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1. Abstract 

With the completion of the first phase 3 human gene therapy randomized clinical trial, in 

the form of voretigene neparvovec for RPE65-mediated inherited retinal dystrophy, as 

well as the advent of more than 10 other gene therapy trials for inherited retinal disorders, 

accurate genetic diagnostics will have an increasingly important role in clinical decision-

making. Current genetic diagnostic testing panels primarily focus on coding sequences. 

However, we find that structural and intronic variations are crucial in solving ambiguous 

cases. We present four families in whom more in depth sequencing and bioinformatic 

analyses led to the identification of non-coding and structural variations in RPGRIP1 as 

the cause of disease. In the process we describe ten novel RPGRIP1 mutations. We 

suggest an expansion of both sequencing and bioinformatics tools in the diagnostics of 

inherited retinal degenerations to increase sensitivity and to make confident calls before 

enrolling patients in specific gene therapy clinical trials. 
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2. Introduction 

In 1869, Theodor Leber while consulting for the Ilvesheim School for the Blind described 

a type of blindness occurring at birth or soon after accompanied with nystagmus, 

unexpected photophobia, and a sluggish pupillary response (1). Diminished electro-

retinogram (ERG) signals, along with an autosomal recessive pattern of inheritance were 

associated with similar cases in the 1950s (2-4) and this group of early-onset inherited 

retinal degenerations (IRDs) came to be classified as Leber congential amaurosis (LCA). 

It has a prevalence of 1 in 33000 to 81000, and comprises an estimated 18% of blind 

children and 5% of IRDs (2-5). Mutations in 25 genes have been linked to LCA and can 

explain up to 70% of cases (5-38). It should be noted however that mutations in LCA 

associated genes can also cause other IRD phenotypes and thus that inclusion of the 

genetic cause of disease in patient’s diagnoses is a desirable goal (5, 39). One of the 

historically LCA-associated genes is RPGRIP1, mutations in which are reported to cause 

4-5% of LCA (32, 33) and thus approximately 0.2% of IRDs. The majority of RPGRIP1 

mutations create loss-of-function (LoF) alleles, consistent with the autosomal recessive 

mode of inheritance of RPGRIP1-associated IRD (40).  

RPGRIP1 is located on 14q11 (41-43) with a coding sequence composed of 3861 base 

pairs distributed over 24 exons (33) in its largest transcript variant. It encodes a 1287 

amino acid protein that was first discovered via two-hybrid assays through its interaction 

with the Retinitis Pigmentosa GTPase Regulator (RPGR) protein.  The RPGR gene is 

also an IRD disease gene (41-43). The expression of RPGRIP1 is limited to the retina and 

testis (41) and it has species and isoform specific localizations. While it primarily 

localizes to the transition zones of rods and cones in mice, in human and bovine retinas, 
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various RPGRIP1 isoforms can be found in the outer segment, along the microtubules 

and the cytoskeleton of rods and cones as well as in the amacrine cells of the inner 

plexiform layer (44, 45). RPGRIP1 has been shown to play a critical role in RPGR 

tethering in the transition zone, opsin trafficking, outer-segment disc organization and 

photoreceptor survival (46, 47).  

RPGRIP1-associated IRDs are particularly attractive candidates for gene therapy with 

already established success in murine (48) and canine (49) models of disease. Therefore 

confident genetic diagnosis with RPGRIP1 as the causal gene will be crucial for effective 

gene therapy clinical trials. Here we have used a comprehensive genomic approach, 

including whole genome sequencing and structural analyses, in families in whom routine 

targeted screening of the RPGRIP1 coding region identified only one pathogenic allele 

and thus the causation was not fully established. We also report six novel RPGRIP1 

mutations in the coding region of the gene. 
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3. Results	  

The participants of this study suffered from IRD with typical clinical findings 

demonstrated in Figure 1 and outlined in Table 1. Out of 1719 families who underwent 

targeted next generation sequencing (NGS) with the Genetic Eye Disease  (GEDi) panel 

(50), seven families had at least one inactivating mutation in RPGRIP1 and no additional 

likely pathogenic mutations in other IRD genes (Table 1, Figure 2). Among these, three 

families had bilallelic RPGRIP1 mutations (Table 1). With the expanded approach 

utilizing whole genome (WGS) and whole exome sequencing (WES), the remaining four 

families were found to have a second mutant RPGRIP1 allele in the form of a rare non-

coding change or a copy number variation (Table 1, Figure 2). 

