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Abstract: Mutations affecting the Retinitis Pigmentosa GTPase Regulator (RPGR) gene are the commonest
cause of X-linked and recessive retinitis pigmentosa (RP), accounting for 10%–20% of all cases of RP.
The phenotype is one of the most severe amongst all causes of RP, characteristic for its early onset and
rapid progression to blindness in young people. At present there is no cure for RPGR-related retinal
disease. Recently, however, there have been important advances in RPGR research from bench to
bedside that increased our understanding of RPGR function and led to the development of potential
therapies, including the progress of adeno-associated viral (AAV)-mediated gene replacement
therapy into clinical trials. This manuscript discusses the advances in molecular research, which
have connected the RPGR protein with an important post-translational modification, known as
glutamylation, that is essential for its optimal function as a key regulator of photoreceptor ciliary
transport. In addition, we review key pre-clinical research that addressed challenges encountered
during development of therapeutic vectors caused by high infidelity of the RPGR genomic sequence.
Finally, we discuss the structure of three current phase I/II clinical trials based on three AAV vectors
and RPGR sequences and link the rationale behind the use of the different vectors back to the bench
research that led to their development.

Keywords: Retinitis Pigmentosa GTPase Regulator; gene therapy; adeno-associated viral; Retinitis
Pigmentosa (RP)

1. Introduction

Inherited retinal diseases, most of which are retinitis pigmentosa (RP), affect 1 in 4000 people
worldwide. The hallmark of this heterogeneous group of disorders is premature degeneration of rod
and cone photoreceptors that leads to early vision loss. RP can be inherited as an autosomal recessive,
dominant, X-linked, oligogenic, or mitochondrial trait. X-linked RP is one of the most severe forms of
retinal degeneration and it accounts for 10%–20% of all RP cases [1–3]. To date, only 3 genes have been
identified to be associated with X-linked pattern of inheritance. Mutations in the Retinitis pigmentosa
GTPase regulator (RPGR) gene accounts for over 70% of X-linked RP cases whereas less common forms
of the disease are caused by retinitis pigmentosa 2 (RP2) and 23 (RP23 or OFD1) genes [4,5].

RPGR-related X-linked RP is characterised by severe disease in males with early onset and rapidly
progressing sight loss that leads to legal blindness commonly by the fourth decade of life [2]. The classic
rod-cone phenotype with peripheral pigmentary retinopathy, waxy optic disc pallor and vascular
attenuation makes it often indistinguishable from other forms of RP. Less commonly, a cone-rod
phenotype manifests with early central cone degeneration and accompanying loss of visual acuity.
Female carriers of the RPGR disease are typically asymptomatic with a characteristic phenotype
that manifests as a radial streak pattern originating from the fovea [6,7]. Rarely, however, skewed
X-inactivation leads to more severe male-like phenotype with associated visual impairment [8].
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At present, there is no approved treatment for retinitis pigmentosa caused by mutations in RPGR.
Several treatment options have been under investigation and with the emergence of novel gene-based
therapies for inherited retinal disease, this seems the most logical strategy to develop for the RPGR
disease. Due to its severe phenotype, relatively high incidence and the fact that more commonly
mutated genes such as ABCA4 or USH2A are too large to be packaged into AAV vectors, the RPGR
disease has drawn significant interest amongst scientific and clinical research communities over the last
years. However, due to the inherent instability in the retina-specific RPGRORF15 isoform sequence [9–12]
the production of the therapeutic AAV-mediated RPGR vector has been very challenging. In attempts
to improve the sequence stability and fidelity several approaches have been explored including codon
optimisation [13–15], which has allowed generation of vectors for use in human trials. In this review we
discuss recent advances in the understanding of RPGR gene structure and its evolutionary conservation
that has led to an improved understanding of protein’s molecular function and mechanisms implicated
in the pathogenesis of RPRG-related retinal dystrophy. The pre-clinical development of gene therapy
vectors that has resulted in their progression into three phase I/II clinical trials is covered in detail,
including discussion on three different RPGR cDNA sequences used in the trials.

2. Structure and Function of Retinitis Pigmentosa GTPase Regulator (RPGR)

The human RPGR gene is located on the short arm of the X-chromosome (Xp21.1). The gene
exhibits a complex expression pattern with 10 alternatively spliced isoforms, five of which are protein
coding [16]. The first transcript to be identified in association with X-linked retinitis pigmentosa, was the
constitutive RPGREx1-19 isoform. In humans, the RPGREx1-19 isoform contains 19 exons and expresses
a full-length messenger RNA transcript of 2448 bp, which generates an 815 amino acid sequence that
forms ~90 kDa protein in a variety of tissues [17]. Since this initial characterisation, multiple alternative
transcripts have been identified, including the retina-specific RPGRORF15 variant [10,16,18]. This variant
contains exons 1–14 of constitutive RPGR with the exon ORF15 derived from alternatively spliced exon
15 and intron 15 (Figure 1A). The RPGRORF15 isoform is 3459 bp, encoding a 1152 amino acid sequence
which forms a ~200 kDa protein. As with the widely expressed variant, amino acids 54–367 (exons
3–10) form a regulator of chromosome condensation 1 (RCC1)-like domain. The alternative ORF15
exon consists of a highly repetitive purine-rich sequence coding for multiple acidic glutamate-glycine
repeats. This is followed by a C-terminal tail region rich in basic amino acid residues, called the
basic domain.

The reason for this complex expression pattern of the RPGR protein remains largely unknown,
but may be related to the functional role of its splice isoforms in various cell types. The RPGR protein
is widely expressed in vertebrate tissue including eye, brain, lung, testis and kidney. In the eye, the
two major isoforms, RPGREx1-19 and RPGRORF15 are predominantly localised to the photoreceptor
connecting cilia [19] and less consistently, to the nuclei and photoreceptor outer segments of some
species [20]. The connecting cilium is a critical junction between the inner and outer photoreceptor
segments, controlling the bidirectional transport of opsin and other proteins involved in the
phototransduction cascade and the overall health and viability of the photoreceptors. Attempts
are ongoing to elucidate further the expression patterns of RPGR through evolutionary characterisation
of RPGR domains across species and via molecular interactions of RPGR with other proteins in order
to shed light on the exact role of the RPGR protein.

The RCC1-like domain, present in both major splice forms, adopts a seven-bladed β-propeller
structure and it is strongly conserved across evolution, in vertebrates and invertebrates [9]. This domain
has been implicated in a regulatory role of small GTPases. It is thought to enable RPGR to act as a Ran
guanine nucleotide exchange factor and RPGR has been shown to upregulate the guanine nucleotide
exchange factor RAB8A, associating with the GDP-bound form of RAB8A to stimulate GDP/GTP
nucleotide exchange [21]. The RCC1-like region also interacts with: RPGR interaction protein 1
(RPGRIP1), which links it to the connecting cilium of photoreceptor cells [19]; the lipid trafficking
protein phosphodiesterase 6D (PDE6D) [22]; two chromosome-associated proteins important for the
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structural maintenance of chromosomes, SMC1 and SMC3 [23] and two ciliary disease-associated
proteins nephrocystin-5 (NPHP5) [24] and centrosomal protein 290 (CEP290) [25].
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Figure 1. Retinitis Pigmentosa GTPase Regulator (RPGR) gene structure and splicing variants. (A) 
Human RPGR gene exon-intron structure showing the combination of exons 1 to 19 to create the 
constitutive protein isoform, and alternative splicing of exon 15/intron 15 that creates the RPGRORF15 
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create the constitutive protein isoform and alternative splicing of intron 14 creates the RPGROFR15 
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Figure 1. Retinitis Pigmentosa GTPase Regulator (RPGR) gene structure and splicing variants. (A) Human
RPGR gene exon-intron structure showing the combination of exons 1 to 19 to create the constitutive
protein isoform, and alternative splicing of exon 15/intron 15 that creates the RPGRORF15 variant.
(B) Mouse RPGR gene exon-intron structure showing the combination of exons 1 to 18 to create the
constitutive protein isoform and alternative splicing of intron 14 creates the RPGROFR15 variant.

