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Abstract
Retinitis Pigmentosa (RP) is a heterogeneous set of inherited retinal diseases that affects
1 in 3,000–7,000 people worldwide. Typical onset is from 10–30 years old and most forms are
progressive, often leading to blindness. Defects in more than 200 genes have been identified that
cause RP. The disease is characterized as a progressive rod-cone dystrophy that presents with
night blindness, loss of peripheral vision, waxy pallor of the optic disc, pigmentary changes, and
a reduced visual field. There are different modes of transmission of RP: autosomal dominant
(ADRP), autosomal recessive (arRP), X-linked (XLRP) and mitochondrial. The genetics behind
the different forms of RP and the degree of severity vary, although some overlap, thus
contributing to the difficulty of differential diagnosis. RP can manifest either as a non-syndromic
disease, or as part of a syndrome, such as in Usher’s syndrome (hearing and vision loss) and
BardetBiedl syndrome (a ciliopathy). The purpose of this review is to summarize the major
genetic and molecular findings, as well as the diseases, associated with RP. Due to space
limitations, this review is not fully comprehensive.
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Introduction
Retinitis pigmentosa (RP) is a heterogeneous set of inherited retinal diseases. RP affects 1
in 3,000–7,000 individuals worldwide and is characterized by a primary loss of night and
peripheral vision as a result of rod photoreceptor cell degeneration1,2. Central vision is often lost
as the cone photoreceptor cells degenerate, consequently causing progressive degeneration of the
macula and fovea as well1. This degeneration can be a result of the disease itself or secondary to
the rod cell degeneration1. RP is also characterized by atrophy in the pigment epithelium and
outer retina, RPE cell migration into the retina, reduced visual field, waxy pallor of the optic
disc, abnormal or absent a- and b-waves on an electroretinogram (ERG), and an abnormal fundus
with bone cell spicule deposits as a result of cell apoptosis3.
RP can occur either as part of a syndrome or in a nonsyndromic fashion. There are
several forms of this disease due to mutations in different genes and to different mutations within
the same gene with each varying in age of onset, severity, and mode of inheritance4. Autosomal
Dominant RP (ADRP) is usually the mildest form of the disease, with patients maintaining
relatively good visual acuity until the sixth decade3. Autosomal Recessive RP (arRP) is the most
prevalent form of the disease, accounting for 50–60% of cases5. RP can also occur in an isolated
form in which the patient has no family history of the disease, but even in these cases, parental
contributions of defective genes can be established. There are also rarer forms of the disease such
as mitochondrial, digenic, and X-linked (XLRP). XLRP has the most severe phenotype,
accounting for 10–15% of RP cases1. Visual acuity is usually severely impaired by the fourth
decade1. Onset of RP usually occurs in adolescence or young adulthood, but in cases of
congenital RP, patients can be diagnosed with Leber Congenital Amaurosis (LCA), a largely
autosomal recessively inherited retinal dystrophy that is usually diagnosed prenatally6. LCA is

one of the most frequent causes of childhood blindness, accounting for 10– 20% of cases6. It also
accounts for approximately 5% of RP cases 6.
There are at least 56 genes that have been confirmed to be associated with non-syndromic
RP, with more than 3,100 associated mutations 4. With recently developed technology, for
example, next generation sequencing (NGS), 30–80% of mutations in patients can now be
identified2. NGS has led to the discovery of more mutant genes and has become a novel
technique for possible molecular diagnosis of the disease2.
Autosomal Dominant Retinitis Pigmentosa (ADRP)
To date, 23 genes have been found to be associated with ADRP 2. Molecular diagnosis is
becoming a more feasible idea with the recent development of a DNA array that is able to detect
up to 385 mutations in 16 of the known causative ADRP genes 1. The following genes are those
that are responsible for the highest percentages of RP cases (see Table 1).
RHO
The RHO gene encodes the opsin protein, the protein portion of a molecule that, with its
chromophore, 11-cis retinal, is responsible for initiating the phototransduction cascade within the
rod photoreceptor cells, an enzymatic cascade that is crucial for vision. Mutations in this protein
are responsible for 26.5% of all RP cases and 30–40% of ADRP cases1. More than 100 mutations
have been associated with this gene, with the more detrimental mutations resulting in protein
misfolding, mis-trafficking, 11-cis retinal binding impairment and/ or G-protein
coupling/activation impairment1. There are two classes of mutations: Class I and Class II7. Class

