiple exons and their 
flanking introns. Such midigene constructs closer reflect the native genomic context and integrate 
interdependency of splice site and exon recognition as well as long-distance interactions of cis-acting 
sequences (Sangermano et al., 2018).  

Direct transcript analysis aiming at obtaining the continuous full-length sequence of transcripts is 
amenable by long-read sequencing technologies which provide exon connectivity and will allow 
detection of multiple aberrant splicing events or so far undetected misspliced products in transcripts of 
the length of ABCA4. Moreover, the readout could provide insight into the quantification of transcripts 
(e.g. relative expression of isoforms) carrying heterozygous variants and the phasing of those variants. 
The outcome of alternative splicing events as well as aberrant splicing caused by splicing defects is 
also influenced by cell and tissue specific factors or splicing programs and thus, can vary qualitatively 
as well as quantitatively. One recommendation to circumvent the lack of native retinal context is that 
future minigene assays and in particular parallelized assays testing a large variety of putative splicing 
mutations take advantage of testing systems approximating the in vivo context; for instance, iPSC-
derived photoreceptor precursors, RPE cells or organoids, human donor retinal explants or in vivo 
expression in suitable mammalian systems. An intriguing example are the findings of Becirovic and 
colleagues showing that strong cell type-specific differences in the splicing pattern of PRPH2 and 
mutations in this gene as assayed with an AAV delivered minigene vector (Becirovic et al., 2016).  

High penetrant splicing mutations causing inherited (retinal) diseases are probably only the 'tip of the 
iceberg'. Genetically determined variations in the level of gene expression is a phenomenon that has 
recently attracted attention in particular in the context of common diseases and the unsolved problem of 
variability of disease expression and reduced penetrance in mendelian disorders (GTEx consortium, 
2017). A decent fraction of cis-acting expression quantitative trait loci (eQTLs) are due to variants 
affecting the pattern and quantity of alternative splicing of a given gene (Zhang et al., 2015; Park et al., 
2018). Notably, a large number of such splicing QTLs (sQTLs) co-localize with loci for complex disease 
mapped by genome wide association studies (Park et al., 2018; Raj et al., 2018). Currently, data on 
eQTLs are very limited for the human retina (Llavona et al., 2017; Ratnapriya et al., 2019), and no 
single study currently exists which specifically addresses sQTLs in the retinal transcriptome. Given the 
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large fraction of alternatively spliced transcript in the retina and retina specific transcript isoforms, there 
is quite some potential for such studies. Future research may also address potential perturbations in the 
overall pattern of AS in disease and during retinal degeneration splicing using the many IRD animal 
models which are now available (Slijkerman et al., 2015).  

There is also a need to further explore the full breadth of the retinal transcriptome and to characterize 
changes during development, maturation and ageing which should make use of long read sequencing 
for unambiguous determination of transcript isoforms. This will also enable to investigate the propensity 
of the retina for AS of microexons as seen in the brain (Irmia et al., 2014). While prior transcriptomic 
studies mostly dealt with the retina in its entirety, technological advances in single cell and single nuclei 
analytics now enters a stage which allows to address and to resolve the transcriptome and potentially 
also the pattern of AS at the level of individual cells and retinal cell populations (Shekhar et al., 2016; 
Rheaume et al., 2018; Liang et al., 2019).  

More than 40 years after the discovery of split genes, we only lately begin to appreciate the full 
complexity of splicing and its importance in cellular differentiation, the maintenance of cellular 
homeostasis, and to drive physiological changes in response to external stimuli or stress. The ingenuity 
of this system in the first place goes at the expense of a decent vulnerability for perturbations such as 
splicing mutations which are responsible for a considerable fraction of cases suffering from IRD. 
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Tables 

Table 1. Types of splicing mutations in 20 selected retinal disease genes. (Source: HGMD®) 

Gene All splicing 
variants 

Variants of 
the 

canonical 
donor site 
(+1, +2) 

Variants of 
the 

canonical 
acceptor 

site (-1, -2) 