The retina-specific ORF15 domain is also highly evolutionarily conserved across varied species,
indicating a functional importance (Table 1). However, in contrast to the RCC1-like domain, the ORF15
domain is unique to vertebrates, suggesting a role that is unique to the ciliary-derived photoreceptors
of “simple” vertebrate eyes, compared to the rhabdomeric photoreceptors of “compound” invertebrate
eyes. Hence, the ciliary-based transport of cargoes such as rhodopsin, which is at least 10 times more
abundant in vertebrates than invertebrates, fits with this hypothesis. ORF15 homology and a region of
high AG content of >80% is identifiable in a range of species although the length varies—the mouse
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ORF15 is shorter than the human ORF15, Figure 1A). This purine-rich region of ORF15 (97.5% purines
within 1kb in humans) encodes the glutamine-glycine rich domain that ends in a basic C-terminal
domain, which is also highly conserved, suggesting that it constitutes another functional region.
This basic domain, which is unique to RPGRORF15, interacts with at least two proteins, a chaperone
protein nucleophosmin and a scaffold protein whirlin [26]. Neither protein is unique to vertebrate
photoreceptors, but nucleophosmin is present in metaphase centrosomes during cell division, while
whirlin helps to maintain ciliary structures within the eye and ear.

Table 1. Evolutionary conservation of DNA and amino acid sequences of RPGRORF15 variants
across selected species. All data were extracted from NCBI database files with comparisons performed
in Geneious Prime 2017.10.2. For Homo sapiens, details were extracted from gene files NG_009553.1
and 6103 combined with mRNA file NM_001034853.2. * The conserved basic domain of the human
RPGRORF15 coding sequence was used for predictions of ORF15 locations in all other species sequences
by homology alignment. For Mus musculus data, gene files NC_000086.7 and 19893 were aligned with
the basic domain of human RPGRORF15 and the partial sequence file AF286473.1 to identify the predicted
ORF15 variant. For Canis lupus familiaris data, gene files 403726 and AF148801.1 were aligned with the
basic domain of human RPGRORF15 and the partial sequence file AF385629.1. For Pan troglodytes data,
files 4465569 and XM_024352988 were used. For Gorilla gorilla gorilla, files 101149059, the basic domain
of human RPGRORF15 and the partial sequence AY855163.1 were combined. For Macaca mulatta, files
714316, the basic domain of human RPGRORF15 and the partial sequence file AY855162.1 were combined.
Finally, Xenopus tropicalis sequence predictions were achieved from files 733454 and XM_018091818.1.

DNA Sequence Amino Acid Sequence

Species
Coding

Sequence Prior
to ORF15

Percentage
of Purine

Bases

Region with
Homology
to Human
ORF15 *

Percentage
of Purine

Bases

ORF15 Amino
Acid Length
(Percentage
Glu-Gly) *

Glutamylation
Region

(Percentage
Glu-Gly) *

Homo sapiens 1 to 14
54%

ORF15
89% 567 (67%) 351 (88%)

1.7 kb 1.7 kb

Mus musculus
1 to 14

57%
Intron 14

86% 488 (60%) 273 (84%)
2.5 kb 1.5 kb

Canis lupus
familiaris

1 to 13
58%

Exon 14/
Intron 14 88% 522 (66%) 331 (72%)

2.5 kb 1.5 kb

Pan
troglodytes

1 to 14
54%

Exon 15/
Intron 15 89% 560 (66%) 330 (88%)

1.7 kb 1.7 kb

Gorilla gorilla
gorilla

1 to 14
54%

Exon 15/
Intron 15 89% 549 (66%) 321 (88%)

1.7 kb 1.7 kb

Macaca
mulatta

1 to 14
53%

Exon 15/
Intron 15 89% 549 (65%) 323 (86%)

1.7 kb 1.7 kb

Xenopus
tropicalis

1 to 13
57%

Exon 14/
Intron 14/
Exon 15 77% 679 (45%) 232 (82%)

1.6 kb 2.0 kb

The function of the repetitive glutamine-glycine-rich domain itself has been difficult to establish
due to its variable length and relatively poor conservation at the individual amino acid level, although
the overall charge and repeat structure length remain conserved in vertebrates. However, recent
evidence shows that this intrinsically disordered region is heavily glutamylated [27], a post-translational
protein modification that adds glutamates to target proteins to affect their stabilisation and folding.
This process is known to be essential for the function of tubulins in intracellular trafficking [28].
Furthermore, this glutamylation has been shown to be achieved by tubulin tyrosine ligase like-5
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(TTLL5) enzyme, which interacts directly with the basic domain of the OFR15 to bring it into the
proximity of glutamylation sites along the glutamine-glycine-rich repetitive region [29]. The role of the
ORF15 region is of course critically important to photoreceptor function, because otherwise ORF15
mutations would not be pathogenic since the RPGREX1-19 variant is still expressed in these cells. Hence
in-frame deletions in the ORF15 region lead to progressive loss of function as the deletion length
increases [13].

3. Molecular Mechanisms and Pathogenesis of RPGR-Related X-Linked Retinitis
Pigmentosa (RP)

Molecular mechanisms and pathogenesis of RPGR-related X-linked RP have been under
investigation for several decades. The drive to better understand the disease process comes from the
high incidence with mutations in the gene encoding RPGR accounting at least 70% of X-linked RP
and up to 20% of all RP cases [2–4]. Moreover, the disease is associated with one of the most severe
phenotypes among inherited retinal diseases with central visual loss occurring early in adult life [2].
This coupled with the developments in genetic therapies has given impetus to a large number of
studies aimed to uncover the pathogenic mechanisms.

Despite ubiquitous expression of the constitutive RPGR variant in ciliated cells throughout the
body, the RPGREx1-19 has yet to show a firm association with any human disease. The RPGR-related
phenotype seems to be confined to the retina and several studies have established an essential role
for RPGRORF15 in photoreceptor function and survival [10,11]. Genetic studies have shown that
mutations in the RPGRORF15 result in abnormal protein transport across the connecting cilium, which
can lead to photoreceptor cell death [12,30,31]. However, there are reports in the literature that describe
RPGR-related X-linked retinitis pigmentosa syndrome comprising of retinitis pigmentosa, recurrent
respiratory tract infections and hearing loss [32,33]. These findings point to the abnormalities in
respiratory and auditory cilia in addition to the photoreceptors. In addition, as photoreceptors develop
from ciliated progenitors, it has been postulated that the axoneme may play a role in their early
development. Sperm axonemes were thus studies in patients with X-linked retinitis pigmentosa and a
significant increase in abnormal sperm tails was observed [34]. Similar findings have been reported in
another syndromic ciliopathy, the Usher syndrome [35].

Mutations in RPGR account for ~70% of cases of X-linked RP and have been identified across
exons 1–15, yet up to 60% of mutations occur in the ORF15 region [10,30]. The repetitive nature of
the glutamate-glycine region in ORF15 is prone to adopt unusual double helix DNA conformations
or triplexes that are thought to promote polymerase arrest and block replication and transcription.
These imperfections are likely to contribute to genome instability and account for the high frequency of
mutations in this region, known as the mutation ‘hot spot’ of the RPGR. Surprisingly, no disease-causing
mutations have been reported in exons 16–19 [36].

