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Introduction
Pathogenic variants in RPGR account for 80% of cases with X-linked
retinitis pigmentosa (XLRP). The C-terminal 567-aa exon ORF15 is a
mutational hotspot for RPGR-associated RP. However, it generally performs
poorly in standard sequencing-based assays due to a highly repetitive
glutamic acid/glycine-rich sequence (Figure 1). To address the clinical
importance of the RPGR ORF15 and the lack of high-quality next-
generation sequencing (NGS)-based diagnostics, we aimed to develop a
comprehensive high-throughput clinical test for inherited retinal dystrophies
(IRD), and to specifically evaluate the performance of RPGR ORF15
sequencing in a patient cohort.

Results
In our clinical cohort of 1587 IRD patients, the overall diagnostic yield was
58%. A molecular diagnosis in RPGR was identified in 5.7% (90/1587) of
the patients (Figure 3A). Female patients accounted for 24% of the
diagnostic cases. A majority (70%) of the pathogenic (P) / likely pathogenic
(LP) variants were frameshifts (Figure 3B). Seventy-one out of 90 (79%)
P/LP variants were detected in the ORF15 (31% in the most difficult-to-
sequence central region p.824 - p.1077) and 19 (21%) within the exons 1-
14 (Figure 3C). RPGR explains approximately 9% of cases with RP.
Diagnostic variants in ORF15 were confirmed using a custom Sanger
sequencing method optimized for purine-rich sequence (Figure 4).
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Conclusions
• We have developed a high-quality diagnostic test for IRD 

including the difficult-to-sequence region in RPGR ORF15 
• RPGR explains 5.7% of the unselected patients with IRD
• 79% of the diagnostic RPGR variants were in the ORF15
• Female patients accounted for 24% of the diagnostic cases
• NGS-based assay including the complete RPGR ORF15 

region is required for successful molecular diagnostics for 
patients with IRD 

Figure 1. Schematic representation of the RPGR isoform NM_001034853.1.1
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of the two major human RPGR alternative transcripts have been
extensively studied (Fig. 1a) (Meindl et al., 1996; Roepman et al.,
1996; Vervoort et al., 2000; Mavlyutov et al., 2002; Hong et al.,
2003; Patil et al., 2012a).

The first transcript to be identified was the ‘constitutive’
RPGREx1-19 isoform which is widely expressed in tissues (Meindl
et al., 1996; Roepman et al., 1996; Vervoort et al., 2000) and is
found within cells at the transition zone of primary and motile cilia
(Hong et al., 2003; Iannaccone et al., 2003) or at centrosomes and
their constituent centrioles in dividing cells. In the retina, the
RPGREx1-19 isoform localises to the developing and mature photo-
receptor connecting cilium (CC), connecting the inner and outer
segments, but shows a slightly different developmental expression
pattern and affinity for the axonemal (detergent insoluble) fraction
compared with the other major RPGR isoform (RPGRORF15), sug-
gesting overlapping but also distinct functions (Wright et al., 2011).
The RPGREx1-19 transcript encodes a predicted 90 kDa protein with
19 exons of the gene transcribed. Exons 1 to 10 of RPGREx1-19 encode
an RCC1-like domain (Meindl et al., 1996; W€atzlich et al., 2013) and
the C-terminus has an isoprenylation motif (CAAX), suggesting that
this isoform is membrane bound, consistent with its reported
attachment to endoplasmic reticulummembranes in addition to its
presence at CC (Patil et al., 2012a). Yan et al. (1998) suggested a
Golgi localisation for RPGR but this has not been confirmed (Patil
et al., 2012a). No disease-causing mutations have been reported
in exons 16 to 19. In contrast, all known mutations causing XLRP or
related retinal dystrophies are found to affect the RPGRORF15

isoform (Fig. 1a), which shows highest expression in the retina
(Vervoort et al., 2000; Hong et al., 2003; Mavlyutov et al., 2002;
Patil et al., 2012b; Iannaccone et al., 2003).