Copy number variations. In family OGI281, the first allele identified via GEDi testing 

in the two affected siblings was an out of frame deletion (c.1615_1624del10, 

p.E539Qfs*2) which creates a LoF allele. Analysis of structural variations from WGS 

(51) revealed a tandem duplication that includes exon 2 in the two affected and one 

unaffected sibling, confirming that the two mutations are in trans (Figure 3).  PCR using 

primers across the predicted region was carried out which revealed the defective allele in 

all three members of OGI281 while it did not produce a product in control DNA from 

HEK293T (Figure 3C). Sanger sequencing across the tandem duplication, identified the 

break-point further confirming these results (Figure 3D). The duplication was confirmed 

by quantitative real-time (qRT)PCR (Figure 4A). It is important to note that exon 2 is out 

of frame and hence the resultant mRNA from the defective allele would be non-

functional with a premature stop codon that would lead to non-sense mediated decay 

(NMD) (52).  
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In family OGI237, a duplication of exons 1 and 2 was identified in the proband and his 

mother via WES, which were subsequently qRT-PCR validated (Figure 4B). The father 

contributed a frameshift allele (c.3793-3794insGAAA, p.V1265GfsTer19) as identified 

via GEDi and exome sequencing (Figure 4B, Table 1).  Exons 1 and 2 together are out of 

frame and their duplication is expected to lead to a frame shift and NMD of the defective 

mRNA (52). 

In subject D1944, who carried a premature termination variant (c.2302C>T, p.R768*), a 

deletion of exon 19 was detected through coverage based copy number analysis of GEDi 

data (50, 53). This CNV was confirmed via qRT-PCR (Figure 4B). Exon 19 is out-of-

frame hence the deletion creates LoF allele as well. 

Intronic mutation leading to splicing defect. In OGI827, a 2bp out-of-frame insertion 

in the coding sequence of RPGRIP1, inherited from the mother, was identified (c.895-

896del2, p.G299Sfs*21) through GEDi sequencing. This mutation was clearly disruptive 

to gene function. However, a second coding mutation was not identified.  Rather, an 

intronic variant c.2367+23delG was detected by GEDi sequencing (Figure 5A).  There 

were no clear splicing signals affected at this site, and the Human Splicing Finder (54) 

did not predict a significant change in splicing (Supplementary Figure 2). However, given 

the low allele frequency of this variant in the population, at 0.00023 as per the GnmoAD 

database (55), we decided to further evaluate this variant. 

 Since RPGRIP1 is not expressed in blood or readily available tissues, a mini-gene 

approach was adopted to study this mutation. The WT, positive control with an 

artificially created essential splice site mutation (c.2367+1G>A), as well as the mutant 
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allele (c.2367+23delG) were transfected separately into HEK293T cells and the spliced 

products analyzed (Supplementary Figure 3). Multiple transcript variants were expressed 

from the RPGRIP1 WT mini-gene yet the most prominent species corresponded to the 

correct splicing-out of introns 14 and 15 (Figure 5B). The positive control, 

c.2367+1G>A, had retention of intron 15, which was confirmed by Sanger sequencing 

(Figure 5C). The c.2367+23delG mutant showed the presence of both the fully spliced 

and the intron 15 containing transcript variants, with the aberrant transcript being more 

prominent (Figure 5B). This result confirmed the pathogenic effect of c.2367+23delG 

leading to aberrant splicing of RPGRIP1 intron 15.  
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4. Discussion 

Accurate genetic diagnostics for inherited retinal degenerations are becoming more and 

more critical as they will have increasingly significant therapeutic implications. The 

results of the first phase 3 human gene therapy randomized clinical trial, voretigene 

neparvovec for the treatment of LCA2, has been recently published (56). Furthermore, 

more than 10 clinical trials for retinal degeneration have either been completed or 

initiated (57-63). A multitude of additional candidates for gene therapy with already 

established animal models exist and RPGRIP1 is one such example (48, 49). However, 

evidence of biallelic gene mutations is critical for inclusion of patients in trials when 

dealing with such autosomal recessive diseases. The prominent focus of clinical 

diagnostics has been on analyzing the coding sequence of known IRD genes using panel 

sequencing (64-68). More recently, the importance of adding copy number analysis has 

been highlighted and implemented by some investigators (53, 69, 70). In our analysis of 7 

RPGRIP1 mutation families, we find 57% (4/7) of the time, the second mutant allele 

involves structural variation or intronic mutations that need additional sequencing, 

bioinformatics analysis and functional validation.  