The most common mutations are small deletions that lead to frameshifts followed by nonsense
mutations [30]. Within ORF15, the most common mutations are microdeletions 1–2, or 4–5 bp [10],
that cause frameshifts leading to truncated forms of the protein and in particular, loss of the C-terminus.
Small in-frame deletions or insertions (and missense changes) that can alter the length of ORF15 region
by a few base-pairs (e.g., up to 36, equivalent to 9 amino acids in this population based study [37],
are seemingly well tolerated [38]. Thus, despite being a coding region, this domain has a surprisingly
high rate of tolerable indels within primate lineages, suggesting a rapidly evolving region [9]. However,
recent evidence shows that larger deletions in the ORF15 region significantly affect the degree of
RPGR glutamylation, which may subsequently influence its function and ability to associate with
the cilium and other interacting factors [29]. Thus, frame shift mutations that lead to loss of the
C-terminal basic domain are invariably disease causing [12]. In addition, mutations that lead to the
loss of TTLL5 enzyme, the basic domain-binding partner that mediates RPGR glutamylation, abort
glutamylation process and cause RPGR-like phenotype in humans [39]. This further supports the
critical role of glutamylation in normal RPGRORF15 function. It remains intriguing that despite its
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ubiquitous expression, the RPGREx1-19 is unable to compensate for the loss of function of RPGRORF15

in the retina to rescue the phenotype. It is possible that the alternative splicing in the retina could
favour the RPGRORF15 variant, so the majority of transcripts will be the RPGRORF15 isoform, with
few constitutive variants available to compensate. One study failed to identify the constitutive
transcript in the retina [18], which supports the finding that the constitutive isoform is expressed early
in development in a mouse before its levels decline and the RPGRORF15 becomes the predominant
isoform [26]. Notably, the constitutive variant lacks the glutamate-glycine repetitive region and given
the importance of this domain for the normal function of RPGRORF15 in the photoreceptors, perhaps
it is not so surprising that the constitutive variant cannot offer the same functional benefit as the
RPGRORF15 variant.

4. Clinical and Genetic Diagnosis of RPGR-Related X-Linked RP

The diagnosis of RPGR-related retinal dystrophy is made on the basis of presenting symptoms
and retinal signs seen on clinical examination and various imaging modalities. In addition, study
of family history showing X-linked inheritance (no male to male transmission) and genetic testing
identifying the pathogenic mutation are important in confirming the diagnosis. In cases of uncertain
diagnosis and unequivocal genetic test results we have adopted several important steps, which are
discussed below, in order to minimise the risk of establishing an incorrect diagnosis, and administering
the patient with an incorrect gene if recruited into a gene therapy clinical trial.

RPGR-related retinal dystrophy is associated with a very heterogeneous phenotype that ranges
from pan-retinal rod-cone to predominant cone dystrophy (Figure 2). The phenotype is generally more
severe with faster progression compared to other forms of RP and median age of legal blindness of
approximately 45 years old, which is much younger than in other RP genotypes [40]. Most patients lose
their peripheral vision first, followed by the loss of central vision. Recent evidence suggests that the
rod-cone phenotype is found in 70% of patients, the cone-rod in 23% and the cone phenotype in 7% of
patients with X-linked RPGR related retinal dystrophy [2]. The study shows that the onset of symptoms
was in early childhood in rod-cone dystrophy (median age 5 years) and in third decade in cone-rod and
cone dystrophy, although the age range was very wide (between 0 and 60 years). However, cone-rod
and cone dystrophies were associated with a more severe phenotype and the probability of being
blind at the age of 40, with visual acuity of less than 0.05 LogMAR (3/60 or 20/400) observed in 55% of
patients with cone-rod and cone dystrophy compared to only 20% in rod-cone dystrophy.

The RPGR phenotype (Figure 2) has been associated with anatomical changes including central
retinal thinning of the outer nuclear layer as seen on retinal cross-sections taken by optical coherence
tomography [40,41]. The junction between the inner and outer photoreceptor segments, better known as
the ellipsoid zone, can be used as an important predictor of central retinal function and for monitoring of
disease progression. [42]. Thus, the disruption of the ellipsoid zone can be detected with corresponding
early reduction in visual acuity and retinal sensitivity as measured by microperimetry. In addition,
autofluorescence can be used to assess the health of the retinal pigment epithelium with early signs of
hyper-autofluorescence indicating accumulation of lipofuscin and related metabolites as a by-product of
photoreceptor outer segment degradation. Later in the disease process, areas of hypo-autofluorescence
become evident indicating outer retinal atrophy with loss of retinal pigment epithelium cells. The RPGR
phenotype is often associated with para-foveal hyper-autofluorescent rings, which decline exponentially
with disease progression [43]. Constriction areas are correlated highly with baseline area and age,
where younger subjects had greatest rate of progression. No correlation with genotype was observed
in this study. In the cone-rod phenotype, however, the area of hypo-autofluorescence associated with
a surrounding hyper-autofluorescent ring tends to increase in size with disease progression and is
inversely related to electroretinogram amplitude [44]. Ongoing natural history studies are promising
to shed more light on the natural progression of the RPGR disease phenotypes and provide better
understanding and interpretation of clinical trial endpoints used in current interventional gene therapy
trials (Table 2).
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coherence tomography showing retinal structures in cross-section (right column). In rod-cone 
phenotype there is extensive peripheral retinal atrophy with relative preservation of central retina as 
seen on autofluorescence associated with para-foveal hyper-autofluorescent ring (A). This is 
confirmed by near normal central retinal sensitivity (B) and preservation of ellipsoid zone (C). In 
more advanced stages of the disease there is reduction in size of the para-foveal hyper-autofluorescent 
ring (D) with corresponding reduction in retinal sensitivity (E) and length of ellipsoid zone (F). In 
contrast, in cone-rod phenotype there is early loss of para-foveal photoreceptors with associated 
hypo-fluorescent ring and marked reduction of retinal sensitivity with corresponding loss of the 
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Figure 2. Clinical phenotypes associated with RPGR retinal degeneration—rod-cone phenotype (early
stage (A–C) and a more advanced stage (D–F)) and cone-rod phenotype (G–I). The phenotypes are
captured by Heidelberg fundus autofluorescence, (left column), MAIA microperimetry measuring
central retinal sensitivity (central column; sensitivity is represented by a heat map: green/yellow—
normal/mildly reduced; red/purple—reduced; black—not measurable) and Heidelberg optical coherence
tomography showing retinal structures in cross-section (right column). In rod-cone phenotype
there is extensive peripheral retinal atrophy with relative preservation of central retina as seen on
autofluorescence associated with para-foveal hyper-autofluorescent ring (A). This is confirmed by
near normal central retinal sensitivity (B) and preservation of ellipsoid zone (C). In more advanced
stages of the disease there is reduction in size of the para-foveal hyper-autofluorescent ring (D) with
corresponding reduction in retinal sensitivity (E) and length of ellipsoid zone (F). In contrast, in cone-rod
phenotype there is early loss of para-foveal photoreceptors with associated hypo-fluorescent ring and
marked reduction of retinal sensitivity with corresponding loss of the ellipsoid zone.

Female carriers of RPGR mutations also show high phenotypic variability [7] (Figure 3). The carrier
phenotype includes asymptomatic females with near-normal clinical appearance, macular pattern
reflex with different degrees of pigmentary retinopathy and severely affected females with clinical
phenotype that results from skewed X chromosome inactivation and is indistinguishable from the male
pattern. Female carriers with male pattern dystrophy should be considered for RPGR gene therapy as
discussed below.