Exonic 
variants 
acting on 
splicing 

Non-
canonical 
splice site 
variantsa,b 

Deep 
intronic 

splice site 
variantsb 

ABCA4 190 67 46 10 49 18 
USH2A 120 44 37 9 24 6 

EYS 28 14 3 3 8 0 
CRB1 18 6 6 3 3 0 
CHM 49 16 23 1 7 2 
RS1 23 12 5 1 5 0 

BEST1 13 7 2 2 2 0 
GUCY2D 21 9 8 1 3 0 

RPGR 47 19 11 2 15 0 
RHO 6 1 3 1 1 0 

RPE65 27 7 9 2 9 0 
CEP290 44 16 16 2 9 1 

RP1 1 1 0 0 0 0 
PRPF31 27 12 9 0 4 2 

CACNA1F 24 12 6 0 6 0 
PRPH2 5 2 1 0 2 0 

RPGRIP1 23 9 4 2 5 3 
PDE6B 18 7 7 0 4 0 
CNGA3 4 2 1 0 1 0 
CNGB3 22 10 8 0 4 0 

Sum 710 273 205 39 161 32 
apositions -20 to +20; bPathogenicity not experimentally validated for all variants. 

Table 2. Prediction scores for canonical splice sites of CNGB3 (NM_019098.4) 

 HSF Matrices [0 - 100] MaxEntScan [0-16] NNSplice [0 - 1] 
Exon donor acceptor donor acceptor donor acceptor 

1a 91.2 - 9.8 - 1.0 - 
2 91.69 87.13 6.8 7.96 0.92 0.95 
3 96.67 85.21 9.6 7.37 0.99 0.98 
4 93.08 81.44 8.69 8.8 1.0 0.83 
5 76.54 79.33 7.26 7.22 0.6 0.41 
6 83.72 90.85 8.65 9.53 0.97 0.99 
7 91.66 87.59 10.28 7.75 0.98 0.28 
8 96.71 89.86 10.57 9.05 1.0 0.45 
9 85.9 82.86 9.65 7.6 0.92 0.94 
10 84.57 87.79 10.15 7.66 0.99 0.86 
11 97.83 92.54 9.88 10.19 0.99 0.99 
12 95.84 79.64 8.89 7.38 1.0 0.81 
13 72.21 78.42 3.24 4.9 - - 
14 97.89 85.46 10.47 9.78 1.0 0.99 
15 79.18 79.28 7.33 6.07 0.68 0.14 
16 76.7 90.14 7.09 11.54 0.95 0.99 
17 85.35 90.37 8.55 12.09 0.94 0.87 
18b - 91.08 - 6.36 - 0.92 

Default thresholds were used for all tools. Score ranges for each tool are given in brackets. aBeing the first exon, exon 1 lacks 
the splice acceptor site. bBeing the last exon, exon 18 lacks the splice donor site. 
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Figures 

Figure 1. Prototypic consensus splice sites of human genes. Most introns start with GT nucleotides, and end with AG 
nucleotides. Consensus sequences were created using Weblogo (logo@compbio.berkeley.edu). The height of each letter is 
proportional to the frequency of the corresponding nucleotide at the given position. BP, branch point; PPT, polypyrimidine tract. 

 

 