I mutations are naturally occurring mutations that have similar expression levels, 11-cis retinal
relationship, and plasma membrane association to the wild-type (WT) rhodopsin7. Most of these
mutations are found at the C-terminal end of the protein, with the entire class being responsible
for 15% of ADRP mutations7. Class II mutations, in contrast, exhibit lowered expression levels,
impaired 11-cis retinal binding and plasma membrane association, although the primary issue
with this class is protein mis-folding7. This class is also responsible for 85% of ADRP
mutations7.
Peripherin-2/RDS
The peripherin-2 gene (PRPH2), also called RDS for the mouse mutant retinal
degeneration slow (RD2), encodes a 39-kDa intermembrane glycoprotein which localizes to the
outer segment (OS) discs of rod and cone cells and is important in disc morphogenesis and
stabilization1. Sub-retinal injection of the PRPH2 transgene through adeno-associated virus
(AAV) into the Prph2RD2/RD2 mouse model resulted in restoration of the structural integrity of the
photoreceptor layer, stabilization of OS generation, new disc formation and improved ERG aand b-waves, which were originally undetectable by the second month of life in this model8.
Mutations in this gene account for about 5–9.5% of ADRP cases1.
RP1
The RP1 gene codes for the 240-kDa retinal-photoreceptor specific ciliary protein,
Retinitis Pigmentosa 11,9. Mutations in this gene account for 5–10% of all ADRP cases,
including 4% of cases in the U.S.1 These mutations cause both dominant and recessive RP 1. The

RP1 protein is expressed in both rod and cone photoreceptor cells in which it localizes to the
axoneme of the connecting cilium (CC) and OS in mice. RP1 affects photosensitivity of the cell,
assembly and stabilization of microtubules10. Mouse models, the rp1-/- for example, have shown
that upon disruption of RP1, OS mis-alignment and dysplasia occur10. Mutations in this gene
result in variable onset and severity of the disease, most likely due to genetic modifiers or
environmental influences1. In general, however, heterozygous inheritance does result in a milder
phenotype and later onset, as compared to homozygous inheritance, which results in earlier onset
and a more severe phenotype10.
Autosomal Recessive Retinitis Pigmentosa (arRP)
To date, 37 genes have been found to be associated with arRP 2. Molecular tests for
mutation screening are now able to detect 594 mutations in at least 20 of the associated genes1.
RPE65, USH2A and PDE6 genes can now be fully sequenced at the DNA level1. Most mutations
are rare and cause 1% or fewer of cases1. The following mutations account for a more prevalent
percentage of cases (see Table 1).
RPE65
This gene codes for an isomerohydrolase that is found in the retinal pigment epithelium
(RPE)2. Isomerohydrolase is thought to play a role in the regeneration of 11-cis retinal from alltrans retinal when all-trans retinyl ester is converted to 11-cis retinol, which is a critical step in
this enzymatic conversion11. This process is important because the protein portion of rhodopsin
needs to be able to bind to its chromophore, 11-cis retinal, in order to form the conformation

necessary for the conduction of the phototransduction cascade11.
There are over 60 mutations associated with this gene1. There are a good number of relevant
animal models, which has resulted in the disease mechanism of this mutation being better
understood1. For example, RPE65-deficient mice are found to have a build-up of retinyl esters
and other intermediates of the visual cycle in the RPE12. Sub-retinal injection of a human RPE65
cDNA cassette using recombinant adeno-associated virus (rAAV) into RPE65-/- purebred Briard
dogs also showed a restoration of visual function in the treated retina of these animals 1.
PDE6
The heterotrimeric phosphodiesterase 6 (PDE6) complex regulates the intracellular levels
of cGMP in the OS of the rod and cone cells by hydrolyzing it in response to the G-protein,
Transducin, activation initiated by rhodopsin1. There are four subunits: two catalytic subunits,
alpha and beta, and two inhibitory gamma subunits. Defects in all three genes have been
identified that cause arRP1. Low levels of the alpha and beta subunits have a possible link to rod
and cone cell degeneration1. PDE6 inactivation is also associated with an excessive influx of
Ca2+; this is thought to be a possible cause of rod cell apoptosis, but the use of Ca 2+ blockers to
reduce this effect in the PDE6brd1/PDE6brd1 mouse and the Irish setter dog models have yielded
inconsistent results1. Interestingly, the protein responsible for synthesizing cGMP, guanylate
cyclase (GC1), does not cause any forms of RP, except recessive Leber Congenital Amaurosis
(LCA-1) and cone-rod dystrophy (CORD6)13.
Mutations in these two genes are the second most identifiable causes of arRP, with
mutations in USH2A being the first1. Complex mutations in the PDE6 alpha and beta subunit
genes are also responsible for 8% of all diagnosed cases of arRP 1.