The molecular diagnosis using next-generation sequencing (NGS) is usually a robust approach in
determining pathogenic variants in RP. However, the ORF15 region of RPGR is not normally sequenced
with NGS methods and is currently only performed upon specific request. Moreover, sequencing of
the ORF15 region in RPGR is notoriously difficult and error-prone. Overlapping reading frames and
polymorphic deletions/insertions add further complexity to the detection of true mutations. Additional
precautions must, therefore, be taken with interpreting the sequencing data so that small deletions
are not confused with artefacts that would lead to spurious results. In cases of uncertainty, testing
should be repeated. In addition, the full RP panel should be performed to exclude other pathogenic
variants including the sequencing of RP2 and OFD1 X-linked genes. This comprehensive molecular
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genetic analysis together with the RPGR phenotype and a clear family history of X-linked inheritance,
including evidence of a carrier phenotype, forms the basis of inclusion criteria into gene therapy clinical
trials. In addition, a recent study describes an in vitro assay for determining the pathogenicity of
RPGR missense variations [45]. The strategy is based on the RPGR protein interaction network, which
is disrupted by missense variations in RCC1-like domain in RPGR, and could help to differentiate
between causative missense mutations and non-disease-causing polymorphisms.

Table 2. Summary of clinical trials for RPGR-related X-linked retinitis pigmentosa (RP).

Clinical Trial
(clinicaltrials.gov)

Intervention/
Observation Clinical Centre/s Sponsor

Phase I/II/III
NCT03116113

multicenter, open-label
Part 1: non-randomised, dose-selection study

18 participants
Part 2: dose expansion study

(randomised to low dose, high dose, control)
63 participants

Start date: March 2017

Subretinal delivery
of AAV8-hRK-
coRPGRORF15

Oxford, UK
Manchester, UK

Southampton, UK
Florida, USA
Oregon, USA

Pennsylvania, USA

Nightstar
Therapeutics (now

Biogen Inc), UK

Phase I/II
NCT03252847

Non-randomised,
open-label,

dose-escalation trial
36 participants

Start date: July 2017

Subretinal delivery
of AAV2/5-hRK-

RPGRORF15
London, UK MeiraGTx, UK

Phase I/II
NCT03316560

Non-randomised,
open-label, multicenter, dose-escalation trial
30 participants with RPGR ORF15 mutations

Start date: April 2018

Subretinal delivery
of rAAV2tYF-

GRK1-coRPGRORF15

Colorado, USA
Massachusetts, USA

New York, USA
North Carolina, USA

Ohio, USA
Oregon, USA

Pennsylvania, USA
Texas, USA

Applied Genetic
Technologies
Corporation

(AGTC), USA

Prospective natural history study of XLRP with
genetically confirmed mutation in RPGR

150 participants
Start date: December 2017

Observational
study

Multiple centres in
UK, Germany,

Holland, France,
USA

Nightstar
Therapeutics (now

Biogen Inc), UK

Prospective natural history study of XLRP
NCT03349242

Start date: December 2017

Observational
study

Massachusetts, USA
Michigan, USA MeiraGTx, UK

Prospective natural history study of XLRP
caused by RPGR-ORF15 mutations

45 participants
NCT03314207

Start date: December 2017

Observational
study

New York, USA
North Carolina, USA

Ohio, USA
Oregon, USA
Texas, USA

Applied Genetic
Technologies
Corporation

(AGTC), USA
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showing a typical macular radial pattern or ‘tapetal’ reflex in a female carrier of an RPGR mutation 
(A,B). Random X-chromosome inactivation generates clones of normal or affected photoreceptors 
giving rise to this mosaic pattern. Blue reflectance (C,D) and multicoloured (E,F) modes using 
Heidelberg scanning laser ophthalmoscope can be very helpful in showing the macular reflex. 

Emerging gene-based therapy using the AAV vector is currently the most promising therapeutic 
strategy for RPGR X-linked RP. The size of the coding sequence of RPGRORF15 (3.5 kb) is within the 
AAV carrying capacity and the relatively high prevalence and disease severity have justified 
development of this therapy. However, the repetitive sequence of ORF15 not only makes it a hotspot 
for mutations but also creates challenges for therapeutic vector production. Attempts to generate 
AAV vectors for RPGR gene-supplementation strategies have been thwarted by the poor sequence 
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Figure 3. Clinical phenotype of RPGR female carriers. Fundus autofluorescence (Heidelberg)
showing a typical macular radial pattern or ‘tapetal’ reflex in a female carrier of an RPGR mutation
(A,B). Random X-chromosome inactivation generates clones of normal or affected photoreceptors giving
rise to this mosaic pattern. Blue reflectance (C,D) and multicoloured (E,F) modes using Heidelberg
scanning laser ophthalmoscope can be very helpful in showing the macular reflex.

5. Treatment Options for RPGR-Related X-Linked RP

Several non-gene based treatment approaches have been investigated for the preservation of
vision in X-linked RP including a nutritional supplement, docosahexaenoic acid [46] and a ciliary
neurotrophic factor [47] both of which were unable to prevent photoreceptor degeneration and visual
loss. For patients with advanced disease, electronic retinal devices have demonstrated proof-of-concept
in their ability to restore crude vision [48,49]. However, the unpredictability of benefit for individual
patients and the high price of these devices make it economically difficult to maintain their availability
for the treatment of patients with RP. Another potential strategy, optogenetics, is under investigation
and has shown promising results for vision restoration in advanced retinal degeneration [50,51].

Emerging gene-based therapy using the AAV vector is currently the most promising therapeutic
strategy for RPGR X-linked RP. The size of the coding sequence of RPGRORF15 (3.5 kb) is within the AAV
carrying capacity and the relatively high prevalence and disease severity have justified development of
this therapy. However, the repetitive sequence of ORF15 not only makes it a hotspot for mutations but
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also creates challenges for therapeutic vector production. Attempts to generate AAV vectors for RPGR
gene-supplementation strategies have been thwarted by the poor sequence stability of the ORF15 region
and transgene production has struggled to control spontaneous mutations and maintain the complete
sequence [13,52–55]. AAV gene therapy in two RPGR X-linked RP canine models that carry different
ORF15 mutations [55] provided proof of concept for treating RPGR mutations within the ORF15 region.
AAV2/5-mediated sub retinal gene delivery of a full-length human RPGR-ORF15 cDNA [10], driven
by either the human interphotoreceptor retinoid-binding protein (hIRBP) promoter or the human
G-protein-coupled receptor kinase 1 (hGRK1) promoter, prevented photoreceptor degeneration and
preserved retinal function in both canine models. However, the AAV2/5.RPGR vector was found
to have multiple mutations within the purine-rich exon 15 region that led to toxic effects in mice at
higher doses [52] thus posing safety questions for human applications. In an attempt to improve the
sequence stability, a step-wise cloning approach was used to generate the correct full-length RPGRORF15

coding sequence (the purine-rich region was generated first and then ligated to the rest of the DNA
sequence) [53], which was packaged into the AAV8.GRK1.RPGRORF15 vector and evaluated in the
Rpgr-KO mouse. However, despite improved stability, some vector preparations were still ridden with
micro-deletions that led to expression of alternatively spliced truncated forms of the RPGR protein that
was mislocalised to photoreceptor inner segments and only a partial rescue of the phenotype in treated
mice. The truncated forms of the protein were further investigated for their ability to rescue the RPGR
phenotype in the Rpgr-KO mouse [13]. The short (314 out of 348 ORF15 codons deleted) and the long
(126 out of 348 codons deleted) forms of the RPGRORF15 were tested. The long form demonstrated
significant improvement in the disease phenotype, whilst the short form failed to localise correctly
in the photoreceptors and showed no functional rescue of the phenotype. Importantly, as discussed
above, large deletions in the ORF15 region can affect the glutamylation of the protein and lead to
impaired function. Indeed, a follow-up study by the same group tested these truncated vectors [29]
for their glutamylation capacity. Unsurprisingly, the long form demonstrated significantly impaired
glutamylation (only 30% of the full length protein), whereas the short form showed no detectable
glutamylation of the RPGR protein.