Our finding of 3 families out of 1719 (0.17%) with biallelic inactivation in the coding 

sequence corresponds with the reported rate of RPGRIP1-mutant IRDs in the literature, 

that is ~0.2% (5, 63, 71). While most of the coding mutations led to frameshifts and 

premature terminations affecting a significant portion of the encoded protein (Figure 6), 

the c.3793ins4 (p.V1265Gfs*19) variant occurs in the last exon hence its significance 

was not as clear. However, given the extremely low allele frequency in the population 

(0.000004, corresponding to 1 allele in Gnomad database, Table 1) and the resultant 
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perturbation of the last 21 amino acids of the critical RPGR interacting domain (RID) 

(72) of RPGRIP1, this mutation was deemed significant.  

In addition to the three families with two coding mutations in RPGRIP1, GEDi testing 

identified 4 families with single apparent mutations in RPGRIP1.  We identified and 

validated novel non-coding RPGRIP1 mutations in these four families (Figure 6, Table 

1). This more than doubled the number of RPGRIP1-mediated IRD families initially 

identified via coding sequence analysis only. In three of these families, copy number 

changes and out-of-frame deletions or tandem duplications were identified. Others have 

also reported the importance of adding copy number analysis for IRD diagnostics (53, 69, 

70).  It is worth noting that one of the structural variants identified in these studies was 

not detected by exon-based analyses, suggesting that in some cases WGS will be needed 

to identify mutant alleles (73). 

In addition to copy number changes, we identified a single intronic base pair deletion in 

an RPGIP1 allele (c.2367+23delG) that was proven in vitro to lead to changes in splicing 

patterns (Figure 5 and Supplementary Figure 4). Our approach to validating this mutation 

was to generate a minigene assay and use the splicing machinery of HEK293T cells to 

study the effect of the discovered mutation on splicing patterns. It is important to note 

that splicing patterns can be distinct depending on tissue type (74) and HEK293T cells  

are not the target cells in IRD. Yet due to the ease of transfection and rapid growth, they 

are an excellent in vitro tool and can identify significant mutations as evidenced by our 

positive control essential splice site mutation. Another approach could be the use of RNA 

from the patient’s lymphocytes or other cells such as fibroblasts and examining splicing 

variants directly from the RNA (75). However, this can prove difficult when dealing with 
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genes specifically expressed in the retina.  

Empirical validation of non-coding variants can be time consuming and expensive, yet 

the proof of biallelic gene inactivation in recessive disease is essential for provision of 

gene-specific treatments, such as gene therapies. Statistical models predict a small false 

positive diagnosis rate when only a single mutation is identified in a disease-specific gene 

such as MYO7A in Usher Syndrome Type I (76). But when a large number of potential 

genes can lead to the phenotype of interest, such as in LCA/IRD, a larger false positive 

rate is expected (76). Thus we believe that a thorough characterization of potentially 

deleterious alleles is crucial for correct genetic diagnosis and useful for increasing the 

number of patients eligible for a particular genetic therapy. 

In short, here we show that with extended sequencing and bioinformatics approaches, a 

significant portion of inactivating alleles can be identified. In the process we described 

six novel coding and four novel non-coding mutations in RPGRIP1, two of which involve 

duplications in exon 2 (Figure 6). We focused our research on RPGRIP1, after having 

noticed a relatively high frequency of single loss of function alleles in this gene (Figure 6, 

Table 1). Our findings point toward a significant proportion of RPGRIP1-mediated cases 

that are missed through routine diagnostic panel sequencing because of more complex 

structural or intronic changes (Figure 2). This means that the previously estimated 

prevalence of RPGRIP1-mediated IRD is a significant underestimate. Based on our 

experience, inclusion of more in-depth copy number and intronic analysis can increase 

the number of potential RPGRIP1 gene therapy clinical trial participants by a factor of 

two, which is significant for this rare disease. 
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5. Methods 

Ethical Guidelines. The study was approved by the institutional review board at the 

Massachusetts Eye and Ear Infirmary (Human Studies Committee MEEI in USA) and 

adhered to the Declaration of Helsinki. Informed consent was obtained from all 

individuals on whom genetic testing and further molecular evaluations were performed. 