Figure 2. Overview of different splice type mutations. (1) Exon skipping is the most frequent consequence of splice site 
mutations. Both mutations of the splice acceptor (3´ss) and the splice donor (5´ss) can cause exon skipping. Mutations of branch 
point (BP) and polypyrimidine tract (PPT) are comparatively rare. Exonic mutations disrupting an exonic splicing enhancer (ESE) 
motif (as depicted) or creating an exonic splicing silencer (ESS) motif can lead to exon skipping. The same mutation can result in 
different transcripts lacking one or more exons. (2) Activation of an intronic cryptic splice site in the proximity of a constitutive 
exon can lead to the inclusion of intronic sequences into the mRNA downstream of the canonical 5’ss donor site (2a) or upstream 
of the 3’ss acceptor site (2b). (3) Creation or strengthening of a cryptic donor or acceptor site can activate a ‘decoy’ 
complementary splice site in the proximity, leading to pseudoexon (PE) insertion into the transcript. (4) Exonic mutations can 
create a new splice site leading to exon truncation.  
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Figure 3. Analysis of the c.2040+5G>T variant in CDHR1. (A) Constructs comprising a fragment from intron 14 to intron 16 of 
CDHR1 were generated to contain either the c.2040+5T mutant or the c.2040+5G control, respectively, and cloned into the exon 
trapping vector pSPL3. RT-PCR revealed one product in HEK293T cells transfected with the wildtype construct (lane 2) and three 
products for the mutant construct (lane 3). Transfection with empty pSPL3 vector (lane 4) and non-transfected cells (lane 5) 
served as controls. NRT, no reverse transcriptase control (lane 6), NTC, no template control (lane 7). A 100 bp ladder size 
standard was loaded in the leftmost lane. Schemes of the amplified products are presented on the left of the agarose gel. Grey 
boxes represent pSPL3 exons and white boxes CDHR1 exons. (B) Sequence analysis showing that one aberrant RT-PCR 
product from the mutant minigene construct results from skipping of exon 16 and the other aberrant RT-PCR product results from 
skipping of both exon 15 and 16. 
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Figure 4. In silico and direct transcript analysis of the c.82+5G>T variant in ATF6. (A) The sequence shows ATF6 exon 1 in 
capital letters followed by intronic sequence. The invariable GT dinucleotides of the canonical and the cryptic donor site are 
shown in blue. The c.82+5 position (K in IUPAC code) is shown in red. The 88 bp that are predicted to be included in the aberrant 
transcript are underlined. The table provides the scores from three different in silico splice prediction tools. (B) RNA was extracted 
from PaxGene-isolated blood samples from a patient being homozygous for the c.82+5G>T variant as well as from a healthy 
control sample, reverse transcribed and PCR amplified. The healthy control sample (lane 2) shows a single transcript while the 
patient shows two transcripts (lane 3), the major one being clearly larger than the correct transcript. A 100 bp ladder size standard 
was loaded in the leftmost lane. NRT (lane 4), no reverse transcriptase control; NTC (lane 5), no template control. (C) 
Sequencing of subcloned RT-PCR products demonstrates that the larger transcript shows exonification of the first 88 bp of intron 
1 while the smaller transcript shows correct splicing of exon 1 and exon 2. (D) Consequence of the c.82+5G>T variant at the 
amino acid level. The first 88 bp of intron 1 are translated into 38 novel amino acids followed by a PTC. Protein translation is 
shown below the nucleotide sequence in one letter amino acid code.  
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Figure 5. Analysis of the deep intronic variant c.2077-521A>G in PROM1. (A) Pedigree of the family segregating the deep 
intronic variant c.2077-521A>G in PROM1. Both affected siblings are homozygous for the variant (M/M), while the parents and 
the unaffected twin siblings are heterozygous (M/+). First-cousin marriage is indicated by double horizontal lines. (B) The 
sequence electropherograms show the cryptic donor site (blue) that is created by the c.2077-521A>G variant (underlined). Scores 
from three algorithms are given next to the blue box (score ranges are given in brackets). A complementary acceptor site (green) 
155 nucleotides upstream is predicted by all three algorithms (scores next to the green boxes). (C) Wildtype and mutant minigene 
constructs were cloned into the exon-trapping vector pSPL3 which contains two exons tat1 and tat2 (grey). The cloned fragments 
comprised PROM1 exon 18 with 239 bp of upstream sequence, intron 18 and exon 19 with 367 bp of downstream sequence. (D) 
RT-PCR and subsequent sequence analysis showed that the aberrant larger transcript is due to the insertion of a PE of 155 
nucleotides between exons 18 and 19. (E) Consequence of the c.2077-521A>G variant (underlined). The PE (in capital letters) 
translates into 22 novel amino acids followed by a PTC (protein translation is shown below DNA sequence in one letter amino-
acid code). 
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Figure 6. Analysis of the c.783G>A variant in CDHR1. (A) RT-PCR revealed two products in HEK293T cells transfected with 
the wildtype minigene (lane 2) and a single RT-PCR product for the mutant minigene (lane 3). Non-transfected cells served as 
control (lane 4). NRT, no reverse transcriptase control (lane 5), NTC, no template control (lane 6). A 100 bp ladder size standard 
was loaded in the leftmost lane. Schemes of the amplified products are presented on the right of the agarose gel. Grey boxes 
represent pSPL3 exons and white boxes CDHR1 exons. (B) Sequence analysis showing that the aberrant product results from 