To circumvent these issues, the research team of Fischer and colleagues (2017) generated a
full-length, human, codon-optimised version of RGPRORF15 to stabilise the sequence, remove cryptic
splice sites and increase expression levels from the therapeutic transgene [14]. This enabled reliable
cloning and vector production. The resulting AAV8.coRPGRORF15 vector was shown to offer therapeutic
rescue in two mouse models of X-linked RP (Rpgr-/y and Rd9). This vector is now being used in a
Phase I/II/III gene therapy clinical trial in humans (NCT03116113). In addition, the codon optimised
form of the RPGR vector used in the canine studies [15] and the truncated form of the RPGR with
near-total OFR15 deletion [13] are also being tested in ongoing clinical trials (NCT03316560 and
NCT03252847 respectively) as will be discussed further in the next section. A very recent study used a
bioinformatics approach as an alternative method to develop a molecularly stable RPGR gene therapy
vector [56]. The strategy identified regions of genomic instability within ORF15 and made synonymous
substitutions to reduce the repetitive sequence and thus increase the molecular stability of RPGR. The
codon optimized construct was validated in vitro in pull-down experiments and in a murine model,
demonstrating production of functional RPGR protein.

6. Gene Therapy Clinical Trials for RPGR-Related X-Linked RP

The results of the pre-clinical studies described above support the use of AAV-based gene therapy
for RPGR-related X-linked RP in humans, in the early to mid-stage of the disease. Ideally, patients
with moderately reduced visual acuity and constricted visual fields, but a preserved central ellipsoid
zone, should be recruited into gene therapy trials for best expected therapeutic benefits. Interestingly,
development of RPGR therapy from bench to bedside has resulted in setting-up of three multi-centre
dose-escalation gene-therapy clinical trials (see Table 2 for details). Each trial is using a different
combination of AAV vector variant and RPGR coding sequence (Figure 4). Specifically, the Nightstar
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Therapeutics (now Biogen Inc) sponsored trial (NCT03116113) is using the wild-type AAV8 vector
with a human rhodopsin kinase promoter and a human codon optimised full-length RPGRORF15 cDNA
sequence (AAV2/8.hRK.coRPGRORF15). The second trial sponsored by Meira GTx (NCT03252847) is
using a wild-type AAV2/5 capsid with a truncated, non-codon optimised RPGR sequence under control
of the human rhodopsin kinase promoter (AAV2/5.hRK.RPGRORF15). The third trial conducted by
Applied Genetic Technologies Corporation (NCT03316560) is using mutated AAV2 capsids (capsids with
single tyrosine to phenylalanine (YF) mutations) packaged with full-length, codon optimised human
RPGRORF15 sequence also driven by the rhodopsin kinase promoter (AAV2tYF.GRK1.coRPGRORF15).
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The pre-clinical studies that led to the development of vectors used in human trials were described
in detail in the previous section. However, the rationale for using the three different vectors deserves
further discussion. The coding sequence used in the Meira GTx trial is an abbreviated form of human
RPGRORF15 sequence. The rationale provided for using the truncated form, which arose through a
spontaneous mutation resulting in deletion of one third of the ORF15 region, was because the deletion
led it to become more stable, thereby reducing the rate of further recombination errors and potential
mutations. Interestingly, the authors also showed that further shortening of this critical ORF15 region
significantly affects the protein function, leading to mislocalisation of the protein in photoreceptors
and no functional or morphological rescue in a mouse model, confirming the importance of the ORF15
region for photoreceptor function. Importantly, a further study demonstrated that the post-translational
glutamylation is reduced by over 70% in this abbreviated form of the RPGRORF15, significantly affecting
trafficking of molecules critical for photoreceptor function [29]. However, since RPGR is not expressed
highly in photoreceptors, it is possible that over-expression of RPGR with gene therapy can compensate
for the reduced trafficking ability. The truncated construct was shown to rescue the photoreceptor
function in a murine model of X-linked RP [13]. However, the mouse RPGRORF15 is naturally shorter
than the human RPGRORF15 with an abbreviated ORF15 region (see Figure 2 and Table 1) much like the
engineered abbreviated human construct used in the human trial. Thus, it may not be so surprising
that the abbreviated human construct led to the rescue in a murine model, as the two sequences are
very similar and the murine model has a milder phenotype compared to humans. The efficacy of
this shortened version of RPGRORF15 has not been evaluated in canine models of X-linked RP and the
results from human trials are awaited in anticipation.

The constructs used in the AGTC and the Nightstar Therapeutics (now Biogen Inc.) trials are
very similar and encode the full-length human wild-type RPGRORF15 protein. Both constructs applied
codon optimisation that was shown by Fischer et al. to confer greater sequence stability with higher
expression levels than wild-type RPGR sequence, whilst not affecting the glutamylation pattern in the
RPGR protein. The codon-optimised RPGR rescued the disease phenotype in two mouse models of
X-linked RP [14] and was recently also validated in the RPGR canine model [15] showing transduction
of both rods and cones and preserving the outer nuclear layer structure in the treated retina. The results
of the phase I/II trials are expected in the near future.
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7. Summary

X-linked RPGR-related RP is a heterogenous group of disorders with no clear genotype–phenotype
correlation. Both rod-cone and cone-rod retinal dystrophies are seen with relatively early onset and rapid
progression to blindness that is related to mutations that cause loss of function of this key photoreceptor
protein. The complex expression pattern of the RPGR gene through cryptic splice sites that create
multiple isoforms poses challenges in elucidating its function. However, mounting evidence suggests
that retina-specific RPGRORF15 is unique to vertebrates and plays a crucial role in regulating protein
trafficking between inner and outer segments as well as in microtubular organisation. Importantly,
RPGRORF15 contains a characteristic repetitive purine-rich region that is highly glutamylated and only
the glutamylated RPGRORF15 is fully functional. Thus, any mutations that reduce the glutamylation
process adversely affect RPGR protein function. In addition, the ORF15 region created challenges for
the researches interested in developing RPGR gene-based therapies as the repetitive region made it
unstable and prone to mutations. The current approach in developing a codon-optimised version of
the RGPRORF15 to stabilise the sequence, remove cryptic splice sites and increase expression levels
from the therapeutic transgene is now being used in humans, following proof-of-concept studies in
murine and canine models of X-linked RP. This approach has allowed the rapid progression towards
the first in-human gene therapy trial (NCT03116113) for X-linked RP, which began in March 2017.
In parallel, two additional independent research consortia have been developing gene therapies for
the RPGR disease. With recent approval of gene replacement therapy Luxturna, for the treatment of
RPE65-related retinal disease, the precedence for approval of future gene-based therapies has been set
and results of the RPGR early phase clinical trials are awaited with great expectation.

Funding: This research was funded by Oxford NIHR Biomedical Research Centre, Oxford, UK and Medical
Research Council UK; JCK is also funded by Global Ophthalmology Awards Fellowship, Bayer, Switzerland.

Conflicts of Interest: REM receives grant funding from Nightstar Therapeutics (now Biogen Inc.). REM is a
consultant to Nightstar Therapeutics and Spark Therapeutics. These companies did not have any input into the
work presented. No other authors have a conflict of interest.