Clinical evaluation. All the patients in this study underwent expert clinical assessment 

by an ophthalmologist sub-specializing in inherited retinal degenerations. The clinical 

characteristics are outlined in Table 1. 

Sequencing. All samples underwent GEDi sequencing as described previously (50). 

Simply put, the coding exons, 5′ and 3′-untranslated regions, and select deep intronic 

regions of more than 238 inherited retinal degeneration genes were captured using 

SureSelect Target Enrichment (Agilent Technologies, Santa Clara, CA). Samples were 

indexed, multiplexed and sequenced on a MiSeq	   platform	   (Illumina,	   San	   Diego,	   CA).	  

Whole	  exome	  and	  whole	  genome	  sequencing	  were	  performed	  at	  the	  Broad	  Institute	  

on	  HiSeq	  4000	  NGS	  instruments	  (Illumina,	  San	  Diego,	  CA)	  and	  HiSeq	  X	  (Illumina,	  San	  

Diego,	   CA)	   respectively	   (http://genomics.broadinstitute.org/).	   All	   of	   the	   above	  

sequencing	  was	  done	  on	  DNA	  extracted	  from	  venous	  blood	  using	  the	  DNeasy	  Blood	  

and	  Tissue	  Kit	  (Qiagen,	  Hilden,	  Germany).	  Sanger	  sequencing	  was	  performed	  on	  ABI	  

3730xl	   using	   BigDye	   Terminator	   v3.1	   kits	   (Life	   Technologies,	   Carlsbad,	   CA)	   and	  

relevant	   PCR	   primers	   as	   per	   Supplementary	   Table	   1.	   When	   PCR	   products	   were	  

sequenced,	   they	   were	   cleaned	   to	   remove	   primers	   prior	   to	   Sanger	   sequencing	  

(ExoSap-‐IT,	  Affymetrix,	  Santa	  Clara,	  CA).	  Gel	  bands	  that	  were	  Sanger	  sequenced	  had	  
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DNA	  extracted	  via	   the	  ZymocleanTM	  Gel	  DNA	  Recovery	  Kit	  (Zymo	  Research,	   Irvine,	  

CA).	  	  

Bioinformatics.	  Analysis	  was	  done	  as	  described	  previously	  (50,	  77).	  BWA	  was	  used	  

for	   alignment.	   SAMtools	   and	   custom	   programs	   were	   used	   for	   single	   nucleotide	  

polymorphism	  and	  insertion/deletion	  calls	  (77).	  	  Variants	  of	  interest	  were	  limited	  to	  

polymorphisms	   with	   less	   than	   0.005	   allelic	   frequency	   in	   the	   gnomAD	  

(http://gnomad.broadinstitute.org/)	   and	   ExAC	   (http://exac.broadinstitute.org/)	  

databases(55).	   Whole	   genome	   copy	   number	   analysis,	   with	   consideration	   of	  

structural	  changes,	  was	  carried	  done	  via	  Genome	  STRiP	  2.0	  (51).	  

Cell culture and transfections. Human	   embryonic	   kidney	   cells	   (HEK293T)	  

purchased	   from	  American	  Type	  Culture	  Collection	   (ATCC,	  Manassas,	  Virginia)	   and	  

maintained	   in	  Dulbecco's	  Modified	  Eagle	  Medium	   (DMEM):	  Nutrient	  Mixture	   F-‐12	  

(Gibco,	  Live	  Technologies),	  supplemented	  with	  10%	  fetal	  bovine	  serum	  (Gibco).	  2ml	  

of	  5	  x	  105	  cells/ml	  were	  plated	  into	  each	  well	  of	  a	  6-‐well	  plate	  (Corning	  Inc.,	  Corning,	  

NY)	   12hrs	   prior	   to	   transfections.	   1	   μg	   of	   vector	   DNA	   combined	   with	   12ul	   of	  

Lipofectamine	  2000	  reagent	  (Invitrogen,	  Carlsbad,	  CA)	  were	  combined	  in	  Opti-‐MEM	  

media	   (Thermo	   Fisher	   Scientific,	   Waltham,	   MA)	   and	   added	   to	   each	   well	   after	   15	  

minutes	  of	  incubation.	  After	  48	  h,	  RNA	  was	  extracted	  and	  converted	  to	  cDNA,	  which	  

was	   then	   used	   for	   reverse	   transcription-‐polymerase	   chain	   reaction	   (RT-‐PCR)	   to	  

analyze	  splicing	  patterns. 