skipping of exon 8. The junction of CDHR1 exon 9 and pSPL3 tat2 could not be shown since a reverse PCR primer was used that 
binds within exon 9. (C) Sashimi plots were obtained from RNASeq data of one retina sample being heterozygous for the 
c.783G>A variant in CDHR1 (HET) and from two samples being homozygous for the wildtype G allele at position c.783 (WT1 and 
WT2). The arcs indicate splice junction reads, with the thickness of the arc correlating with the number of junction reads spanning 
the two exons being connected by the arc. A significant number of reads (n = 149) between exon 7 and 9, indicating skipping of 
exon 8, are only seen in sample HET. 
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Figure 7. The impact of differential sequence context on splicing regulation. (A) Sequence at the vicinity of the homologous 
mutations c.1684C>T/p.R562W and c.1678C>T/p.R560C (rd10) of the murine Pde6a and Pde6b paralogous genes, respectively. 
Full conservation is present at the amino acid sequence and high conservation at the nucleotide level; 32 bp shown. (B) RT-PCR 
of Pde6a or Pde6b transcripts from murine retinae. Exon 13 skipping was detected only in the c.1684C>T/p.R562W knockin 
mouse mutant. No RNA, negative control without RNA template; RTC, negative control without reverse transcriptase; NTC, no 
template control in the PCR reaction (C) Caption of the multiple sequence alignment of exon 13 carrying either the wildtype (C-
allele) or the mutant (T-allele) for each of the Pde6a and Pde6b genes. The predicted exonic splicing silencer (ESS) and exonic 
splicing enhancer (ESE) motifs are depicted by green and red filled boxes, respectively. Selected RNA-binding proteins or 
splicing factors predicted to be recruited by the cis-regulatory elements of splicing differentially present in the pre-mRNA are 
shown (SpliceAid2). The mutations and synonymous variants are depicted in bold. Serine-arginine rich (SR) proteins and a 
member of the heterogeneous nuclear ribonucleoproteins (hnRNP) family are shown by green and red filled boxes below or 
above the predicted ESS or ESE motif they putatively recognize.  
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Figure 8. Analysis of exon 3 haplotypes in OPN1LW/OPN1MW. (A) Exon 3 of OPN1LW and OPN1MW is depicted by a white 
box with highlighted polymorphic single nucleotide sites and the amino acid changes encoded in red. Two aligned sequences 
harbouring distinct haplotypes with deviation for each of the eight possible polymorphic sites in exon 3 are shown. Note the 
position of the exonic variants within the internal part of exon 3 with respect to donor and acceptor splice sites (in grey boxes). 
Numbers represent coordinates of the alignment (“1” being the last but one nucleotide at the end of intron 2). (B) The minigene 
splicing reporter which has been used to assess OPN1LW and OPN1MW exon 3 haplotypes is a plasmid construct that harbours 
a strong promoter, all six endogenous exons and the full-length intronic sequence flanking the 169 bp long exon 3 with genuine 
splice sites and a polyA site (Ueyama et al., 2012). (C) Relative quantification of correctly and aberrantly spliced transcripts can 
be performed individually for each haplotype (“H”) by fluorescence labelling of differentially sized RT-PCR products. (D) Parallel 
assessment of hundreds of targeted haplotypes (“H1-H256”) in exon 3 of OPN1LW and OPN1MW. (E) Quantification of the 
proportion of correctly spliced transcripts for each assayed haplotype. The individual effect of c.532G and c.538G (the two most 
outermost variants on the haplotype closest to the donor splice site) on exon inclusion is shown. Haplotypes with the latter exonic 
variants (c.532G and c.538G) overall yield a significantly higher rate of exon skipping than those haplotypes with the 
corresponding alternate variants. Percent 'Spliced In' for each haplotype (dot) is shown in the graph as the mean % of exon 3 
retention. 
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List of Abbreviations 
Abbreviation Description 
AAV adeno associated virus 
ABC ATP-binding cassette 
ADRP autosomal dominant retinitis pigmentosa 
ADVIRC autosomal dominant vitreoretinochoroidopathy 
AON antisense oligonucleotide 
ARP autosomal recessive bestrophinopathy 
AS alternative splicing 
bp basepairs 
BP branch point 
CAGI critical assessment of genome interpretation 
cDNA complementary desoxyribonucleic acid 
CERES composite exonic regulatory elements of splicing 
cSNP coding single nucleotide polymorphism 
DNA desoxyribonucleic acid 
eQTL expression quantitative trait loci 
ESE exonic splicing enhancer 
ESS exonic splicing silencer 
FDA Food and Drug Administration 
HEK human embryonic kidney 
HGMD Human Gene Mutation Database 
hnRNP heterogeneous nuclear ribonucleoprotein 
HSF Human Splicing Finder 
iPSC induced pluripotent stem cell 
IRD inherited retinal degeneration 
ISE intronic splicing enhancer 
ISS intronic splicing silencer 
IUPAC International Union of Pure and Applied Chemistry 
kb kilobases (1000 bp) 
LCA Leber congenital amaurosis 
LCR locus control region 
LWS long-wavelength sensitive 
mRNA messenger ribonucleic acid 
MWS middle-wavelength sensitive 
NMD  nonsense mediated decay 
PCR polymerase chain reaction 
PE pseudoexon 
PPT polypyrimidine tract 
PTC premature termination codon 
PTM pre-mRNA trans-splicing module 
RECTAS rectifier of aberrant splicing 
RNA ribonucleic acid 
RNAseq RNA sequencing 
RPE retinal pigmented epithelium 
RT-PCR reverse transcription-polymerase chain reaction 
SMA spinal muscular atrophy 
SMaRT spliceosome mediated RNA trans-splicing 
SNP single nucleotide polymorphism 
snRNA small nuclear ribonucleic acid 
SR serine-arginine rich 
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13.2 Supplementary Material  