References

1. Tee, J.J.; Smith, A.J.; Hardcastle, A.J.; Michaelides, M. RPGR-associated retinopathy: Clinical features,
molecular genetics, animal models and therapeutic options. Br. J. Ophthalmol. 2016, 100, 1022–1027.
[CrossRef]

2. Talib, M.; van Schooneveld, M.J.; Thiadens, A.A.; Fiocco, M.; Wijnholds, J.; Florijn, R.J.; Schalij-Delfos, N.E.;
van Genderen, M.M.; Putter, H.; Cremers, F.P.M.; et al. Clinical and genetic characteristics of male patients
with RPGR-associated retinal dystrophies: A long-term follow-up study. Retina 2019, 39, 1186–1199.
[CrossRef]

3. Pelletier, V.; Jambou, M.; Delphin, N.; Zinovieva, E.; Stum, M.; Gigarel, N.; Dollfus, H.; Hamel, C.; Toutain, A.;
Dufier, J.L.; et al. Comprehensive survey of mutations in RP2 and RPGR in patients affected with distinct
retinal dystrophies: Genotype-phenotype correlations and impact on genetic counseling. Hum. Mutat. 2007,
28, 81–91. [CrossRef]

4. Branham, K.; Othman, M.; Brumm, M.; Karoukis, A.J.; Atmaca-Sonmez, P.; Yashar, B.M.; Schwartz, S.B.;
Stover, N.B.; Trzupek, K.; Wheaton, D.; et al. Mutations in RPGR and RP2 account for 15% of males with
simplex retinal degenerative disease. Investig. Ophthalmol. Vis. Sci. 2012, 53, 8232–8237. [CrossRef]

5. Webb, T.R.; Parfitt, D.A.; Gardner, J.C.; Martinez, A.; Bevilacqua, D.; Davidson, A.E.; Zito, I.; Thiselton, D.L.;
Ressa, J.H.; Apergi, M.; et al. Deep intronic mutation in OFD1, identified by targeted genomic next-generation
sequencing, causes a severe form of X-linked retinitis pigmentosa (RP23). Hum. Mol. Genet. 2012, 21,
3647–3654. [CrossRef]

6. Comander, J.; Weigel-DiFranco, C.; Sandberg, M.A.; Berson, E.L. Visual function in carriers of X-linked
retinitis pigmentosa. Ophthalmology 2015, 122, 1899–1906. [CrossRef]

7. Nanda, A.; Salvetti, A.P.; Clouston, P.; Downes, S.M.; MacLaren, R.E. Exploring the Variable Phenotypes of
RPGR Carrier Females in Assessing their Potential for Retinal Gene Therapy. Genes 2018, 9, 643. [CrossRef]

http://dx.doi.org/10.1136/bjophthalmol-2015-307698
http://dx.doi.org/10.1097/IAE.0000000000002125
http://dx.doi.org/10.1002/humu.20417
http://dx.doi.org/10.1167/iovs.12-11025
http://dx.doi.org/10.1093/hmg/dds194
http://dx.doi.org/10.1016/j.ophtha.2015.05.039
http://dx.doi.org/10.3390/genes9120643


Genes 2019, 10, 674 13 of 15

8. Wu, H.; Luo, J.; Yu, H.; Rattner, A.; Mo, A.; Wang, Y.; Smallwood, P.M.; Erlanger, B.; Wheelan, S.J.; Nathans, J.
Cellular resolution maps of X chromosome inactivation: Implications for neural development, function, and
disease. Neuron 2014, 81, 103–119. [CrossRef]

9. Raghupathy, R.K.; Gautier, P.; Soares, D.C.; Wright, A.F.; Shu, X. Evolutionary characterization of the retinitis
pigmentosa GTPase regulator gene. Investig. Ophthalmol. Vis. Sci. 2015, 56, 6255–6264. [CrossRef]

10. Vervoort, R.; Lennon, A.; Bird, A.C.; Tulloch, B.; Axton, R.; Miano, M.G.; Meindl, A.; Meitinger, T.;
Ciccodicola, A.; Wright, A.F. Mutational hot spot within a new RPGR exon in X-linked retinitis pigmentosa.
Nat. Genet. 2000, 25, 462–466. [CrossRef]

11. Vervoort, R.; Wright, A.F. Mutations of RPGR in X-linked retinitis pigmentosa (RP3). Hum. Mutat. 2002, 19,
486–500. [CrossRef]

12. Megaw, R.D.; Soares, D.C.; Wright, A.F. RPGR: Its role in photoreceptor physiology, human disease, and
future therapies. Exp. Eye Res. 2015, 138, 32–41. [CrossRef]

13. Pawlyk, B.S.; Bulgakov, O.V.; Sun, X.; Adamian, M.; Shu, X.; Smith, A.J.; Berson, E.L.; Ali, R.R.; Khani, S.;
Wright, A.F.; et al. Photoreceptor rescue by an abbreviated human RPGR gene in a murine model of X-linked
retinitis pigmentosa. Gene. Ther. 2015, 23, 196–204. [CrossRef]

14. Fischer, M.D.; McClements, M.E.; Martinez-Fernandez De La Camara, C.; Bellingrath, J.S.; Dauletbekov, D.;
Ramsden, S.C.; Hickey, D.G.; Barnard, A.R.; MacLaren, R.E. Codon-optimized RPGR improves stability and
efficacy of AAV8 gene therapy in two mouse models of X-linked retinitis pigmentosa. Mol. Ther. 2017, 25,
1854–1865. [CrossRef]

15. Beltran, W.A.; Cideciyan, A.V.; Boye, S.E.; Ye, G.J.; Iwabe, S.; Dufour, V.L.; Marinho, L.F.; Swider, M.;
Kosyk, M.S.; Sha, J.; et al. Optimization of retinal gene therapy for X-linked retinitis pigmentosa due to
RPGR mutations. Mol. Ther. 2017, 25, 1866–1880. [CrossRef]

16. Hong, D.H.; Li, T. Complex expression pattern of RPGR reveals a role for purine-rich exonic splicing
enhancers. Investig. Ophthalmol. Vis. Sci. 2002, 43, 3373–3382.

17. Meindl, A.; Dry, K.; Herrmann, K.; Manson, E.; Ciccodicola, A.; Edgar, A.; Carvalho, M.R.; Achatz, H.;
Hellebrand, H.; Lennon, A.; et al. A gene (RPGR) with homology to the RCC1 guanine nucleotide exchange
factor is mutated in X–linked retinitis pigmentosa (RP3). Nat. Genet. 1996, 13, 35–42. [CrossRef]

18. Kirschner, R.; Erturk, D.; Zeitz, C.; Sahin, S.; Ramser, J.; Cremers, F.P.; Ropers, H.H.; Berger, W. DNA sequence
comparison of human and mouse retinitis pigmentosa GTPase regulator (RPGR) identifies tissue-specific
exons and putative regulatory elements. Hum. Genet. 2001, 109, 271–278. [CrossRef]

19. Hong, D.H.; Pawlyk, B.; Sokolov, M.; Strissel, K.J.; Yang, J.; Tulloch, B.; Wright, A.F.; Arshavsky, V.Y.; Li, T.
RPGR isoforms in photoreceptor connecting cilia and the transitional zone of motile cilia. Investig. Ophthalmol.
Vis. Sci. 2003, 44, 2413–2421. [CrossRef]

20. Mavlyutov, T.A.; Zhao, H.; Ferreira, P.A. Species-specific subcellular localization of RPGR and RPGRIP
isoforms: Implications for the phenotypic variability of congenital retinopathies among species. Hum. Mol.
Genet. 2002, 11, 1899–1907. [CrossRef]

21. Murga-Zamalloa, C.A.; Atkins, S.J.; Peranen, J.; Swaroop, A.; Khanna, H. Interaction of retinitis pigmentosa
GTPase regulator (RPGR) with RAB8A GTPase: Implications for cilia dysfunction and photoreceptor
degeneration. Hum. Mol. Genet. 2010, 19, 3591–3598. [CrossRef]

22. Zhang, H.; Liu, X.-H.; Zhang, K.; Chen, C.-K.; Frederick, J.M.; Prestwich, G.D.; Baehr, W. Photoreceptor
cGMP phosphodiesterase delta subunit (PDEδ) functions as a prenyl-binding protein. J. Biol. Chem. 2004,
279, 407–413. [CrossRef]