RNA	  Isolation	  and	  cDNA	  Syntehsis.	  Cells	  were	  treated	  with	  TRIzol	  (Thermo	  Fisher	  

Scientific,	  Waltham,	  MA).	  The	  aqueous	  phase	  was	  then	  transferred	  to	  mRNeasy	  kit	  
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(Qiagen,	   Hilden,	   Germany)	   and	   RNA	   extracted	   as	   per	   protocol.	   The	   samples	  

underwent	   on-‐column	   DNase	   I	   digestion	   for	   a	   minimum	   of	   15	   minutes.	  

Quantification	   was	   via	   NanoDrop	   (Thermo	   Fisher	   Scientific,	   Waltham,	   MA)	   and	  

500ng	  of	  RNA	  was	   converted	   to	   cDNA	  using	   oligo(dT)	  primers	   and	   SuperScript	   II	  

(Thermo	  Fisher	  Scientific,	  Waltham,	  MA).	  Identical	  reactions	  without	  the	  addition	  of	  

SuperScript	  II	  reverse	  reverse	  transcriptase	  (RT	  -‐)	  were	  used	  for	  control.	  

Polymerase chain reactions, cloning and site-directed mutagenesis. Exons 11 to 16 of 

RPGRIP1, with at least a 100bp intronic extensions on both the 5’ and 3’ ends were 

cloned into an expression vector using OGI281 proband’s father’s DNA as a template 

(Supplementary Figure 3). This allowed us to separately clone a WT allele, as well as the 

mutant (c.2367+23delG) which were separately transfected into HEK293T cells in the 

pCS2 expression vectors. After 48 hours, the isolated mRNA was converted to cDNA 

and PCR was performed as shown in Figure 6B.  As a control, site-directed mutagenesis 

was used to introduce a mutation in the essential splice site of the WT at the donor site of 

exon 15 (c.2367+1G>A). Thermal cycling was done C1000 Touch Thermal Cycler  (Bio-

Rad, Hercules, CA). For cloning, primers with complementary sequences outside of 

exons 11 and 16 of RPGRIP1 were used (Supplementary Table 1) and polymerase chain 

reaction (PCR) was performed using PfuUltra II Fusion polymerase (Agilent 

Technologies, Santa Clara, CA). Annealing was done at 60°C	  with	  extension	  performed	  

for	   15s/Kb.	   The	   PCR	   products	   were	   then	   cloned	   into	   pENTR	   Directional	   TOPO	  

vector	   (Thermo	  Fisher	  Scientific,	  Waltham,	  MA)	  and	  used	   to	   transform	  chemically	  

competent	  Escherichia	  coli	   (One	   Shot	  TOP10,	   Fisher	   Scientific,	  Waltham,	  MA).	  The	  

bacteria	  were	  plated	  on	  Luria	  Bertani	  (LB)	  agarose	  plates	  with	  Kanamycin	  selection,	  
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and	   grown	   overnight.	   Up	   to	   15	   colonies	   were	   selected,	   DNA	   extracted	   via	  

ZymoPURE	   miniprep	   kits	   (Zymo	   Research,	   Irvine,	   CA)	   and	   analyzed	   via	   Sanger	  

sequencing	  as	  well	  as	  restriction	  enzyme	  digestion	  with	  BsrGI	  (NE	  Biolabs,	  Ipswich,	  

MA).	  Colonies	  with	  the	  correct	  sequence	  and	  restriction	  enzyme	  pattern	  were	  then	  

sub-‐cloned	  into	  the	  PSC2	  vector	  via	  Gateway	  LR	  clonase	  II	  (Thermo	  Fisher	  Scientific,	  

Waltham,	  MA)	   and	   similar	   analysis	   as	   before	  was	   done	   to	   isolate	   vector	  with	   the	  

appropriate	   insert	   for	   transfection	   experiments.	   PCR	   for	   evaluative	   purposes	  was	  

done	   using	   	   HOT	   FIREPolR	   DNA	   Polymerase	   (Solis	   BioDyne,	   Tartu,	   Estonia)	   with	  

annealing	  at	  60°C	  and	  extension	  for	  1	  min/Kb.	  The	  mutagenesis	  of	  RPGRIP1	  exon	  15	  

essential	  donor	  site	  was	  done	  using	  primers	  designed	  through	  agilent	  (http://www.	  

genomics.agilent.com/primerDesignProgram.jsp).	   Site-‐directed	   mutagenesis	   was	  

done	   using	   QuickChang	   II	   (Agilent	   Technologies,	   Santa	   Clara,	   CA)	   and	   the	   results	  

confirmed	  via	  Sanger	  sequencing.	  