13.2.1 Supplementary material Introduction and Results  
A gene-specific two-tiered genotyping assay for has been developed starting from most to least frequent mutations of the human 
OPN1LW/MW gene cluster. Targeted duplex- and simplex PCRs are used to test for the presence and integrity of the LCR, 
OPN1LW and OPN1MW promoters, and exons 4 and 5, respectively. The latter amplicons are to discern OPN1LW and 
OPN1MW genes and to detect the common c.607T>C/p.Cys203Arg mutation (Supp. Fig. S1).  

For multiple-gene arrays, long-distance PCRs specifically amplifying each OPN1LW or OPN1MW by means of a differential 
primer binding site in the non-coding upstream region. Nested PCRs can be used to amplify each exon. Copy number assays 
based in quantitative PCR including male controls of known copy number enable determination of the total number of 
OPN1LW/MW opsin gene copies. 

 

Supplementary Figure S1. Genotyping of the OPN1LW/MW gene cluster. PCRs are used to test for the presence and 
integrity of the LCR, OPN1LW and OPN1MW promoters, and exons 4 and 5 are shown as A, B, C, D and E, respectively. The 
RFLP based on RsaI site in the exon 5 amplicon of OPN1LW only discriminates between p.277Tyr and p.277Phe. A novel BstUI 
site in the exon 4 amplicon is detected by RFLP when this carries the p.Cys203Arg (C203R) mutation. PCR products are 
obtained (+) or not (-). *- if exon 5 is deleted. Adapted from drawing of Prof. Bernd Wissinger. 

13.2.2 Supplementary material Section 6.2 
Screening of BCM262-III:2 and family members was performed using the standard BCM pipeline (Appendix 13.2.1) at the MGL in 
Tübingen. Amplification of exon 5 was performed with primers BCM-Ex5-F (5’-TCCAACCCCCGACTCAACTATC-3’) and BCM-
Ex5-R (5’-ACGGTATTTTGATGTGGATCTGCT-3’). RFLP with RsaI was used for genotyping the dimorphism between OPN1LW 
and OPN1MW of BCM262-III:2 at amino acid position 27. To obtain increased amplification performance and longer sequences 
that include the surrounding the breakpoints of the deletion, the LD-PCRs as well as the re-amplification PCRs for exon 5, were 
optimized by using the following reverse primer RGCP2_intron5.2-Rv (5’- GCCGAGACTATAAAGGATTCC -3’) which binds in 
intron 5 of both OPN1LW and OPN1MW; 208 bp further downstream as the RGCP2-5R primer (5’- 
GCGGACTAGTGATCTGCTGATGGTGTTGCTTA -3’) used for the first amplification of exon 5 with the same amplification 
conditions and forward OPN1LW/MW-specific primers as in the standard protocol (Supp. Fig. S1C-E).  