23. Khanna, H.; Hurd, T.W.; Lillo, C.; Shu, X.; Parapuram, S.K.; He, S.; Akimoto, M.; Wright, A.F.; Margolis, B.;
Williams, D.S.; et al. RPGR-ORF15, which is mutated in retinitis pigmentosa, associates with SMC1, SMC3,
and microtubule transport proteins. J. Biol. Chem. 2005, 280, 33580–33587. [CrossRef]

24. Otto, E.A.; Loeys, B.; Khanna, H.; Hellemans, J.; Sudbrak, R.; Fan, S.; Muerb, U.; O’Toole, J.F.; Helou, J.;
Attanasio, M.; et al. Nephrocystin-5, a ciliary IQ domain protein, is mutated in Senior-Loken syndrome and
interacts with RPGR and calmodulin. Nat. Genet. 2005, 37, 282–288. [CrossRef]

25. Chang, B.; Khanna, H.; Hawes, N.; molecular, D.J.H. In-frame deletion in a novel centrosomal/ciliary protein
CEP290/NPHP6 perturbs its interaction with RPGR and results in early-onset retinal degeneration in the
rd16 mouse. Hum. Mol. Genet. 2006, 15, 1847–1857. [CrossRef]

26. Wright, R.N.; Hong, D.-H.; Perkins, B. RpgrORF15 Connects to the usher protein network through direct
interactions with multiple whirlin isoforms. Investig. Opthalmol. Vis. Sci. 2012, 53, 1519. [CrossRef]

http://dx.doi.org/10.1016/j.neuron.2013.10.051
http://dx.doi.org/10.1167/iovs.15-17726
http://dx.doi.org/10.1038/78182
http://dx.doi.org/10.1002/humu.10057
http://dx.doi.org/10.1016/j.exer.2015.06.007
http://dx.doi.org/10.1038/gt.2015.93
http://dx.doi.org/10.1016/j.ymthe.2017.05.005
http://dx.doi.org/10.1016/j.ymthe.2017.05.004
http://dx.doi.org/10.1038/ng0596-35
http://dx.doi.org/10.1007/s004390100572
http://dx.doi.org/10.1167/iovs.02-1206
http://dx.doi.org/10.1093/hmg/11.16.1899
http://dx.doi.org/10.1093/hmg/ddq275
http://dx.doi.org/10.1074/jbc.M306559200
http://dx.doi.org/10.1074/jbc.M505827200
http://dx.doi.org/10.1038/ng1520
http://dx.doi.org/10.1093/hmg/ddl107
http://dx.doi.org/10.1167/iovs.11-8845


Genes 2019, 10, 674 14 of 15

27. Rao, K.N.; Anand, M.; Khanna, H. The carboxyl terminal mutational hotspot of the ciliary disease protein
RPGRORF15 (retinitis pigmentosa GTPase regulator) is glutamylated in vivo. Biol. Open 2016, 5, 424–428.
[CrossRef]

28. Natarajan, K.; Gadadhar, S.; Souphron, J.; Magiera, M.M.; Janke, C. Molecular interactions between tubulin
tails and glutamylases reveal determinants of glutamylation patterns. EMBO Rep. 2017, 18, 1013–1026.
[CrossRef]

29. Sun, X.; Park, J.H.; Gumerson, J.; Wu, Z.; Swaroop, A.; Qian, H.; Roll-Mecak, A.; Li, T. Loss of RPGR
glutamylation underlies the pathogenic mechanism of retinal dystrophy caused by TTLL5 mutations.
Proc. Natl. Acad. Sci. USA 2016, 113, E2925–E2934. [CrossRef]

30. Shu, X.; McDowall, E.; Brown, A.F.; Wright, A.F. The human retinitis pigmentosa GTPase regulator gene
variant database. Hum. Mutat. 2008, 29, 605–608. [CrossRef]

31. Hosch, J.; Lorenz, B.; Stieger, K. RPGR: Role in the photoreceptor cilium, human retinal disease, and gene
therapy. Ophthalmic Genet. 2011, 32, 1–11. [CrossRef]

32. Iannaccone, A.; Breuer, D.K.; Wang, X.F.; Kuo, S.F.; Normando, E.M.; Filippova, E.; Baldi, A.; Hiriyanna, S.;
MacDonald, C.B.; Baldi, F.; et al. Clinical and immunohistochemical evidence for an X linked retinitis
pigmentosa syndrome with recurrent infections and hearing loss in association with an RPGR mutation.
J. Med. Genet. 2003, 40, e118. [CrossRef]

33. Zito, I.; Downes, S.M.; Patel, R.J.; Cheetham, M.E.; Ebenezer, N.D.; Jenkins, S.A.; Bhattacharya, S.S.;
Webster, A.R.; Holder, G.E.; Bird, A.C.; et al. RPGR mutation associated with retinitis pigmentosa, impaired
hearing, and sinorespiratory infections. J. Med. Genet. 2003, 40, 609–615. [CrossRef]

34. Hunter, D.G.; Fishman, G.A.; Kretzer, F.L. Abnormal axonemes in X-linked retinitis pigmentosa. Arch. Ophthal.
1988, 106, 362–368. [CrossRef]

35. Hunter, D.G.; Fishman, G.A.; Mehta, R.S.; Kretzer, F.L. Abnormal sperm and photoreceptor axonemes in
Usher’s syndrome. Arch. Ophthalmol. 1986, 104, 385–389. [CrossRef]

36. He, S.; Parapuram, S.K.; Hurd, T.W.; Behnam, B.; Margolis, B.; Swaroop, A.; Khanna, H. Retinitis pigmentosa
GTPase regulator (RPGR) protein isoforms in mammalian retina: Insights into X-linked retinitis pigmentosa
and associated ciliopathies. Vision Res. 2008, 48, 366–376. [CrossRef]

37. Jacobi, F.K.; Karra, D.; Broghammer, M.; Blin, N.; Pusch, C.M. Mutational risk in highly repetitive exon
ORF15 of the RPGR multidisease gene is not associated with haplotype background. Int. J. Mol. Med. 2005,
16, 1175–1178. [CrossRef]

38. Karra, D.; Jacobi, F.K.; Broghammer, M.; Blin, N.; Pusch, C.M. Population haplotypes of exon ORF15 of the
retinitis pigmentosa GTPase regulator gene in Germany: Implications for screening for inherited retinal
disorders. Mol. Diagn. Ther. 2006, 10, 115–123. [CrossRef]

39. Sergouniotis, P.I.; Chakarova, C.; Murphy, C.; Becker, M.; Lenassi, E.; Arno, G.; Lek, M.; MacArthur, D.G.;
Bhattacharya, S.S.; Moore, A.T.; et al. UCL-Exomes Consortium Biallelic variants in TTLL5, encoding a
tubulin glutamylase, cause retinal dystrophy. Am. J. Hum. Genet. 2014, 94, 760–769. [CrossRef]

40. Sandberg, M.A.; Rosner, B.; Weigel-DiFranco, C.; Dryja, T.P.; Berson, E.L. Disease course of patients with
X-linked retinitis pigmentosa due to RPGR gene mutations. Investig. Ophthalmol. Vis. Sci. 2007, 48, 1298–1304.
[CrossRef]

41. Huang, W.C.; Wright, A.F.; Roman, A.J.; Cideciyan, A.V.; Manson, F.D.; Gewaily, D.Y.; Schwartz, S.B.;
Sadigh, S.; Limberis, M.P.; Bell, P.; et al. RPGR-associated retinal degeneration in human X-linked RP and a
murine model. Investig. Ophthalmol. Vis. Sci. 2012, 53, 5594–5608. [CrossRef]

42. Mitamura, Y.; Mitamura-Aizawa, S.; Nagasawa, T.; Katome, T.; Eguchi, H.; Naito, T. Diagnostic imaging in
patients with retinitis pigmentosa. J. Med. Investig. 2012, 59, 1–11. [CrossRef]