Quantitative	  polymerase chain reactions (qPCR). 5 ng	  of	  genomic	  DNA,	  200	  nM	  of	  

each	   primer	   and	   10	   µl	   of	   Fast	   SYBR	   Green	  Master	  Mix	   (Life	   Technologies,	   Grand	  

Island,	   NY)	   were	   used	   for	   qPCR	   reactions	   which	   was	   performed	   on	   Stratagene	  

Mx3000P	  (Agilent	  Technologies,	  Santa	  Clara,	  CA)	  using	  the	  standard	  thermocycling	  

program	  	  (95	  °C	  for	  3 min,	  40	  cycles	  of	  95	  °C	  for	  20 s,	  and	  60	  °C	  for	  1 min	  followed	  by	  

a	   melting	   curve).	   Prior	   to	   the	   experiments,	   the	   primers	   used	   were	   evaluated	   for	  

efficiency	  via	  standard	  curve	  generation	  of	  serially	  diluted	  control	  DNA	  and	  shown	  

to	  have	  an	  efficiency	  of	  >90%.	  The	  ddCT	  method	  was	  used	  for	  the	  analysis	  of	  results	  

where	  ZNF80	  was	  used	  as	  a	  reference	  gene	  and	  an	  in-‐house	  DNA	  sample	  with	  wild	  

type	  RPGRIP1	  (OGI200)	  used	  for	  normalization.	  Each	  samples	  was	  done	  in	  triplicate	  
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and	   the	   average	   value	   was	   used.	   Standard	   deviation	   with	   error	   propagation	   was	  

used	  to	  calculate	  up	  and	  down	  errors	  which	  are	  presented	  as	  error	  bars.	  
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ID Age Sex Onset Variant 1 Variant 2 Symptoms VA Signs NGS 

OGI281-608 61 M Early 
Childhood 

c.1615_1624del10 
(p.E539Qfs*2) 
[0.000004] 

Exon2Dup ↓ Vision, Nyctalopia,  
Photophobia, ↓ CV 20/400 

↓VF, ↓ ERG, 
Nystagmus, ON 
atrophy, 
Attenuated BV, 
Bone Spicules 

GEDi, 
WES 
WGS 

OGI237-523 50 F Birth 
c.3793ins4 
(p.V1265Gfs*19) 
[0.000004] 

Exon1-2Dup ↓ Vision, Light Sensitivity,  
↓ CV 20/500 

↓VF, ↓ ERG, 
Keratoconus, 
PSC, Asteroid 
Hyalosis, 
Attenuated BV, 
Bone Spicules 

GEDi 
WES 

OGI827-1591 30 M 1.5 yo 
c.895_896del2 
(p.G299Sfs*21) 
[0.0] 

c.2367+23delG 
[0.00023] ↓ Vision LP 

↓VF, ↓ ERG, 
Nystagmus, 
Macular atrophy, 
Attenuated BV, 
Bone Spicules 

GEDi 
WES 

OGI1797_3128 N/A N/A N/A 
c.2302C>T 

(p.R768*) 
[0.00002] 

Exon19del N/A N/A N/A GEDi 

OGI501-336 N/A N/A N/A 
c.2302C>T	  
(p.R768*) 
[0.00002] 

c.711_711del1	  
(p. P237Pfs*40) 
[0.0] 

N/A N/A N/A GEDi 

OGI690-1378 N/A N/A N/A 
c.1084_1087del	  
(p.E362NAfs*12) 
[0.0] 

c.767C>G 
p.S256* 
[0.0] 