 



Appendix 

256 

13.2.3 Supplementary material Section 6.4 
RT-PCRs products from exon 12 to exon 15 of Pde6b and Pde6a were amplified from retinal transcripts of homozygous for 
c.1684C>T/p.Arg562Trp (p.R562W), c.1678C>T/p.Arg560Cys (rd10) and wild-type (C57BL/6 WT); Fig. 7. Primers used for 
amplifying transcripts for Pde6a: Mm_Pde6a_cDNA_ex12F_nw (5’- ACGCGGAGTCATACGAAATC -3’) and 
Mm_Pde6a_cDNA_ex15R_nw (5’- ATGATGCCTTTCCAAGATGG -3’) and Pde6a: Mm_Pde6b_cDNA_ex12F 5’- 
GCCGACCAAGTTTGACATCT -3’) and Mm_Pde6b_cDNA_ex15R (5’- GTGGTGCCTTTCCAGAATTG -3’) for Pde6b. Two 
human PDE6A exon 13 minigene constructs (”c.1684C” and “c.1684C>T/p.Arg562Trp”) encompassing exon 13 and flanking 
intron sequences (336 bp of intron 12 and 590 bp of intron 13) were obtained analogously to the mouse minigene constructs 
(Publication III) by PCR amplification from a genomic DNA sample of the reference patient. Minigene constructs were generated 
by cloning both allelic products of a PCR with primers BamHI_PDE6A-H-r (5’- AAGGATCCAGCAAAGACTATAACCATGACCAA -
3’) and NotI_PDE6A-H-f (5’- AAGCGGCCGCAGCCCTTGTTAGCTTCTCCA -3)’.  

13.2.4 Supplementary material Section 6.7 
An overview of the methodology workflow is shown in Supp. Fig. S2.  

RNA pulldown  
Synthetic 5’ biotinylated 109-nt ssRNA Ultramers (Scrambled, Reference haplotype and ‘LIAVA’ haplotype; Supp. Table S1) were 
chemically synthesized and purchased as RNAse-free and HPLC-purified from IDT. RNAs were gradually heated to 65ºC and 
slowly cooled down to 4ºC enabling RNA folding. Label-free whole lysates were prepared from HEK293T cells according to an 
established protocol (Agca et al., 2015). Briefly, cells were scraped from the wells with an RNA-binding solution and incubated at 
4ºC for 15 min. RNA washing buffer contained 150mM NaCl, 50mM HEPES HCl pH 7.5, 0.1% NP40, 10mM MgCl2, and 10µl/ml 
of freshly added protein inhibitors Phosphatase Inhibitor Cocktail 2 (PI2) and Phosphatase Inhibitor Cocktail (PI3) (Sigma-
Aldrich). The RNA-binding solution was further complemented with 20µl/ml of Proteinase Inhibitor Cocktail (Roche). After washing 
of the Strep-Tactin Superflow beads (IBA, Solutions for Life Sciences Göttingen, Germany), 2 µg of RNA bait were incubated on 
RNA-binding buffer with the washed beads for 30 min at 4ºC. Bead-bound RNA was incubated with 2 mg of whole lysate, yeast 
tRNA and 200 U of RNAse inhibitors for 1h at 4ºC. The biotin-bead-RNA-protein complexes were washed 3 times and bound 
proteins were eluted with Glycin buffer (200mM, pH 2.5) and subsequently neutralized by adding Tris buffer (1M Tris/HCl, pH 8).  

Supplementary Material Table S1: Three RNA 109-bp Ultramers used as baits for the RNA pulldown assay.  

Name 
Ultramer 

GC 
(%) 

MFE* 
(kcal/mol) Oligonucleotide RNA Sequence (5'3') 

Scrambled 55.96 -33.70 GGUCGUGAGGCCUCAGUCUCGGCGGGUUCUUAAGGCUUGUCGUAGUCGUCAUGCC 
UGUCCGAUGCGCGUUAUUACAGACUCGGAUGAGAGUGCGUUAUGAAUCGGCGUG 

Reference 
haplotype 55.05 -32.20 UUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAU 

GCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGG 

‘LIAVA’ 
haplotype 56.88 -43.80 UUCCUGGGAGAGGUGGCUGGUGGUGUGCAAGCCCUUUGGCAAUGUGAGAUUUGAU 

GCCAAGCUGGCCAUCAUUGGCAUUGCCUUCUCCUGGGUCUGGGCUGCUGUGUGG 

*Minimum Free Energy secondary structure (MFE) in kcal/mol was predicted by RNAfold from the Vienna RNA package (Gruber 

et al., 2008).  
Mass spectrometry 
Following affinity chromatography, eluted samples were precipitated with methanol and chloroform. In-solution trypsin cleavage 
was performed as previously described (Boldt et al., 2009). Upon dissolving precipitated samples in 30 μl, 50 mM ammonium 
bicarbonate (Sigma-Aldrich), supplemented with 2% RapiGest (Waters), samples were incubated with 1 μl 100 mM DTT (Merck) 
for 10 min at 60 °C. Following incubation with 1 μl 300 mM 2-iodacetamide at room temperature for 30 min in the dark, 1 μg of 
trypsin (Sigma-Aldrich, sequencing grade) was added to the reaction and was incubated overnight at 37 °C. Trifluoracetic acid 
was added to a final concentration of 1% to stop the reaction. Peptide samples were desalted and purified using stage tips before 
separation on a LC–MS/MS analysis which was performed on an Orbitrap Fusion™ system with standard parameters.  