The human RPGRORF15 transcript encodes a 1152 amino acid
protein consisting of exons 1 to 14 of RPGREx1-19 followed by a
unique C-terminal exon called ORF15, encoding 567 amino acids
(Vervoort et al., 2000). Exon ORF15 is formed by exon 15 extending
into intron 15 due to skipping of the splice donor site for exon 15
(Vervoort et al., 2000). The RPGRORF15 isoform is predicted to be
127 kDa and exon ORF15 includes an acidic, repetitive, glutamic
acid/glycine-rich domain and a basic C-terminal domain (Fig. 1a).
The repetitive domain length is not under strict evolutionary
constraint, varying considerably among species and across strains
of mice and a partial truncation of murine ORF15 does not appear to
alter its function (Vervoort et al., 2000; Hong et al., 2005). In
contrast, the basic C-terminal domain is highly conserved among
vertebrates (Shu et al., 2005). RPGRORF15 is most strongly expressed
in retina (Vervoort et al., 2000) where its protein product is local-
ised to the photoreceptor CC (Hong et al., 2000, 2003; Mavlyutov
et al., 2002). There is uncertainty as to whether or not RPGRORF15

is present in the OS. Discrepancies between laboratories may be
due to different antibodies, tissue processing procedures or species
differences in OS structure (Mavlyutov et al., 2002; Shu et al., 2006).
For example, it may depend on whether OS have multiple super-
ficial incisures (as in humans and amphibia) or single deep inci-
sures (as in rodent, bovine, canine OS) (Mavlyutov et al., 2002).
However, while some antibodies clearly label human OS (Roepman

Fig. 1. Major RPGR protein isoforms (constitutive RPGREx1-19 and RPGRORF15) domain schematic. (a) Domain architecture schematics for both major isoforms are shown drawn to
scale. The seven blades (B1 to B7) that form the beta-propeller RCC1-like domain (RLD) encoded within Exons 1e10 in both major isoforms are indicated. The RPGREx1-19 C-terminal
isoprenylation site (CAAX) is shown. The location of the RPGRORF15 Glutamate/Glycine-rich Domain and Basic Domain (BD) within the Open Reading Frame 15 are highlighted. All
known disease-causing missense mutations (labelled), and a total of 52 known nonsense mutations specifically located within the Open Reading Frame 15 (vertical lines on domain
schematic) are indicated. Mutation data was mapped from the Human Gene Mutation Database (Stenson et al., 2014) (accessed 27th May 2015). (b) The crystal structures of the
RPGR RLD (blue) in complex with PDEd (yellow) (W€atzlich et al., 2013) and RPGRIP1 (green) (Remans et al., 2014) are shown using PyMol (http://www.pymol.org) as surface
representations with a transparency setting to highlight location of known missense mutations (red spheres, only alpha carbon atoms shown) on structure. PDEd and RPGRIP1
interaction sites on the surface RPGR partially overlap (Remans et al., 2014).
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Methods
We optimized a whole-exome sequencing (WES) workflow with the Illumina
NovaSeq 6000 platform to cover 266 retinal dystrophy-associated genes,
including the difficult-to-sequence region in RPGR ORF15. We evaluated
the prevalence and characteristics of RPGR variants in a cohort of 1587
unselected patients with IRD. Additionally, a custom confirmatory Sanger
sequencing method was developed.
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RPGR coverage

The whole RPGR gene and specifically the ORF15 exon showed high
median coverage and excellent mapping quality (Figure 2 and Table 1).

MQ20 median coverage MQ20 % covered >20x

RPGR 125x 99.4
ORF15 163x 99.9
ORF15 p.824 - p.1077 130x 99.8

Figure 2. Sequence coverage at the RPGR ORF15 exon. Blueprint
Genetics’ WES assay, based on IDT xGen Exome Research Panel, shows
improved coverage at ORF15 compared to another NGS technology.

Table 1. Coverage metrics for RPGR, complete ORF15 exon and the
ORF15 central region (aa p.824 - p.1077).

70%

23,35%

3,35%
2,20% 1,10%

Variant type

Frameshift Nonsense
Missense Consensus splice site
Gross deletion

48%

31%

21%

Variant location

ORF15 other
ORF15 central region
RPGR ex 1-14

5,70% RPGR
A B C

Figure 3. A) RPGR diagnostic yield among 1587 IRD patients B)
Characteristics of diagnostic variants (n = 90) C) Distribution of the
diagnostic variants within RPGR. A majority (79%) of the variants were in
the ORF15 region.

Figure 4. An example of a patient with a diagnostic variant in the ORF15
difficult-to-sequence region, RPGR c.2601_2602del, p.(Glu868Glyfs*210).
A) NGS data B) Sanger confirmation.
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