N/A N/A N/A GEDi 

OGI0079_194 N/A N/A N/A c.3793ins4 
(p.V1265Gfs*19) 

c.3793ins4 
(p.V1265Gfs*19) N/A N/A N/A GEDi 

    [0.000004] [0.000004]     
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Table 1. Clinical information and mutations list. The clinical features and RPGRIP1 

mutations of the probands of the families studied. There was no consanguinity in any of 

the families. The transcript used is RefSeq NM_020366. The frequency of the alleles 

reported in gnomAD data base (55), are written in brackets under the variants. Dup= 

Exon duplication, Del= exon deletion, CV= color vision, VA= best visual acuity, LP= 

light perception, VF= visual filed, ERG= electroretinogram signal, ON= optic nerve, 

BV= blood vessels, NGS= next-generation sequencing method, GEDi= genetic eye 

diseases targeted sequencing(50), WES= whole exome sequencing, WGS= whole 

genome sequencing. 

Figure 1. Clinical findings. Typical clinical findings of the patients described in this 

paper, including fundus images of the right (A) and the left (B) eyes of OGI827-1591 

(c.895-896del2(p.G299Sfs*21), c.2367+23delG) showing bone spicules. Right eye 

fundus image of OGI281-608 (c.1615-1624del10 (p.E539QfsTer2), allele 2: Exon2Dup) 

is shown in (C). OCT of the same eye shows sparing of the macula (D). This patient had 

extensive disease with similar findings in the left eye. 

Figure 2. Outline of the sequencing approach. A total of 1719 families underwent 

GEDi sequencing. A subgroup of 3 families had the two defective alleles of RPGRIP1 

identified and 4 had one allele detected. These families had the second allele identified 

through a step–wise expansion of analysis from copy number studies, to exome and 

genome sequencing. The number of families in each category are shown in bold text. 

 

Figure 3. The structural mutation in OGI281. The exon 2 tandem duplication was 
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shown by WGS reads on the integrative genome viewer (igv) (78) (A) The change in 

orientation of the paired end reads enabled prediction of the breakpoint (B). The 

duplication was subsequently validated by polymerase chain reaction (PCR) across the 

breakpoint (C) and subsequent Sanger sequencing (black arrow head) (D). The band used 

for Sanger sequencing is highlighted with a red star in C.  

Figure 4. Copy number validation. Three families had copy number mutations in 

RPGRIP1. The quantitative polymerase chain reaction (qPCR) results are shown in this 

figure. OGI281 and OGI237 had a gain of copy in exon 2 and exons 1 and 2 respectively 

while OGI1797_003128 had a deletion of exon 19. The genomic coordinates are shown 

on the X-axis and the corresponding exon areas are heighted in blue. All coordinates in 

this paper are based on hg38. 

Figure 5. Analysis of the deep intronic mutation in family OGI827. The pedigree of 

the family is shown in A revealing the segregation of the two RPGRIP1 mutations. The 

c.2367+23delG and wild type (WT) alleles were cloned from the proband’s father. Site 

directed mutagenesis on the WT allele was used to create a c.2367+1G>A as positive 

control for a splicing defect in intron 15. After transfection into HEK293t cells and 

complementary DNA generation, reverse transcription polymerase chain reaction (RT-

PCR) reveals a prominence of the unspliced transcript with c.2367+23delG (B).  Sanger 

sequencing of the band highlighted by the red star in B, shows the expected retention of 

intron 15 while intron 14 is spliced out. The red arrowhead corresponds to the essential 

splice site mutation c.2367+1G>A.  

Figure 6. RPGRIP1 mutations. Novel coding mutations in RPGRIP1 discovered 
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through our study are labeled in red along the RPGRIP1 gene model and previously 

reported mutations in the Human Gene Mutation Database (HGMD) are in black. The 

structural/non-coding mutations are presented below the RPGRIP1 model. Exons are 

represented as rectangles and introns as arrowed lines connecting the exons. The 

coordinates are described relevant to NM_020366 which is the transcript RefSeq 

transcript illustrated. The genomic distances are to scale horizontally and the genomic 

coordinated are based on hg38. Below the RPGRIP1 gene, the protein with its various 

domains is shown and the associated exons are connected via gray highlight. ND: nuclear 

domain, CC: coiled coil domains, C2: protein	   kinase	   C	   conserved	   domain	   2,	   RID:	  

RPGR	  interacting	  domain. 
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c.2367+23delG exon19delexon1-2dup g.21289849_21297430dup

Figure 6. 
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