Proteomic data analysis 
Raw files were processed with MaxQuant, Version 1.5.3.3,(Cox and Mann, 2008; Tyanova et al., 2016a) using the human 
SwissProt database 2014_11 for label-free quantification of proteins. Perseus (Version 1.5.5.3, doi:10.1038/nMeth.3901) was 
used to visualize and statistically validate the results. The peptide and protein false-discovery rates (FDR) were set to 1%. 
Quantification was performed with all, razor and unique peptides. An additional analysis was performed by using only unique 
peptides. Downstream analysis included significance A for identification of significant outliers with Benjamin-Hochberg FDR 
(threshold value 0.05) and a two-sample Student’s T-test (Interval Confidence 95%, n = 6, being n the number of independent 
experiments) performed with Perseus software (Tyanova et al., 2016b; Tyanova and Cox, 2018) 
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Supplementary Figure S2. Workflow of the RNA-pulldown assay used to identify RNA-binding proteins as putative trans-
acting splicing factors involved in splicing of OPN1LW/MW exon 3. HEK293T cell lysates were used as the pool of protein 
preys. Three RNA baits harbouring the sequences of interest in exon 3 (Reference or ‘LIAVA’ haplotypes) and a scrambled 
sequence were heated and slowly cooled down to allow RNA folding. The biotin molecule attached to the RNA baits enables 
binding with high affinity to Strep-Tactin which was leveraged to pull down proteins that bind the RNA baits. The interaction was 
broken by elution using Glycin buffer (pH2.5) and the eluted captured proteins were further precipitated, trypsinized and purified 
for mass spectrometry. Drawings and protocol adapted from (Agca et al., 2015; Marín-Béjar and Huarte, 2015; Wang and Wang, 
2014). 

RNA Interference 
To knock down the human hnRNPF/H protein family, the following siRNA pools were purchased; si-HNRPF: ON-TARGETplus 
SMARTpool human HNRNPF (L-013449-01-0005), si-HNRPH1: ON-TARGETplus SMARTpool human HNRNPH1 (L-012107-00-
0005), si-HNRPH2: ON-TARGETplus SMARTpool human HNRNPH2 (L-013245-02-0005) and ON-TARGETplus Non-targeting 
siRNA #1 (D-001810-01-05) from Dharmacon. A maximum of 100 nM of total siRNA was used per transfection. HEK293T cells at 
40-60% confluency on 24-well plates were transfected with Lipofectamine RNAiMAX Reagent (Invitrogen, Life technologies) 
following manufacturer’s instructions. Cells were trypsinized 24 hours post-transfection and reverse-transfected with 20 nM of 
siRNA and Lipofectamine RNAiMAX Reagent in 24-well plates. The following day, 500 ng of plasmid minigenes (Buena-Atienza 
et al., 2016) and 20 nM of siRNA were transfected with Lipofectamine 2000 (Invitrogen, Life technologies) and incubated for 
further 24 hours. Cells were harvested 72h after the first siRNA transfection and divided 1:1 for total RNA extraction with 
peqGOLD Total RNA Kit (PEQLAB Biotechnologie GmbH) and protein isolation with lysis buffer with Nonident P40 (NP40) 
(Roche) and protein inhibitors PI2, PI3 and PIC (Sigma-Aldrich). Silencing efficiency was validated by Western blotting. The effect 
of hnRNPF knockdown on exon 3 inclusion was determined by semi-quantitative fragment analysis of RT-PCR products.  