X-linked Retinitis Pigmentosa (XLRP)
Ten to fifteen percent of patients with RP are diagnosed with XLRP, presenting with a
severe phenotype early in the disease1. This condition can also occur in females, although these
cases are usually milder compared to the condition in male populations 1. These cases are usually
due to a nonrandom or skewed inactivation of an X chromosome1. Six gene loci have been
located, although only three genes to date have been found to be associated with XLRP 1. Oral
facial digital syndrome type 1 (OFD1) gene mutations are X-linked dominant and result in
primary cilia dysfunction and embryonic lethality in males 1,14.
RPGR/RP3
The Retinitis Pigmentosa GTPase Regulator (RPGR) gene undergoes complex splicing to
yield multiple isoforms that localize to the rod outer segment (ROS) and are essential for cell
viability15. There are two isoforms that are the main focus of study since they are the most
widely expressed: the RPGRORF15, primarily associated with primary cilia, localizing to the OS
and connecting cilium (CC) of photoreceptors, and RPGR1-19, which localizes to the endoplasmic
reticulum15. Mutations on the C-terminus of RPGRORF15 are the most relevant as they cause
XLRP3, the most severe form of RP16. XLRP3 also accounts for 14% of all RP cases 16.
Discovering more about the localization and physiological effects of the isoforms are critical for
determining more about the disease mechanism16. Mutations in this gene are the principal cause
of XLRP, accounting for mutations in 70% of patients 16.
RP2

The RP2 gene product is predicted to be homologous with human cofactor C, which is
involved in the terminal step of beta tubulin folding; mutations result in an accumulation of
misfolded proteins1. In patients, missense mutations and other mutations that can lead to
truncated proteins have been found throughout the coding region. RP2 and RPGR together are
responsible for over 80% of XLRP clinical cases which together with their associated pathology
makes them good candidates for small molecule or gene therapy1.

Table 1 | Genes, gene products and functions of important proteins that cause non-syndromic
RP. Abbreviations: RP, retinitis pigmentosa. ADRP, autosomal dominant retinitis pigmentosa.
arRP, autosomal recessive retinitis pigmentosa. XLRP, X-linked retinitis pigmentosa.

Syndromic RP
RP can also occur concomitantly with systemic disease, with the symptoms, age of onset,
and severity varying with the particular disease. The two of focus in this review are Usher’s
syndrome and Bardet-Biedl syndrome (BBS), two diseases under the classification of a group of
diseases called ciliopathies. One note to make, however, is that although Usher’s syndrome can
be considered a ciliopathy based on the fact that its interactome is linked with the proteins of
other ciliopathies, it is not exclusively a ciliopathy17. This group of diseases is characterized by
dysfunction in relation to the primary cilia, with most of the diseases presenting with systemwide pathology in addition to RP. Usher’s syndrome and BBS are the most common of the
ciliopathies with over 1,200 mutations associated with these diseases 2.
Bardet-Biedl Syndrome (BBS)
Bardet-Biedl Syndrome (BBS) is a rare disease that affects 1:100,000–1:160,000
worldwide18,19. It is an autosomal recessive disease, although one case of triallelic (three genes
involved) inheritance has been reported18,20. BBS is one of the major causes of syndromic retinal
dystrophy, accounting for over 90% of cases 21. BBS can be characterized by cone-rod, rod-cone
and/or choroid dystrophy, although rod-cone dystrophy in the form of RP is the most common
and often used as a means of diagnosis18,21. Truncal obesity, intellectual disability, post-axial
polydactyl and renal abnormalities are several other signs of the disease 18. The renal
abnormalities cause the most complications with the disease, increasing the morbidity of the
disease as well as the mortality rate18. Night blindness often occurs around 7–8 years of age