43. Tee, J.J.L.; Kalitzeos, A.; Webster, A.R.; Peto, T.; Michaelides, M. Quantitative analysis of hyperautofluorescent
rings to characterize the natural history and progression in RPGR-associated retinopathy. Retina 2018, 38,
2401–2414. [CrossRef]

44. Robson, A.G.; Michaelides, M.; Luong, V.A.; Holder, G.E.; Bird, A.C.; Webster, A.R.; Moore, A.T.; Fitzke, F.W.
Functional correlates of fundus autofluorescence abnormalities in patients with RPGR or RIMS1 mutations
causing cone or cone rod dystrophy. Br. J. Ophthalmol. 2008, 92, 95–102. [CrossRef]

45. Zhang, Q.; Giacalone, J.C.; Searby, C.; Stone, E.M.; Tucker, B.A.; Sheffield, V.C. Disruption of RPGR protein
interaction network is the common feature of RPGR missense variations that cause XLRP. Proc. Natl. Acad.
Sci. USA 2019, 116, 1353–1360. [CrossRef]

http://dx.doi.org/10.1242/bio.016816
http://dx.doi.org/10.15252/embr.201643751
http://dx.doi.org/10.1073/pnas.1523201113
http://dx.doi.org/10.1002/humu.20733
http://dx.doi.org/10.3109/13816810.2010.535889
http://dx.doi.org/10.1136/jmg.40.11.e118
http://dx.doi.org/10.1136/jmg.40.8.609
http://dx.doi.org/10.1001/archopht.1988.01060130388028
http://dx.doi.org/10.1001/archopht.1986.01050150085033
http://dx.doi.org/10.1016/j.visres.2007.08.005
http://dx.doi.org/10.3892/ijmm.16.6.1175
http://dx.doi.org/10.1007/BF03256451
http://dx.doi.org/10.1016/j.ajhg.2014.04.003
http://dx.doi.org/10.1167/iovs.06-0971
http://dx.doi.org/10.1167/iovs.12-10070
http://dx.doi.org/10.2152/jmi.59.1
http://dx.doi.org/10.1097/IAE.0000000000001871
http://dx.doi.org/10.1136/bjo.2007.124008
http://dx.doi.org/10.1073/pnas.1817639116


Genes 2019, 10, 674 15 of 15

46. Hoffman, D.R.; Hughbanks-Wheaton, D.K.; Pearson, N.S.; Fish, G.E.; Spencer, R.; Takacs, A.; Klein, M.;
Locke, K.G.; Birch, D.G. Four-year placebo-controlled trial of docosahexaenoic acid in X-linked retinitis
pigmentosa (DHAX trial): A randomized clinical trial. JAMA Ophthalmol. 2014, 132, 866–873. [CrossRef]

47. Beltran, W.A.; Wen, R.; Acland, G.M.; Aguirre, G.D. Intravitreal injection of ciliary neurotrophic factor
(CNTF) causes peripheral remodeling and does not prevent photoreceptor loss in canine RPGR mutant
retina. Exp. Eye Res. 2007, 84, 753–771. [CrossRef]

48. Ho, A.C.; Humayun, M.S.; Dorn, J.D.; da Cruz, L.; Dagnelie, G.; Handa, J.; Barale, P.O.; Sahel, J.A.; Stanga, P.E.;
Hafezi, F.; et al. Long-term results from an epiretinal prosthesis to restore sight to the blind. Ophthalmology
2015, 122, 1547–1554. [CrossRef]

49. Edwards, T.L.; Cottriall, C.L.; Xue, K.; Simunovic, M.P.; Ramsden, J.D.; Zrenner, E.; MacLaren, R.E. Assessment
of the Electronic Retinal Implant α AMS in Restoring Vision to Blind Patients with End-Stage Retinitis
Pigmentosa. Ophthalmology 2018, 125, 432–443. [CrossRef]

50. Cehajic-Kapetanovic, J.; Eleftheriou, C.; Allen, A.E.; Milosavljevic, N.; Pienaar, A.; Bedford, R.; Davis, K.E.;
Bishop, P.N.; Lucas, R.J. Restoration of Vision with Ectopic Expression of Human Rod Opsin. Curr. Biol.
2015, 25, 2111–2122. [CrossRef]

51. Eleftheriou, C.G.; Cehajic-Kapetanovic, J.; Martial, F.P.; Milosavljevic, N.; Bedford, R.A.; Lucas, R.J.
Meclofenamic acid improves the signal to noise ratio for visual responses produced by ectopic expression of
human rod opsin. Mol. Vis. 2017, 23, 334–345.

52. Hong, D.H.; Pawlyk, B.S.; Adamian, M.; Sandberg, M.A.; Li, T. A single, abbreviated RPGR-ORF15 variant
reconstitutes RPGR function in vivo. Investig. Ophthalmol. Vis. Sci. 2005, 46, 435–441. [CrossRef]

53. Deng, W.T.; Dyka, F.M.; Dinculescu, A.; Li, J.; Zhu, P.; Chiodo, V.A.; Boye, S.L.; Conlon, T.J.; Erger, K.;
Cossette, T.; et al. Stability and Safety of an AAV Vector for Treating RPGR-ORF15 X-Linked Retinitis
Pigmentosa. Hum. Gene. Ther. 2015, 26, 593–602. [CrossRef]

54. Wu, Z.; Hiriyanna, S.; Qian, H.; Mookherjee, S.; Campos, M.M.; Gao, C.; Fariss, R.; Sieving, P.A.; Li, T.;
Colosi, P.; et al. A long-term efficacy study of gene replacement therapy for RPGR-associated retinal degeneration.
Hum. Mol. Genet. 2015, 24, 3956–3970. [CrossRef]

55. Beltran, W.A.; Cideciyan, A.V.; Lewin, A.S.; Iwabe, S.; Khanna, H.; Sumaroka, A.; Chiodo, V.A.; Fajardo, D.S.;
Román, A.J.; Deng, W.T.; et al. Gene therapy rescues photoreceptor blindness in dogs and paves the way for
treating human X-linked retinitis pigmentosa. Proc. Natl. Acad. Sci. USA 2012, 109, 2132–2137. [CrossRef]

56. Giacalone, J.C.; Andorf, J.L.; Zhang, Q.; Burnight, E.R.; Ochoa, D.; Reutzel, A.J.; Collins, M.M.; Sheffield, V.C.;
Mullins, R.F.; Han, I.C.; et al. Development of a Molecularly Stable Gene Therapy Vector for the Treatment of
RPGR-Associated X-Linked Retinitis Pigmentosa. Hum. Gene. Ther. 2019, 30, 967–974. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1001/jamaophthalmol.2014.1634
http://dx.doi.org/10.1016/j.exer.2006.12.019
http://dx.doi.org/10.1016/j.ophtha.2015.04.032
http://dx.doi.org/10.1016/j.ophtha.2017.09.019
http://dx.doi.org/10.1016/j.cub.2015.07.029
http://dx.doi.org/10.1167/iovs.04-1065
http://dx.doi.org/10.1089/hum.2015.035
http://dx.doi.org/10.1093/hmg/ddv134
http://dx.doi.org/10.1073/pnas.1118847109
http://dx.doi.org/10.1089/hum.2018.244
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure and Function of Retinitis Pigmentosa GTPase Regulator (RPGR) 
	Molecular Mechanisms and Pathogenesis of RPGR-Related X-Linked Retinitis Pigmentosa (RP) 
	Clinical and Genetic Diagnosis of RPGR-Related X-Linked RP 
	Treatment Options for RPGR-Related X-Linked RP 
	Gene Therapy Clinical Trials for RPGR-Related X-Linked RP 
	Summary 
	References