Western blotting 
Upon Bradford assay, 35 µg of protein samples derived from the siRNA assay were ran on pre-cast 10% polyacrylamide gels 
(Invitrogen, Thermo Scientific) and transferred on to polyvinylidene difluoride membranes (Millipore) using standard protocols. For 
eluted RNA-bound samples, the whole volume was loaded. Detection was achieved using the horseradish peroxidase 
chemiluminescent substrates Pierce™ enhanced chemiluminescence Western Blotting Substrate and Pierce™ enhanced 
chemiluminescence Plus Western Blotting Substrate (Thermo Scientific). The hnRNP F/H Antibody (1G11) sc-32310 (Santa Cruz 
Biotechnology) and GAPDH (Cell signalling) antibodies were used at 1:500 and 1:2000, respectively, and the secondary antibody 
at 1:7500 (Dianova). 

Semi-quantitative RT-PCR 
Fluorescent RT-PCR was performed to quantify differentially spliced products as previously described (Buena-Atienza et al., 
2016). Capillary electrophoresis and semi-quantitative fragment analysis of FAM-labeled RT-PCR products derived from minigene 
splicing assays and with Non-Targeting or hnRNPF/H siRNA treatment. GeneMapper (version 5) displays fluorescence (FAM-
mediated) peaks that correspond to RT-PCR products derived from either the full-sized transcript with exon 3 retained or 
aberrantly spliced transcripts resulting in RT-PCR fragments of different length.  

Bioinformatic predictions 
In silico tools such as HSF (Desmet et al., 2009) and SpliceAid 2 (Piva et al., 2012) provide the predicted original and newly 
variant-induced motif(s) as well as splice factor(s) that putatively bind to a given motif. The MFE secondary structure of the RNA 
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baits used in kcal/mol was predicted by RNAfold from the Vienna RNA package (Gruber et al., 2008). The tool RNA2DMut (Moss, 
2017) was used to predict RNA secondary structures of the RNA sequence comprising exon 3 either encoding for the Reference 
or different haplotypes (Fig.13). Sequences were submitted without constraints at the default temperature of 37°C. 

 

 
Supplementary Figure S3. RNA secondary structures of pre-mRNA molecules bearing exon 3 haplotypes Predicted 
secondary structures by RNA2DMut (Moss, 2017) for the sequence (showed as DNA nucleotides) comprising the complete exon 
3 of OPN1LW/MW for the Reference, ‘LIAVA’ (top), ‘MVVVA’ and , ‘LMVVA’ (bottom) haplotypes. The latter ‘LMVVA’ entails the 
c.453G; c.457C; c.465C; c.511A; c.513G; c.521T; c.532G; c.538G haplotype (siRNA knockdown experiment; Section 6.7; Table 
3).   



 

 
 

Supp. Table S2: Predicted MFE change in the Gibb’s folding energy (ΔG) and ensemble diversity (ED) for the Reference exon 3 and for 22 mutants (bold and squared in grey) with 
highest (dark grey) and lowest scores (light grey) of ED (right side column).  
Mut c. Sequence (w/o the last 24 nt) ΔG ED 

0 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCGC -58 50 

9 GGUUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -55.6 82 

398 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGGUGUGUGGACAGCCCCG -56.4 80 

283 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUAGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -54.8 77 

24 GGAUCACUGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -55.9 76 

302 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUGGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -56.4 76 

27 GGAUCACAUGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -55.9 75 

228 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGGGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -57.6 75 

303 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUUGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -57.6 75 

367 c.532 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGGUCUGGUCUGCUGUGUGGACAGCCCCG -59.2 75 

259 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUACCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCGC -54.6 74 

387 c.538 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGGCUGCUGUGUGGACAGCCCCG -61.4 74 

66 GGAUCACAGGUCUCUGGUCUCGGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -61.3 29 

124 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGGGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCGC -61.9 29 

64 GGAUCACAGGUCUCUGGUCUCAGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -62 29 

327 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAGUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -59.7 28 

187 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGACCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -62.4 28 

130 c.453 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGGUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -62 27 

100 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUACUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -60.4 27 

181 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAGGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -62.9 26 

334 GGAUCACAGGUCUCUGGUCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGACUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -58.5 26 

54 GGAUCACAGGUCUCUGGGCUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -64.5 26 

57 GGAUCACAGGUCUCUGGUUUCUGGCCAUCAUUUCCUGGGAGAGAUGGAUGGUGGUCUGCAAGCCCUUUGGCAAUGUGAGAUUUGAUGCCAAGCUGGCCAUCGUGGGCAUUGCCUUCUCCUGGAUCUGGUCUGCUGUGUGGACAGCCCCG -60.8 26 
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