causing the patient to generally be classified as legally blind after 15.5 (mean) years with the
disease18. Overall, the phenotype and onset of the disease are highly variable21.
BBS Genetics
The gene products associated with the BBS genes are proteins that localize to the ciliary
axoneme and basal body, involved in cilia biogenesis and maintenance of ciliary function18 (see
Table 2). There are 17 genes that are associated with the disease, although those only account for
approximately 80% of diagnoses, indicating that there are more genes and/or mutations to be
identified to account for the other 20%4,18. Pathogenic variants in the BBS genes 1–14 are known
to be associated with the disease, whereas pathogenic variants in BBS genes 15–19 are suspected
to be associated with the disease18. BBS1, 2, 4, 5, 7, 8 and 9 make up what is called the BBSome,
a protein complex thought to be involved in ciliary targeting18. There is also a chaperonin
complex associated with the BBSome made up of BBS6, 10 and 1218.

Table 2 | List of the gene product and function, if known, of BBS genes. BBS, Bardet-Beidl
syndrome.
Animal Models
There are quite a few animal models that are used to study this syndrome, but one
difficulty is generating or finding a model that accurately models the human phenotype. One
animal model that has shown promise is the Bbs1M390R mouse model, which specifically models
the common human mutation20.
There has been a genotype-phenotype correlation established with this model, with a
milder phenotype being associated with this mutation20. The model exhibits retinal degeneration,

male infertility, and obesity due to hyperphagia, similarly to what is exhibited in human
patients20. Animal models have also given some insight into possible mechanisms underlying the
disease. For example, the mouse model that is null for BBS2, 3, and 4 expressed a resistance to
leptin activity, which may reveal an underlying mechanism for the obesity that is characteristic
of BBS patients20.
Diagnosis
The criteria for diagnosis is that at least four of the main manifestations, some of which
are mentioned above, along with two secondary manifestations are identified in the patients 18,20.
Secondary manifestations can include Diabetes Mellitus (DM), speech disorders, congenital
heart disease, dental anomalies and/or ataxia18. Differential diagnosis is often an issue with this
syndrome as many of the manifestations can arise singularly and do not necessarily indicate
BBS18. There are no treatments for this disease, only management of symptoms and the
associated complications, such as monitoring blood sugar for DM management18.
Usher’s Syndrome (US)
Usher’s syndrome is an autosomal recessive disease that is the most frequent cause of
deaf-blindness, accounting for over 50% of those with inherited deaf-blindness diseases22. This
disease affects 3–6.2 per 100,000 individuals worldwide22. There are three subtypes of the
disease, each varying in severity and onset, and characterized by congenital deafness, retinal
degeneration, and varying degrees of vestibular function22. The first subtype is the most
devastating, characterized by severe to profound congenital deafness, followed by pre-pubertal
retinal degeneration and no vestibular function22,23. Another subset of this type, Usher 1B, is

caused by a mutation in the MYO7A gene23. This form accounts for approximately 50% of Usher
1 cases and also has bi-allelic mutations associated with Usher type 223,24. The product encoded
by this gene is also required for normal localization and function of RPE65 25.
The second sub-type is characterized by moderate to severe congenital hearing loss, preor post-pubertal RP onset, and, unlike the other two sub-types, these patients still have vestibular
function present22,26. This subtype accounts for over half of all Usher cases 22.
Sub-type 3 is the rarest, characterized by progressive hearing loss, either pre- or postlingual, variable onset of RP and variable vestibular function22,27.
Genetics
To date, there are ten genes associated with Usher’s syndrome22. There are six genes
associated with Usher 1: MYO7A (USH1B), USH1C, CDH23 (USH1D), PCDH15 (USH1F),
USH1G, and CIB2 (USH1J)22 (see Table 3). There are three genes associated with Usher 2:
USH2A, GPR98 (USH2C), and DFNB31 (USH2D)22. There are three other genes proposed to be
associated with the disease as well, but have yet to be confirmed22. Defects in the USH2A gene
are responsible for the majority of Usher 2 cases and have been associated with recessive nonsyndromic RP22. Defects in this gene are also responsible for some cases of atypical Usher
syndrome, those cases that do not fall into the subtypes and categories listed above22. CLRN1 is
the only gene associated with Usher 3 syndrome22. These genes are a part of what is called the
Usher-interactome, a complex of proteins known to participate in common pathways in the retina
and inner ear22. Most of the Usher 1 and 2 genes are a part of this complex, involved in
localization of proteins in the stereocilia, hair bundle of inner ear cells, and periciliary areas of
photoreceptors22. In the ear, these proteins are involved in the development and cohesion of the

hair bundle cells in the cochlea and vestibular organ22. In the retina, these proteins act as support
in the membrane junction between the inner segment (IS) and the CC 22. They also play a role in
the control of vesicle docking and cargo handover in the periciliary ridge.

Table 3 | List of the gene product and function of US genes. US, Usher’s syndrome.
Animal Models
Some animal models of Usher Syndrome are available, for example the Shaker1 mouse
model which expresses the phenotype of vestibular dysfunction 28. However, an issue with mouse
models is that they do not adequately express the retinal degeneration that is characteristic of this
syndrome28. Fish models somewhat compensate for this by not only expressing vestibular
dysfunction, but also expressing retinal degeneration and diminished ERG amplitudes, indicative

of a defect in photoreceptor response28. Orbiter, a fish model, has aided in the discovery that the
pcdh15b gene is important in OS organization and retinal function28. Though fish models express
these phenotypes and are able to teach us more about the syndrome, the scope to which fish
models can be utilized is limited due to uncertainty of how representative they are of the human
model since the genes may not be well conserved28.
Diagnosis
Diagnosis is difficult with this disease, specifically differential diagnosis, because many
of the symptoms can be misconstrued to be other ciliopathies, such as BBS 27. Genes like USH2A
and CLRN1 mutations are not only involved in the development of Usher’s syndrome, but have
also been associated with isolated cases of arRP, further contributing to the difficulty of
differential diagnosis27. Genetic testing for diagnosis is not applicable since the heterogeneity of
the disease prevents genotype-phenotype correlations from being made27. The proteins also have
multiple functions and are even involved in non-syndromic cases of hearing loss and RP as
well27. There is, however, novel technology being developed for clinical practice; for example,
there is now a DNA microchip available that is able to identify 30–50% of mutations in those
affected by the disease27.
There is currently no treatment available, only management of symptoms 27. Hearing aids
and cochlear implantation are a few of the methods utilized to manage the progressive hearing
loss27. There are currently no cures for RP, and techniques such as gene therapy, damaged cell
replacement and vitamin supplementation to stop or slow degeneration and apoptosis are

proposed ideas27. The lack of animal models, pre-clinical studies and human trials has prevented
these methods from being utilized clinically27.
Gaps and Future Directions
Even though there has been great progress in discovering more about this disease, several
gaps still exist in the available literature. Although new technology, such as NGS, is making it
more effective to discover new genes and their function, determining what they contribute to the
molecular and clinical manifestations of the disease is a challenge that cannot be quickly
overcome. Deciphering the genotype-phenotype correlations is one of the major issues, since one
gene mutation can lead to multiple diseases, as is the case for mutations in the RHO gene, which
can result in ADRP, arRP or Congenital (stationary) Night Blindness (CNB) 1. Other genes can
exhibit intra- and inter-familial phenotypic variability and incomplete penetrance, further
contributing to the difficulty in discerning the underlying cause of the disease2. Phenocopies
(non-genetic causes of an RP phenotype) represent another complication in the characterization
and management of the disease.
In terms of clinically applying the growing pool of information on this disease, there are
issues with translating what is discovered in the lab to a format that can be efficiently and
accurately interpreted by physicians. Because of the genotype-phenotype correlation
discrepancies, there also can be conflicting results between what is diagnosed clinically and
molecularly. Certain tests have been proposed to resolve these issues, such as functional assays,
which could aid in determining the pathogenic effects of some of the genes, but as of now, it is

too in-depth of a tool for clinical practice since there has been no database developed to filter and
organize the results1.
Despite these obstacles, research is progressing at a fast pace in terms of discovering
more about this disease, and this knowledge is being translated to the clinics, albeit at a slower
pace. For example, one of the first successful gene therapy treatments in clinical trials is for
LCA. CRISPR-Cas9, a genome editing tool, has been shown to be able to disrupt and/or correct
harmful mutations, and deliver functional transgenes 29. Because of the promising results from the
past 2 years of study, clinical trials will begin in 2017 for patients with LCA30. Overcoming the
existing challenges will lead to large gains not only in the molecular mechanisms of RP, but in
clinical practice as well. Screening, diagnosis, and treatment of individuals will drastically
improve, shaping a better outlook not only for RP, but other inherited retinal diseases as well.
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